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Abstract
Introduction: Since skin tissues feature highly inter- and 
intraindividual variable scattering properties, it is of interest 
for fluorescence spectroscopy applied to skin cancer di
agnostic assistance to be combined with a device able to 
measure scattering properties of skin tissues in vivo and 
further correct fluorescence spectra. This study aimed to 
explore the interest of combining two devices previously 
used in vivo during clinical trials: line-field confocal optical 
coherence tomography (LC-OCT) for scattering property 
estimation and fluorescence spectroscopy for measuring 
the modification  of endogenous fluorescence induced by 
carcinogenesis. Methods: This study was performed on 
liquid phantoms and on commercially available in vitro- 
grown 3D human skin models. Bulk scattering properties of 
liquid fluorescent phantoms were estimated separately at 
800 nm as a function of intralipid concentration from LC- 

OCT images using a model based on the modified  Beer- 
Lambert law. These results were then compared with values 
obtained with double-integrating spheres and collimated 
transmittance measurements followed by inverse adding- 
doubling estimation of bulk scattering properties. Changes 
in the amplitude of the chlorin-e6 fluorescence peak were 
measured as a function of IL concentration using 
fluorescence spectroscopy. The results obtained on 
phantoms were then validated with the in vitro-grown 
skin model. Results: Measurements performed on liquid 
phantoms showed that LC-OCT overestimates scattering 
coefficient and anisotropy factor by approximately 20–30% 
compared to values measured by a method (useable only 
ex vivo) considered here as the gold standard: double- 
integrating spheres-based optical bench. Fluorescence 
spectroscopy was employed to measure changes in 
chlorin-e6 fluorescence-measured intensity relative to 
varying intralipid concentration. Optical characterization 
of human skin models confirmed  their similarity with 
in vivo human skin in terms of morphology and of 
autofluorescence signals. LC-OCT was used to detect 
dermal scattering coefficient  increase induced by 
impregnating the artificial  skin with a PEG-400/DMSO 

karger@karger.com
www.karger.com/spp

© 2025 The Author(s). 
Published by S. Karger AG, Basel

Correspondence to: 
Marine Amouroux, marine.amouroux univ-lorraine.fr

This article is licensed under the Creative Commons Attribution- 
NonCommercial 4.0 International License (CC BY-NC) (https:// 
karger.com/Services/OpenAccessLicense). Usage and distribution for 
commercial purposes requires written permission.

D
ow

nloaded from
 http://karger.com

/spp/article-pdf/doi/10.1159/000547514/4454259/000547514.pdf by guest on 15 January 2026

https://www.karger.com/spp
https://www.karger.com/spp
https://doi.org/10.1159/000547514
mailto:karger@karger.com
https://www.karger.com/spp
https://karger.com/Services/OpenAccessLicense
https://karger.com/Services/OpenAccessLicense


solution that usually acts as an optical clearing agent. 
However, the observed effect was opposite to the 
typically expected decrease in the scattering coefficient, 
which was likely attributable to specific  morphological 
features of the artificial  skin that hindered the clearing 
process, resulting in only hyperosmotic effect. Spectral 
measurements supported these findings. Conclusion:
These findings  underscore the interest of combining both 
optical methods, LC-OCT imaging and autofluorescence 
spectroscopy, to assess pathology-related fluorophore and 
scattering alterations in vivo. © 2025 The Author(s). 

Published by S. Karger AG, Basel

Introduction

Optical methods, which rely on the interaction of light 
with biological tissues, have shown significant diagnostic 
potential as a supplement or alternative to histology, the 
gold standard method [1]. These methods are valued for 
their noninvasiveness, high sensitivity, ability to provide 
real-time information without the need for time- 
consuming histological sample preparation, and their 
potential for in vivo clinical application [2]. Some 
techniques provide morphological information, while 
others give access to functional information. Combining 
both types of information allows a more complete un
derstanding of pathological processes [3].

Imaging methods are able to provide morphological 
information about skin structure modifications. Line- 
field confocal optical coherence tomography (LC-OCT) 
is an advanced optical imaging technique that merges the 
strengths of both optical coherence tomography (OCT) 
and confocal microscopy. It enables the acquisition of 
three-dimensional (3D) tissue images with an isotropic 
resolution of approximately 1 μm, sufficient to visualize 
cells (their nucleus) within epidermis [4]. Numerous 
studies have highlighted the effectiveness of LC-OCT in 
providing real-time in vivo assistance to skin cancer 
diagnosis [5–9]. In addition to optical imaging, various 
spectral methods, such as fluorescence, diffuse reflec
tance (DR), and Raman spectroscopy, can provide 
functional (e.g., metabolic) information about the tissue, 
revealing pathology-induced chemical modifications. 
This has prompted recent interest in combining imaging 
techniques with spectral methods to obtain both mor
phological and functional data [3, 10–13].

Light propagation through skin is governed by the 
wavelength-dependent bulk optical properties of the 
tissue, including the bulk absorption coefficient (µa), bulk 
scattering coefficient (µs), and anisotropy factor (g) [14], 

which are determined by the size, shape, and density of 
tissue constituents. In both imaging and spectroscopy 
approaches, knowledge about the bulk optical properties 
enables the correct understanding and interpretation of 
the measured optical signals. For example, it allows to 
estimate the concentration (or volume fraction) of scat
terers and fluorophores within the sample [15, 16].

One technical solution for measuring the optical 
properties of ex vivo biological samples is the use of a 
“double-integrating sphere” (DIS) optical bench in
cluding a tunable supercontinuum laser and two inte
grating spheres to measure total transmittance and DR 
spectra [17]. Collimated transmittance is measured using 
a third photodetector located “far” (about 1 m away) 
from the sample. After performing the three types of 
measurements, the resulting values serve as input data 
for the so-called inverse adding-doubling (IAD) algo
rithm available online [18]. Output data provided by the 
IAD program are spectral values of anisotropy, ab
sorption, and scattering coefficients (g, µa, µs). Such an 
approach implies ex vivo use only, which is unsuitable 
for in vivo clinical measurements on patients.

