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Abstract

Non-invasive, in vivo assessment of target substances penetration into the skin remains
a significant challenge in dermatology and cosmetology. While various optical methods
have been employed for this purpose, each has inherent limitations. Here, we present
a novel non-invasive imaging approach using optical coherence elastography (OCE) to
simultaneously determine the penetration depth of topically applied osmotically active
substances in biological objects and associated water content changes with high sensitivity.
Most substances are osmotically active and generate osmotic pressure proportional to their
concentration, inducing deformations in biological objects. These osmotic strains can be
visualized similarly to mechanical or thermal strains. Using OCE, we evaluated penetration
and dehydration depth profiles in polyacrylamide gel phantoms, ex vivo cartilage, and
porcine ear skin samples treated with aqueous glycerol solutions of varying concentrations.
Additionally, the penetration and effect of jojoba oil were assessed in treated skin samples.
The results are consistent with those obtained by other established methods, confirming the
reliability and applicability of OCE. This technique offers unique capabilities not achievable
with other optical methods, making it a valuable complementary tool for non-invasive
studies. It holds significant promise for advancing both research and clinical applications
in dermatology and cosmetology, including its potential translation to in vivo assessments.

Keywords: optical coherence elastography; optical coherence tomography; strain mapping;
osmotic strain; strain imaging; skin penetration; stratum corneum; epidermis; deep
tissue imaging

1. Introduction
Delivering active pharmaceutical ingredients and functional cosmetic ingredients into

the skin is a complex challenge in dermatology, cosmetology, and pharmacy. It requires
a sophisticated understanding of the skin barrier structure [1], presumably provided by
the stratum corneum [2] and stratum granulosum [3] epidermal layers. Most therapeutic
drugs are specifically developed to permeate the stratum corneum or the entire epider-
mis to reach targets in the viable epidermis or dermis, while cosmetics are allowed to be
deposited in the stratum corneum only [4,5]. Thus, the determination of the penetration
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depth and the effect of topically applied substances in the skin is of high importance. The
existing techniques generally include invasive, low-invasive, and non-invasive methods.
An important advantage of non-destructive, label-free, and rapid imaging techniques is
obvious and lies in their ability to preserve tissue integrity while providing real-time, high-
resolution, and substance-specific information. These methods encompass a broad range
of optical imaging and spectroscopic modalities, including fluorescence and reflectance
confocal laser scanning microscopy; two-photon tomography integrated with autofluores-
cence, fluorescence lifetime imaging, second-harmonic generation, coherent anti-Stokes
Raman scattering, and reflectance confocal microscopy; three-photon tomography; and
optical coherence tomography (OCT). Additionally, advanced Raman-based techniques
such as confocal Raman micro-spectroscopy, surface-enhanced Raman scattering micro-
spectroscopy, and stimulated Raman scattering microscopy are included. A comprehensive
review of all optical methods employed to assess the penetration depth and the effect
of topically applied substances in the skin is provided in [6]. Additionally, penetrating
substances may exhibit selective absorption of light at specific wavelengths, allowing their
detection via the photoacoustic effect [7,8].

The key strengths of the OCT method include non-invasiveness, rapid image acquisi-
tion (typically <1 s), deep tissue imaging (1–2 mm), and the ability to produce high-contrast
and high-resolution images of skin structures and particulate formulations in the microm-
eter range [9,10]. However, for glucose, propylene glycol, and glycerol solutions, which
cause severe skin dehydration and act as penetration enhancers [11] and optical clearing
agents [12], it has been reported that OCT is capable of determining their penetration depth
into the skin in vivo [13,14]. The monitoring of glucose diffusion in the sclera with OCT
has also been reported [15]. Despite these strengths, OCT also presents notable limitations:
the ability to visualize non-particulate substances is difficult, and its spatial resolution and
optical contrast are generally sufficient only for the detection of particle agglomerates [16],
which restricts its applicability in the assessment of uniform or molecular-level diffusion
processes in cosmetics. For effective visualization of the penetration with OCT, the partic-
ulate substances must exhibit optical absorption and scattering properties distinct from
those of the surrounding skin—this is an essential requirement for generating adequate
contrast OCT images [6].

Optical coherence elastography (OCE) is a non-invasive and real-time imaging tech-
nique that combines dual information of structural imaging from OCT with biomechanical
data of elastography and serves as an extended OCT method. OCE uses interferometric
detection of the OCT to capture detailed structural high-resolution cross-sectional images
of biological objects and evaluates their mechanical properties, such as stiffness and elas-
ticity, by detecting deformations under applied forces. By comparing the phase of the
reflected light before and after a mechanical excitation, OCE detects tiny displacements
within biological objects on the order of nanometers [17]. The application of deep-learning
methods and noise reduction can enhance the sensitivity of OCE [18–20], while the appli-
cation of line-field screening reduces the screening time [21,22]. This phase sensitivity is
key for quantifying mechanical changes and serves as the basis of the OCE method. The
mechanical contrast among various morphological components or conditions of biological
tissues visualized with OCE is, therefore, about an order of magnitude larger than the
differences visible in structural OCT images [23]. These principles work together to allow
non-invasive, high-resolution mapping of mechanical properties in biological objects.