The first noninvasive in vivo techniques for deter
mining the optical properties of biological tissues were 
based on optical imaging methods, such as OCT. They 
usually allow to estimate attenuation coefficient µt which 
is the sum of scattering and absorption coefficient 
[19–21].

It is also necessary to evaluate the optical properties µs 
and g separately. This is because each of them provides a 
different information on the structure of the biological 
tissue under study and allows for more comprehensive 
information to be obtained on pathological processes in 
the tissue. Jacques [22] developed a method based on 
reflectance confocal microscopy images, which enables 
the µs and g optical properties to be assessed separately, 
in an approach quite similar to that based on optical 
bench and the IAD algorithm, but this time offering the 
possibility of assessing these properties noninvasively on 
in vivo samples. Our team has recently applied this 
technique to the characterization and evaluation of 
optical property modifications induced by optical 
clearing (OC) on optical phantoms and on human skin 
in vivo [23, 24]. The method proposed by Steven Jacques 
(based on image intensity profile fitting and a modified 
Beer-Lambert law) is preferred to the other methods 
developed, because it applies to a wider range of situ
ations and is more robust to particular cases of optical 
properties [25, 26].

Considering the problems mentioned, the main ob
jective of this work was to validate the possibility of 
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separately assessing the bulk optical properties µs and g 
of tissue-mimicking liquid phantoms as a function of the 
volume fraction of scattering particles using LC-OCT 
images, having the potential to be applied, unlike the 
DIS-optical bench, to in vivo tissues. The fluorescence 
spectrum of chlorin e6 (Ce6) as a part of the phantoms 
was also analyzed as a function of the concentration of 
scattering particles. The second objective of the study 
was to validate whether the observations made on liquid 
phantoms could be reproduced on more complex 
models, closer to human skin in terms of biochemical 
composition: in vitro skin models grown in 3D. In this 
latter case, autofluorescence (AF) was measured and 
scattering properties were made variable using OC. To 
our knowledge, the data presented in this paper are the 
first to demonstrate optical characterization of such 
human skin models in terms of AF and of scattering and 
anisotropy coefficient estimation. Moreover, thanks to 
data previously acquired on patients, data acquired on 
3D models grown in vitro could be compared with data 
acquired on healthy skin in vivo.

Materials and Methods

Optical Techniques for Characterizing Phantoms and 
Human Skin Models
DIS Optical Bench and LC-OCT for Estimation of µs 
and g
The DIS-optical bench consists of a supercontinuum 

white-light fiber laser (SuperK Fianium FIU15, NKT 
Photonics®) providing a collimated laser beam (1-mm 
beam diameter, 5-nm full width at half maximum for each 
band, minimum 1-mW power/band) thanks to a 
computer-controlled variable bandwidth filter (SuperK 
VARIA, NKT Photonics®) that tunes the center wavelength 
from 405 to 840 nm. The IAD algorithm developed and 
optimized by Prahl [18] was used to estimate the scattering 
coefficient µs(λ) and anisotropy factor g(λ) of liquid 
phantoms from the DR, total transmittance, and collimated 
transmittance spectra acquired on the DIS-optical bench.

For full details on the LC-OCT device (DeepLive™, 
DAMAE Medical, France) employed in this study, refer 
to reference [5]. In summary, this system is based on a 
Linnik interferometer design and utilizes line illumi
nation from a supercontinuum laser with a center 
wavelength near 800 nm. Each interferometer arm in
cludes a water-immersion microscope objective with a 
numerical aperture (NA) = 0.5. Using a line camera, the 
system detects the spatially coherent light backscattered 
by the tissue. By scanning along the z-axis during the 

acquisition of horizontal sectional images (covering a 
field of view of 1.2 mm × 0.5 mm along x- and y-axes), it 
assembles an image stack to render a 3D representation 
of the tissue in situ. The device achieves an axial and 
lateral resolution of 1.3 μm, with a maximum penetra
tion depth (z) of around 500 μm. In LC-OCT, the focus is 
dynamically adjusted as a function of depth during the 
depth scan. This allows the use of high NA optics to 
achieve high lateral resolution. Unlike traditional OCT 
systems, a large depth of field is not required in LC-OCT. 
Additionally, there is no roll-off effect, as the technique is 
based on time-domain OCT.

A comprehensive explanation of the model intro
duced by Jacques et al. [22] and later adapted by 
Waszczuk et al. [23] to the LC-OCT imaging system can 
be found in their respective works [24]. In short, to 
estimate the bulk optical properties of scattering media, a 
modified exponential decay model of the depth-resolved 
reflectance R(z), as proposed by Jacques et al. [22], is 
used: 

R(z) � ρ exp−2µeffz (1)

where 

µeff � G(g,NA)(µa + a(g)µs)
ρ � µ

s
ΔZb(g,NA)􏼨 (2)

Here, ρ is the fraction of the light backscattered from 
the focus into the collection angle of the LC-OCT ob
jective; µa(λ), µs(λ), and g(λ) are the absorption, scat
tering, and anisotropy coefficients; NA is the NA; ΔZ is 
the axial resolution of the imaging system; and G(g, NA), 
a(g), and b(g, NA) are the model parameters described in 
reference [22]. G(g, NA) takes into account the average 
photon path length considering the NA of the imaging 
system and the anisotropy factor g of the sample. For the 
LC-OCT setup used in this study, G was set to 1 (for 
NA = 0.5) [22]. a(g) reflects the possibility of photon to 
reach the focus in highly forward scattering media de
spite multiple scattering. For cases of isotropic scattering, 
a(g) is close to 1, while for highly forward scattering 
medium a(g) tends forward 0. This parameter describes 
the slowed down attenuation of light with depth by the 
so-called serpentine phantoms [23]. 0≤ b(g, NA) ≤1 is the 
fraction of light that is scattered within the focus in such 
a way that it can be collected by the LC-OCT objective 
lens. It is ruled by the phase function of the sample and 
the NA of the imaging system [22]. The factor 2 in 
Equation 1 accounts for the round-trip light attenuation 
by the sample. Since scattering in most biological tissue 
dominates over absorption (µs >> µa), the role of ab
sorption was neglected in this study [14].
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In this model, µeff and ρ parameters are the exper
imental observables. To deduce optical properties at 
the center wavelength λ = 800 nm – µs(λ800) and 
g(λ800), the observables are extracted from 3D LC-OCT 
images by applying a linear regression fit to the mean 
intensity profile (shown in Fig. 1) and then mapped to 
the model described by Equations 2 and 3. A cali
bration step, used to convert a mean intensity profile 
I(z) into reflectance R(z) (to make LC-OCT images 
suitable for Jacques’ model), is described in reference 
[23, 24].

For each phantom, the fitting boundaries were de
fined manually, focusing primarily on the linear sec
tions of the attenuation slope before it is significantly 
influenced by the background of multi-scattered light, 
which alters the behavior of the slope. In each 3D LC- 
OCT image, a linear fit was performed over 100 iter
ations, adjusting the fit boundaries in 10-µm increments 
with a step of 1 µm. This approach was used to assess the 
variability in the fitting process based on the selected 

fitting range. Finally, the bulk optical properties ob
tained were averaged from 5 LC-OCT images acquired 
for each phantom.

Optical Spectroscopy for Fluorescence and AF 
Spectra Acquisition on Liquid Phantoms and 
Human Skin Models, Respectively
The SpectroLive® device was used to acquire spatially 

resolved DR and multiply excited fluorescence spectra. 
For more details on technical and metrological features, 
refer to references [27, 28]. Briefly, the probe utilized a 
central excitation fiber (600-µm core diameter, NA = 
0.22) to deliver light to the phantom surface, surrounded 
by four concentric rings of six collection fibers each (200- 
µm core diameter, NA = 0.22). The collection fibers were 
positioned at source-detector separations (SDSs) of 
400 µm (D1), 600 µm (D2), 800 µm (D3), and 1,000 µm 
(D4). Sequential fluorescence emission spectra were 
recorded using five LED sources with bandpass filters 
(FWHM ~ 10 nm) centered at wavelengths λ1 = 365 nm, 
λ2 = 385 nm, λ3 = 395 nm, λ4 = 405 nm, and λ5 = 415 
nm. For DR spectra, a broadband xenon flash lamp 
(350–800 nm) was employed. The fluorescence and DR 
spectra were captured using four HRS-BD1 spectrom
eters (Mightex, USA), covering a spectral range of 
350–800 nm with optical resolutions of 1.7, 4.1, 4.1, and 
9.7 nm FWHM for D1, D2, D3, and D4, respectively.

Since the position of the excitation peak of Ce6 is 
located almost at excitation wavelength λ4 (405 nm) of 
SpectroLive device, the results part of this article will 
focus mainly on the fluorescence signal obtained using 
this excitation wavelength. For each phantom, spectra 
were acquired 3 times at 3 random surface positions of 
liquid phantoms to improve signal-to-noise ratio.

The raw intensity spectra obtained from the spec
trometers were initially processed using a median filter to 
remove any high-amplitude spike artifacts. Following 
this, a background spectrum (collected the same day with 
the light sources turned off) was subtracted from all 
measurements. The resulting background-corrected 
spectra were then smoothed using a Savitzky-Golay 
polynomial filter with a spectral window of 20 nm. 
For the fluorescence spectra, these processed data were 
further adjusted by normalizing with specific spectral 
correction coefficients to account for the variations in the 
transfer function of each detection channel. Finally, the 
spectra were scaled by the incident illumination power to 
ensure consistent amplitude comparison using a stan
dardized relative intensity scale (in arbitrary units).

Final data analysis consisted in extraction of peak 
amplitudes, corresponding to the fluorescence emission 

Fig. 1. a LC-OCT cross-sectional image of a liquid phantom 
including ILs in a logarithmic intensity scale. b Averaged intensity 
profile R(z), showing mean linear regression fit of liquid phantom 
(in red) and corresponding observables (ρ, µeff). The observable ρ 
in the figure is indicated by a capital P.
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of Ce6. MATLAB software (R2023b, The MathWorks) 
was used for all spectral data preprocessing functions. 
Obtained fluorescence amplitudes were averaged for 
each phantom.

Liquid Optical Phantoms
Phantoms Prepared to Compare µs and g Values 
Obtained by DIS and LC-OCT
In order to compare µs and g values obtained from DIS 

and LC-OCT techniques, a first set of 5 liquid phantoms 
was developed including 0.0033% (vol./vol.) of India Ink 
(Ref. 45807073, Lefranc & Bourgeois, France) and In
tralipid® (IL) 20% (Ref. I141-100 ML, Sigma-Aldrich, St. 
Louis, MO, USA) in different concentrations: 1, 3, 6, 9, 
and 12% (vol./vol.) India Ink and ILs were chosen as 
absorber and scatterer, respectively, since they are 
commonly used in scientific literature to obtain bio
logical tissues’ typical absorption and scattering coeffi
cients [14, 29].