OCE has been used in biomedical applications in the field of ophthalmology [24–29],
oncology [30–37], cardiology [38–43], and dermatology [30,44,45]. An endoscope-based
version of OCE has recently been reported [46–48]. The mechanical properties of skin are
critical biomarkers in dermatology, reflecting both physiological and pathological changes.
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OCE enables non-invasive, quantitative, real-time, fast assessment of these properties with
micrometer-scale resolution and millisecond-scale temporal response [30,49], aiding in the
diagnosis and monitoring of various cutaneous conditions in various skin layers [50]. Its in-
tegration into clinical dermatology is advancing the capabilities of non-invasive diagnostics.
OCE can help distinguish benign from malignant skin lesions by evaluating differences
in tissue stiffness. Malignant lesions, such as basal cell carcinomas and melanomas, often
exhibit altered mechanical properties compared to benign nevi, with increased stiffness
due to abnormal cell proliferation and extracellular matrix remodeling [51]. Skin elasticity
is anisotropic [52] and decreases with age and in the presence of scar tissue [53]. OCE
has been used to monitor these changes by providing detailed maps of dermal stiffness,
enabling quantification of age-related biomechanical alterations or scar maturation pro-
cesses [54,55], as well as skin burn assessment [56,57]. In other diseases such as scleroderma
and systemic sclerosis, pathological fibrosis leads to increased skin stiffness. OCE can detect
these changes at early stages, offering a valuable tool for both diagnosis and longitudinal
monitoring of treatment response [58]. Ability of the OCE method to distinguish lesion
types, monitor aging or scarring, and assess fibrotic skin conditions supports its growing
role in the early diagnosis and management of skin disorders [51,59,60].

The applied solutions interact with the biological objects, inducing deformation that
depends on their osmotic concentration relative to the tissue—a hypertonic solution induces
tissue dehydration and shrinkage, whereas a hypotonic solution promotes swelling due to
osmotic water influx [61]. OCE has been utilized to study changes in the mechanical prop-
erties of tissues treated with various chemicals, including clearing agents and dehydrating
or preserving solutions [62–64]. For instance, cartilage exposed to 20% glucose showed
a gradual increase in Young’s modulus over 140 min, while higher concentrations (40%
and 70%) led to a marked decrease in stiffness. During impregnation with a moderately
concentrated glucose solution, a non-monotonic mechanical response was observed: an
initial rise in the Young’s modulus was followed by a transient drop, then a gradual rise
again [64]. Arteries treated with hyperosmotic propylene glycol (60% and 80%) exhibited
increased stiffness and heterogeneous transverse deformation—shrinkage of the intima and
adventitia with concurrent swelling of the media—although only steady-state strain was
evaluated [62]. Additionally, corneal swelling and deswelling kinetics under 20% dextran
treatment were shown in [63]. Taking the above-mentioned advantages into consideration,
OCE is increasingly explored in cosmetology for assessing skin rejuvenation following
cosmetic treatments like laser therapies, chemical peels, and anti-aging procedures [65,66].
Even though these measurements could provide insights for optimizing cosmetic/medical
topical interventions and tracking treatment outcomes, OCE has never been used to deter-
mine the penetration depth into the skin and the effect of cosmetic/medical formulations
on the skin.

This review summarizes the current state of the art in the application of OCE for
assessing the penetration depth of topically applied substances in biological tissues and for
evaluating their effects on tissue dehydration. The results show that real-time mapping of
the penetration of topically applied formulations in the skin using OCE is a novel approach,
which has been presented here for the first time.

2. Optical Coherence Elastography for the Visualization of Penetration in
Biological Objects—Theoretical Aspects

OCE is a non-invasive imaging technique that combines some additional stimuli
applied to the studied tissue with OCT to visualize the tissue response, which makes it
possible to evaluate the mechanical properties of biological objects, such as stiffness and
elasticity, by detecting deformations caused by the applied forces. Usually, the controlled
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external mechanical forces (mainly compression, mechanical tapping, air puffs, or acoustic
waves) are applied non-destructively to induce small deformations. The method discussed
here utilizes OCT-based spatially resolved visualization of axial strains in the biological ob-
jects. Such OCT-based visualization has been previously used for realization of compression
OCE [67] in which the tissue is deformed by applied mechanical loading, as well as for vi-
sualization of thermally produced strains [68], deformation caused by tissue drying [69], or
relaxational strains caused by internal mechanical stresses [70]. In this way, high-resolution
depth-resolved mechanical contrast map images are generated fast and non-invasively,
providing detailed anatomical information about the morphology of biological objects in
real time, which is valuable for medical/cosmetic research and diagnostics.