Phantoms Prepared to Evaluate Impact of Modified 
Scattering (Measured by LC-OCT) on Fluorescence 
Measurement (by Optical Spectroscopy)
A set of 9 phantoms was prepared for LC-OCT and 

spectroscopic measurements containing 0.0033% (vol/ 
vol) of India Ink, 20% IL in three different concentra
tions (1, 6, and 12% [vol/vol]), and 90-µM solution of Ce6 
fluorophore (Ce6, Ref. POR0001, Advanced BioChem
icals, USA) in 3 different concentrations; 2, 8, and 16% 
(vol/vol). To prevent possible sedimentation of particles, 
all solutions were placed in an ultrasonic bath for 10 min 
and a magnetic stirrer was used to homogenize liquid 
phantoms prior to measurements.

In vitro-Grown 3D Human Skin Models
To support the results obtained in this study on liquid 

homogeneous phantoms, complementary measurements 
were performed in a modality in which it would be 
possible to observe changes in the fluorescence signal of 
the same sample with changes in its optical properties. 
The Phenion full-thickness (FT) model (Henkel, Ger
many) was used as a multilayered model of real human 
skin featuring a epidermal and dermal layers, separated 
by a basal membrane. Typical sample of such tissue has a 
diameter of 1.3 cm and comprises keratinocytes and 
fibroblasts derived from a single human donor [30]. 
Upon delivery, the tissue samples were processed ac
cording to the manufacturer’s guidelines. Immediately 
after receipt, each Phenion model specimen was trans
ferred from its shipping plate into a 3.5-cm Petri dish 
lined with filter paper and filled with 4–5 mL of pre- 

warmed culture medium (37°C, Air-Liquid Interface 
Medium). The tissues were incubated overnight at 37°C 
before being used for the further manipulations.

To (reversibly) modify the optical properties of 
Phenion FT sample, the OC technique was used. It in
volves the use of special chemicals called optical clearing 
agents (OCAs), which may permeate within the tissue 
making it more optically transparent. More detailed in
formation about this method can be found in various 
scientific publications [28, 31]. In this study, one OCA 
mixture was chosen based on our own preliminary study 
[28]. It was made of polyethylene glycol 400 (Ref. 202 398, 
Sigma-Aldrich) and DMSO (Ref. 276 855-1 L, Sigma- 
Aldrich): volume fractions were 80% and 20% (vol/ 
vol), respectively. Refractive index of OCA was measured 
as 1.466 using Abbe refractometer DR-M2/1550 (Atago, 
Japan) at 480 nm and at room temperature (24°C).

Following the application of small amount of OCA (<1 
mL) on the surface of Phenion model, it was gently 
massaged onto the sample for 1 min. After this, the sample 
was placed in contact under the LC-OCT probe and images 
were taken for 90 min every 5 min. Also, fluorescence 
spectra were acquired at 2 timepoints (before and after 
clearing: 0 and 90 min) to not disrupt the sample position 
under the LC-OCT probe used for scattering coefficient 
and anisotropy factor estimation. The same protocol was 
applied to one Phenion FT sample with phosphate buffer 
saline (PBS) used as control instead of OCA. Besides the 
data processing described above in the text for LC-OCT 
images and fluorescent spectra, the thickness of the stratum 
corneum (SC) and the underlying epidermis at each time 
point were estimated for Phenion samples based on OCT 
images by measuring 10 evenly distributed points over the 
surface of the sample. Also, bulk optical properties of 
epidermis and dermis were estimated from LC-OCT im
ages separately, taking into account the attenuation cor
rection for the bottom layer, which is described in detail in 
references [23, 24]. Finally, instead of exogenous fluores
cence peak, here the AF peak has been analyzed. To 
eliminate the influence of possible fluctuations in a narrow 
spectral range, the area under the curve was calculated for 
the spectral range of AF peak position ±10 nm.

Results and Discussion

Liquid Phantoms
Bulk optical properties measured at λ = 800 nm (center 

wavelength of LC-OCT technique) estimated by LC- 
OCT-based approach and by DIS and IAD method for 
each liquid phantom featuring varying concentrations of 
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Ce6 fluorophore and ILs are shown in Figure 2. Figure 2a 
shows that the Ce6 fluorophore does not have any impact 
on the scattering coefficient measurement. This means 
that Ce6 does not scatter light; it behaves like a pure 
fluorophore (or like a pure absorber of the excitation 
wavelength) at least on the spectral range under study 
(800 nm) and at the concentrations tested (0–16%). For all 
Ce6 concentrations, whatever the IL concentration under 
consideration, µs falls within the same average value 

(within the standard deviation [SD]) when measured by 
LC-OCT. Scattering properties are well within the typical 
range observed for skin tissues: μs(λ800) values range from 
0.5 to 6 mm−1 corresponding to 1% and 12% IL con
centrations, respectively (shown in Fig. 2a) when mea
sured with DIS-optical bench. Kono et al. provided mean 
values of μs(λ800) measured on 198 Japanese people 
ranging from 7.5 to 9.5 mm−1 depending on body site 
(finger and inner forearm, respectively). Therefore, a 12% 

Fig. 2. a, b Graphs of bulk scattering properties (scattering co
efficient µs and anisotropy factor g) of liquid optical phantoms 
containing 20% IL and Indian ink, at λ = 800 nm (central 
wavelength of LC-OCT imaging technique), estimated by both 
LC-OCT-based approach and DIS/IAD method as a function of 
20% IL concentration (%, vol/vol) for each of 9 fluorescent 

phantoms (with varying [%, vol/vol] concentration of 90 µM 
solution of Ce6) and 5 phantoms without Ce6. c DIS/IAD esti
mated absorption coefficient of liquid IL phantoms as a function 
of 20% IL concentration (%, vol/vol). d Resulting scatterplot of 
reduced scattering coefficient µs’. SD bars represent the variation 
between the measurements on the same sample.
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IL concentration seems to better mimic the scattering 
coefficient of skin tissues. However, ILs tend to provide a 
low g value as it is quite constant for all IL concentrations 
around 0.6 when measured with DIS-optical bench 
(shown in Fig. 2b). Such a value is lower than typical g 
values estimated for skin tissues at 800 nm: 0.75 [14]. 
However, ILs seem to be a good material to mimic the 
reduced scattering coefficient (μs’) of biological tissues: 
when measured with DIS, this coefficient ranges from 0.2 
to 2.5 mm−1 for 1% IL and 12% IL phantoms, respectively. 
The reduced scattering coefficient measures how much 
light is scattered by tissue assuming equal probability for 
the scattering angle (isotropic scattering) [32]. Reduced 
scattering coefficient can be formulated as follows: µs’ = 
µs × (1 – g) with µs as the scattering coefficient, a measure 
of how much light is scattered per unit distance when 
considering single scattering; and g as the anisotropy 
factor, describing the degree of forward versus backward 
scattering of light. The mean value of μs’ measured in vivo 
by spatial frequency domain imaging at 851 nm on 15 
subjects was reported to range from 1.28 mm−1 (on cheek) 
to 1.65 mm−1 (on forearm). In this case, the 6% IL 
phantoms would better mimic typical biological tissues 
with a reduced scattering coefficient (μs’ = 1.4 mm−1) 
measured with the DIS-optical bench.

If the scattering events are independent and dilution with 
the matrix (and absorbing dye or fluorophores) does not 
influence the optical properties of the single scattering 
particles, μs and μs’ follow a linear increase (through the 
origin) with increasing IL concentration; under these con
ditions, the anisotropy coefficient is independent of the IL 
concentration. However, if the concentration of IL is higher 
than 1%, individual scattering events can influence each 
other. This phenomenon is often referred to as dependent or 
correlated scattering [33]. Zaccanti et al. [34] studied the 
bulk scattering properties (μs, μs’, and g) at 633 nm for several 
IL dilutions with a volume fraction up to 0.227 mL/mL (pure 
IL). Both μs and μs’ followed a second-order polynomial as a 
function of volume fraction, while g followed a nearly linear 
decrease. Measurements made by LC-OCT shown in 
Figure 2b follow the same decreasing trend. The values 
measured by the DIS-IAD method seem more stable for 
concentrations below 9% and decrease for higher IL con
centrations: g measured for the 12% IL concentration is 
smaller than g measured for the 9% IL concentration.

Comparison of µs and g Values Obtained by DIS and 
LC-OCT
Considering the DIS and IAD approach as the gold 

standard for scattering coefficient measurement, the 
differences observed between the two approaches for the 

corresponding IL concentrations (shown in Fig. 2a) 
show that LC-OCT overestimates µs(λ800): for the 9% IL 
concentration, µs = 5 mm−1 and 6 mm−1 when measured 
by DIS and LC-OCT, respectively, which corresponds to 
a 20% overestimation of μs by LC-OCT compared to DIS. 
According to observations made by Waczczuk et al. [23] 
such a difference is due to the uncertainties introduced 
by the application of Jacques model, as well as the un
certainties caused by measurements on a calibration 
phantom. Indeed, LC-OCT device includes a silicone 
immersion oil featuring a refraction index value n = 1.4. 
Liquid phantoms used in the current study are made of 
distilled water as the main diluting liquid which implies 
that they feature n = 1.33. This refractive index shift will 
induce a shift in the focal plane of the microscope ob
jective and therefore in the plane corresponding to the 
zero-path difference of the interferometer. This will 
result in a faster signal decay than the decay according to 
Beer-Lambert’s law and eventually to overestimation of 
optical coefficients. Besides, additional factors such as 
possible sedimentation and aggregation of particles in 
liquid phantoms should be taken into account, despite 
numerous measures in this experimental protocol aimed 
at preventing this: an ultrasonic bath was used to break 
aggregated particles, and magnetic stirring was used to 
avoid sedimentation. Each method does perform mea
surements on the same liquid phantoms, but the mea
surement process considers each sample in very different 
ways: 10 mL of the phantom is poured into a cell culture 
plate well for LC-OCT measurements, while 3 mL of the 
liquid phantom is poured in a 1-mm-thick sample 
holder. Therefore, the dependent scattering event might 
happen more frequently in the configuration of LC-OCT 
measurements than for the DIS-IAD measurement. This 
might explain the different trends observed for con
centrations under consideration.

Measuring the scattering coefficient of biological 
samples (in vivo or ex vivo) has been the subject of 
numerous studies in recent years, using different tech
niques, different spectral ranges, different assumptions 
(on the anisotropy factor g and refractive index n values), 
and different data processing methods or approach (skin 
being considered either as a single layer or as two distinct 
layers: the epidermis and the dermis). This discussion on 
measurement variability was addressed by Lister et al. 
[35] in 2012 on the basis of a widely referenced set of 
absorption and scattering data for human skin published 
by Jacques et al. [36]. Interpretation of the acquired data 
was carried out using the diffusion approximation. Prahl 
[37] one of the authors of this paper, presented in his 
PhD thesis an almost identical process for determining 
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the optical properties of abdominal skin samples, but 
applying the IAD method. Graaf et al. [38] provided 
further analysis of Prahl’s data using a Monte Carlo 
technique. The reduced scattering coefficients calculated 
in these studies range from 5.3 to 18.7 mm−1 at 633 nm, 
corresponding to a variation of 268%. This demonstrates 
that an alternative analysis of the same data can lead to a 
wide range of optical coefficient estimates. More re
cently, in vivo measurements were performed by Phan 
et al. [39] using spatial frequency domain imaging and by 
Kono et al. [40] using reflection spatial profile mea
surement on cheek and ventral forearm. Kono et al. 
measured µs = 8 and 9.5 mm−1 on cheek and ventral 
forearm, respectively, at 800 nm; Phan et al. measured 
µs’ = 1.53 and 1.46 mm−1 (assuming g = 0.9), leading to 
µs = 15.3 and 14.6 mm−1, respectively, at 851 nm. In this 
case, the variation is greater than 60% when the scat
tering coefficient is estimated using two different tech
niques. Compared with such variations, the 20% dis
crepancy between the scattering coefficient estimated by 
LC-OCT and DIS seems acceptable.

However, the results calculated in the current study 
for the reduced scattering coefficient µs’(λ800) (shown in 
Fig. 2d) give closer results which indicates that the 
uncertainties on µs and g compensate for each other as 
they probably arise from the same numerical origins: 

µs’(λ800) values overlap for low-scattering phantoms and 
feature a maximum 20% difference for the 12% IL 
concentrated phantom, when estimated by the two 
methods used (LC-OCT versus DIS/IAD). The ab
sorption coefficient μa(λ800) (shown in Fig. 2c) is sig
nificantly lower than the scattering coefficient and re
mains constant despite increasing IL concentration, 
which confirms the ability of the DIS-optical bench to 
measure absorption coefficient independently of the 
scattering coefficient. Welch’s ANOVA test was applied 
to μa(λ800) values to determine whether changes in IL 
concentration have a significant impact on the absorp
tion coefficient: for all groups tested pairwise, differences 
of absorption coefficient are not significant (p > 0.05). 
For both methods (LC-OCT and DIS/IAD), an increase 
in IL concentration leads to a higher μs(λ800) value, 
which is consistent with predictions from Mie theory. 
Adding Ce6 (0–16%, vol/vol) does not modify the 
scattering coefficient µs: scattering coefficient values 
obtained by LC-OCT method on phantoms including 
Ce6 fluorophore or not are the same regardless the 20% 
IL concentrations (shown in Fig. 2a). LC-OCT therefore 
provides a unique means of evaluating scattering optical 
properties µs and g separately, while enabling these 
properties to be assessed noninvasively on in vivo 
samples.

Fig. 3. Fluorescent peak amplitudes of 9 liquid optical phantoms containing 20% IL, Indian ink, and various 
concentrations of Ce6 (2, 6, and 12%, vol/vol) as a function of 20% IL concentration (%, vol/vol), excited at λ = 
405 nm and collected by distances. a D1 = 400 µm. b D2 = 600 µm.
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Impact of Modified Scattering on Fluorescence 
Measurement of Liquid Phantoms
Measurements of Ce6 fluorescence intensity at an 

excitation wavelength of 405 nm (corresponding to the 
absorption maximum of Ce6) are shown in Figure 3 for 2 
distances between excitation and fluorescence detection: 
400 and 600 µm (SDS) for each of the three IL con
centrations (1, 6, and 12%) and Ce6 concentrations: 2, 8, 
and 16%. Ce6 fluorescence intensity increases as IL 
concentration increases for all three Ce6 concentrations, 
with a slope that increases along with Ce6 concentration. 
A longer distance between fluorescence excitation and 
collection (shown in Fig. 3b) results in a decrease in 
measured fluorescence intensity. This decrease in the 
measured intensity is due to the average pathlength of 
photons in phantoms which is longer when the photons 
are detected by the collection fiber located at 600 µm 
than by the collection fiber located at 400 µm from the 
excitation fiber. When the average pathlength of photons 
is longer, they statistically have more chance of being 
scattered or absorbed and therefore of not being detected 
by the fiber located at 600 microns.

Such an increase in measurements of fluorescence 
intensity has already been reported by Alghourani et al. 
[41]: protoporphyrin IX fluorescence (using a 405-nm 
excitation wavelength) increased (635-nm peak inten
sity ×1.4; ×1.8; ×1.6; and ×1.9) as scattering coefficient 
increased from 5 to 30 mm−1 (×2; ×2; ×1.5; and ×3, 
respectively). In order to mimic biological tissues’ 
scattering properties, the scattering coefficient range 
used in the current study was lower than the range used 
by Alghourani et al. [41]: DIS-optical bench measured 
µs = 0.5, 3.5 and 6 mm−1 for 1, 6, and 12% IL con
centrations, respectively. For the 16% Ce6 concentra
tion, fluorescence intensity increased (×3.5, ×1.8, 
and ×6.2) as scattering coefficient increased: ×7.6, ×1.6, 
and ×12, respectively. As a general observation, increase 
in scattering coefficient induces an increase in the 
measured fluorescence intensity but in a lower pro
portion. It is to be noticed that Chen’s team reported 
[42] an opposite observation to the two just previously 
described: for IL concentrations (100 times lower 
concentrations than the ones used in the current study), 
fluorescence intensity (of Fura-2 pentapotassium salt 
using ultraviolet excitation and fluorescence intensity 
recorded at 510 nm) decreased, i.e., was divided by a 
factor 2 for 0% compared to 0.06% IL concentrations. 
Interactions of ILs with fluorophores depend on each 
compound’s chemical properties resulting in specific 
interactions that could explain opposite observations 
presented in different studies.

In vitro-Grown 3D Skin Models
Skin Models’ Histological and Optical Properties
In vitro-grown skin Phenion FT models are supposed 

to be an experimental substitute for human skin in optical 
experiments, since they are generally structurally identical 
to skin. This is shown in Figure 4 showing histological 
images (bottom row) and LC-OCT images (top row) of 
human skin (left column) and Phenion FT models (right 
column). The structure of Phenion FT samples is similar 
to human skin in terms of morphology (the layered 
structure is observed, including the SC, several layers of 
living epidermis, the basement membrane or dermoepi
dermal junction, and the dermis located underneath). 
Also, the thickness of the Phenion FT epidermal layers 
(mean SC thickness was measured as 17 ± 10 µm, the rest 
of epidermis – 153 ± 24 µm, depending on the sample) is 
comparable to those of human skin (typical SC thickness 
is reported to be around 20 cell layers or 20 µm with the 
total epidermal thickness ranged from 75 to 150 µm) [43]. 
The main difference observed is in the dermoepidermal 
junction, which is smooth and flat in Phenion FT, whereas 

Fig. 4. Comparative illustration of human skin (left column) and 
Phenion FT artificial skin (right column): LC-OCT images (top) 
and H&E-stained histological images (bottom). LC-OCT, line- 
field confocal optical coherence tomography; Phenion FT, 
Phenion full-thickness skin models; H&E, hematoxylin and eosin.
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it may be curved and papillary in human skin, depending 
on skin sites. It is also worth noting that, despite an 
epidermis thickness similar to that of human skin, the 
differences in thickness of the SC and the rest of the 
epidermis between the different Phenion samples are 
quite significant (the SD for the SC is greater than 50% of 
the mean, and the SD for the epidermis is greater than 
15% of the mean), making it difficult to use Phenion FT 
samples for any kind of experimental statistics.

Spectral comparison of human skin in vivo (ventral 
wrist) and Phenion FT is shown in Figure 5. It can be 
seen that the AF spectra (shown in Fig. 5a) excited at a 
365-nm wavelength and recorded at the 400-µm source 
to detector distance (SDS) are similar in shape as well as 
in peak position (451 nm), related to the contributions of 
collagen and NAD(P)H. However, the AF spectrum of 
skin features a higher intensity throughout the observed 
range, which is probably due to the difference in the 
biochemical composition of the samples: higher con
centration of fluorophores in skin than in the Phenion 
FT model. This is also shown in Figure 5b, which dis
plays the peak intensity area under the curve (peak 
position ± 10 μm) of AF peaks upon excitation at dif
ferent wavelengths for the 400-µm source to detector 
distance.

Impact of Clearing-Induced Changes in Scattering 
Properties on AF Measurements in Skin Models
As shown in Figure 6, OC induced an increase in 

Phenion FT fluorescence spectra. For further analysis, 
only spectra excited at 365 nm and collected at an SDS 
(SDS1) of 400 µm were used.

The kinetics of the scattering coefficient and an
isotropy factor of Phenion FT artificial skin, as well as 
changes in thickness and AF signal (resulting from OC), 
are shown in Figure 7. At initial LC-OCT image, SC 
layer of Phenion FT model is clearly seen (shown in 
Fig. 7c, left), while after OCA exposure it is almost non- 
traceable (shown in Fig. 7c, right). Also, there is a visible 
reduction in the epidermal thickness, which in turn 
caused improved contrast of underlying dermal 
structures.

Combining µs and g values (shown in Fig. 7a, b) to 
obtain the reduced scattering coefficient using the for
mula µs’ = µs × (1 − g), µs’ = 4.95 mm−1 for control 
epidermis, which is comparable to the value provided by 
Shimojo et al. [44]: 3.98 ± 1 mm−1 obtained for a 
wavelength of 800 nm on 15 ex vivo human skin samples 
using the DIS method. This confirms once again that 
such skin models feature optical properties comparable 
to those measured in vivo.

Fig. 5. a AF spectra of human skin acquired in vivo (red curve) 
and on in vitro-grown 3D Phenion FT model (black curve) using 
365-nm excitation and recorded at the 400-µm SDS. b AF peak 
AUC 5 different excitation wavelengths (λexc) for AF measured on 
human skin in vivo and on in vitro-grown 3D Phenion FT model. 

Error bars correspond to the SD of 3 measurements on adjacent 
areas of the sample (with 3 acquisitions on each area resulting in 
total of 9 spectra), keeping optical probe in gentle contact with 
skin surface (in vivo or on skin models). AUC, area under the 
curve.
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OC results in a ~21% decrease in the epidermal an
isotropy factor, whereas for the PBS control this decrease is 
~11% (shown in Fig. 7b) while the scattering coefficient 
features an increase of 10% (shown in Fig. 7a), comparable 
to the control (~15% increase). Dermal layer scattering 
coefficient features a strong increase induced by OC 
compared to the PBS control: ~67% increase after 40 min of 
OCA diffusion vs. ~26% increase for the PBS control. Since 
the OCA mixture did not induce any decrease of dermis 
scattering properties, it might mean that the OCA did not 
penetrate down to the dermis, below the epidermis layer. 
This might be due to the nature of the material used to 
build the dermis layer, made of collagen in which fibro
blasts are grown, that prevented the OCA diffusion.

A decrease in epidermal anisotropy could here indicate 
the noticeable dehydration of the upper layer of the 
Phenion FT model, caused by OCA, while the OC was not 
fully achieved as the µs coefficient for epidermis did not 
decrease. This is in agreement with Mie theory, according 
to which it is explained by a decrease in the size of the 
scattering particles rather than to RI matching [14, 45]. 
These assumptions are confirmed by the observed re
duction in epidermal thickness (shown in Fig. 7c) under 
the effect of OCA. Two possible reasons may explain that in 
this case no clearing effect was observed: the osmotic effect 
of the PEG-400/DMSO mixture and the probe pressure 
effect applied to the sample. We previously reported this 

observation in our earlier studies on ex vivo human skin 
samples to be responsible for induced compaction 
(thickness modifications) of cutaneous layers and corre
sponding changes in spectral measurements [28].

Dermal scattering increase is another surprising be
havior observed here, as the typical effect of OC on skin 
is a decrease in scattering [31]. Considering the thickness 
decrease (which is more pronounced as compared to PBS 
control, for which SD bars overlap), a higher scatterer 
concentration per unit volume is the possible explana
tion, which could be as well related to dehydration 
caused by OCA. However, it is shown in Figure 7d that 
skin AF signal has increased by ~35% after OC (versus 
~22% increase for control). On the one hand, this 
contradicts the indirectly observed results of dehydra
tion, since the recorded AF of biological tissues is directly 
proportional to the hydration of the samples, due to the 
fact that the temperature and pH of tissues (variables that 
directly affect fluorescence) are changed with dehydra
tion [14]. On the other hand, as is known from other 
works [41] and from our own results (shown in Fig. 3), 
the registered fluorescence is directly proportional to the 
scattering coefficient, which is associated with the 
probability of photon absorption by the fluorophore. In 
this case, the excitation wavelength of 365-nm well ex
cites collagen present in various forms in biological 
tissues [46]. Thus, a decrease in the thickness of the 
epidermis, which allows excitation photons to better 
penetrate the dermis (the main collagen-containing 
layer) and return to the collecting fiber of the spectral 
probe, and an increase in the scattering of the dermis 
layer compensate for dehydration and allow to observe 
an increase in the registered AF signal. Moreover, as 
shown in Figure 7, even for the control condition such a 
decrease in sample thickness caused an increase in the 
registered AF signal, albeit on a smaller scale. With the 
absence of OCA effect, the only possible reason was the 
probe pressure effect applied to the sample, which was 
reported in our earlier studies on ex vivo human skin 
samples to be responsible for induced compaction 
(thickness modifications) of cutaneous layers and cor
responding changes in spectral measurements [28]. Fi
nally, it should be mentioned again that Phenion FT skin 
models vary a lot in epidermis and SC thicknesses from 
sample to sample, hampering the influence of experi
mental protocol influence on the data obtained.

As a result, the main observed result – an increase in 
the registered fluorescence with an increase in the scat
tering of the Phenion skin model – correlates well with the 
results demonstrated on liquid IL phantoms. These results 
open up prospects for further research aimed at 

Fig. 6. AF spectra (in a.u.) acquired on Phenion FT model before 
(black curve) and after (red curve) OC, excited with 365-nm 
wavelength and recorded at the 400-µm source to detector dis
tance (SDS1). a.u., arbitrary units.
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noninvasive determination of fluorophore concentrations 
in biological tissue samples and their pathology-related 
modifications based on the simultaneous registration of 
fluorescence spectra and LC-OCT-based estimation of 
bulk scattering properties. Some studies have already put 
forward semiempirical models describing the fluores
cence signal of turbid media as a function of the scattering 
properties of the medium [16]. However, the possibility of 
assessing in vivo the optical properties of tissues and their 
effect on fluorescence, investigated in the present study, 
opens up new prospects in this direction. Whether based 
on deep learning methods (convolutional neural network 
[47]) or experimental modeling methods [42] (using 
calibration phantoms), several previously published so
lutions could be tried to correct the data and obtain 

corrected fluorescence spectra. However, since the results 
depend on specific compounds of the phantom or on skin 
model, a dedicated study should be the next step to ad
dress the results obtained during the current study.

Conclusion

In this paper, the µs and g bulk scattering properties 
(at 800 nm) of liquid fluorescent phantoms composed of 
Ce6, 20% IL, and India Ink were estimated separately as a 
function of IL concentration from LC-OCT images using 
linear regression of the depth reflectance profile and a 
modified model based on the Beer-Lambert law. These 
results were then compared with values obtained with 

Fig. 7. Scattering coefficient µs (a) and anisotropy factor g (b) 
kinetics at λ = 800 nm of Phenion FT artificial skin model layers 
as a function of OC duration (and control using PBS), estimated 
from LC-OCT images. c Illustrative B-scans of LC-OCT images 
of Phenion FT sample before and after clearing and its layer-wise 
thickness change histogram, comparing sample before and after 
clearing (blue bars) and before and after control using PBS (red 

bars). d AF peak amplitude (excited by λ = 365 nm and collected 
at 400-µm distance), calculated as AUC for peak position ± 10 
nm, comparing intact spectral measurements and the mea
surements after clearing with clearing control using PBS. SD 
bars represent variations between multiple measurement posi
tions. AUC, area under the curve; SC, stratum corneum; SD, 
standard deviation.
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DIS and separate recording of collimated transmittance 
spectra followed by IAD estimation of bulk scattering 
properties. Although LC-OCT overestimates the values 
of both µs and g (up to 20% for µs and around 30% for g), 
this technique provides a good approximation of the 
reduced scattering coefficient (underestimation of 16% 
for the 6% IL phantom) and features the strong ad
vantage of being useable in vivo.

Changes in the amplitude of the Ce6 fluorescence peak 
were measured as a function of IL concentration using 
fluorescence spectroscopy, showing the linear dependence of 
the fluorescence intensity measurement on increasing scat
tering coefficient. The results obtained on phantoms were 
then validated with the in vitro-grown skin model, where an 
OCA-induced increase in dermal scattering was observed 
using the LC-OCT approach, while spectral measurements 
demonstrated a corresponding increase in collagen AF signal. 
Besides these results, comparison of the AF signal collected 
on these human skin models with the AF signal collected on 
human skin in vivo confirmed that such models include all 
endogenous fluorophores in the same proportions as those 
expressed by human skin. The present study demonstrates 
the ability of two optical devices to measure both scattering 
coefficient and fluorescence: the combination of these two 
devices could potentially enable future in vivo application to 
obtain information on pathology-related modifications in 
skin fluorophore concentration.
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