The introduced OCE method [61,71] for visualization of penetration is based on the
fact that the overwhelming majority of substances are osmotically active, with exception of
the rather rare cases of isotonic solutions. Consequently, application of osmotically active
formulations to the examined biological objects induces an osmotic pressure that is propor-
tional to the concentration of the penetrating solution or substance. This osmotic pressure
induces deformations (strains) which can be visualized similarly to the above-mentioned
mechanically or thermally produced strains. In addition, under certain conditions, the
difference in the concentration of free and weakly bound water in the biological object and
applied solution may form a diffusional outflow of water [72] co-existing with the diffu-
sional inflow of the penetrating substance. As will be demonstrated below, both diffusional
flows may be simultaneously visualized based on the estimation of the accompanying
osmotic strains.

The spatial distribution of concentration of a substance penetrating from the applied
solution into a half-space is known to initially have a stepwise form. With increasing
time, this stepwise profile gets smoother, and at first glance, it looks that there are no
evident featured/landmark points, which could be conveniently tracked. However, the
OCE method can visualize differential strains extracted from pair-wise comparison of
subsequent OCT scans. This peculiar feature of the OCE makes it possible to select such
landmark points and track their positions for both substance inflow and water outflow.

2.1. Physical Principles of Visualizing Diffusion Using OCE Imaging of Accompanying Strains

Since the interface between the tissue and the applied solution can be approximated
by a plane, a simple 1D description of the penetration from one semi-space (the applied
solution) to the other semi-space (tissue) with the boundary plane position z = 0 may be
considered and mathematically described by the diffusivity equation for concentration C
of the solution [61]:

∂C
∂t

− D
∂2C
∂2z

= 0, (1)

where D is the diffusivity coefficient. Assuming that the tissue is located at z ≥ 0, the
solution concentrations far from the interface can be described by boundary conditions
C(−∞, t) = C1 and C(+∞, t) = C2. Bearing in mind that such an equation may be used
to describe both the penetrating agent inflow and the induced water outflow, one may
consider that at the initial moment t = 0 the concentrations of the diffusing substance
in the contacting half-spaces are C(z < 0, t = 0) = C1 and C(z > 0, t = 0) = C2. The
corresponding solution can be described as follows [73]:

C(z, t) =
C1 + C2

2
+

C1 − C2

2
er f (

z
2
√

Dt
) (2)

where er f (. . .) is the error function. If we consider that the initial concentration of the
penetrating agent (solute) in the solution is Cag(t = 0) = Cag0 and its initial concentration in
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the tissue is zero, then for a certain t > 0, its normalized concentration Cagn = Cag/Cag0 near
the tissue-solution interface—is schematically shown in Figure 1a. This panel schematically
shows a smoothed stepwise profile of an agent penetrating into the tissue through the
interface with the applied solution.

Figure 1. Schematic representation of the evolution of diffusing agent concentrations near the interface
located at z = 0. At the interface, the normalized concentration of the agent remains constant at
Cgn = 0.5, while the initial stepwise concentration profile gradually smooths over time. In panel
(a), the penetration of the solute into the tissue bulk is depicted. Panel (b) illustrates the potential
water outflow from the tissue, which may occur if the content of free and weakly bound water in the
applied solute is lower than that within the tissue. The horizontal axis represents the spatial direction
into the tissue bulk (z > 0). The spatial scale in this schematic is selected to approximate that of the
experimental images. The figures are adapted with permission from Ref. [61].

It should be pointed out that if the concentration C(z < 0, t = 0) = C1 of a considered
substance in the solution (e.g., water) is less than concentration C(z > 0, t = 0) = C2,
then the same Equation (2) can be applied to describe the diffusional outflow of water
from the tissue to the applied solution, in which the concentration of water is sufficiently
low. Certainly, this primarily affects the portion of free and weakly bound water in the
tissue (e.g., skin [72]). In such a case the diffusional water outflow also forms a gradually
smoothed stepwise profile as schematically illustrated in Figure 1b, which is similar to
Figure 1a, but the profile slope has the opposite sign. The penetrating agent causes a local
increase in the osmotic pressure, so the tissue tends to equilibrate this excessive pressure
and exhibits expansion (positive strain). On the contrary, the outflow of free and weakly
bound water reduces the osmotic pressure associated with water, so the resulting deficit in
osmotic pressure should cause tissue shrinking (negative straining).

Now one should recall that these strains are estimated from the acquired sequence
of OCT scans (usually with an inter-scan interval of fractions of a second), so the result
of this comparison corresponds to the difference in the strain (and concentration) profiles
with a certain time lag determined by the chosen interframe interval. In other words, the
extracted interframe strain is proportional to the derivative dC(z, t)/dt of Equation (2) with
respect to the time variable:

dC(z, t)
dt

= −1
4
(C1 − C2)zD exp[−z2/(4Dt)]

√
π(Dt)3/2 . (3)
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In contrast to the smooth monotonic profile given by Equation (2), the derivative given by
Equation (3) has a bell-shaped profile with a clear extremum at a certain depth dependent
on the elapsed time.

The bell-shaped derivatives corresponding to the smooth stepwise distributions shown
in Figure 1 are schematically shown in Figure 2a,b.

Figure 2. A schematic illustration of bell-shaped interframe strain profiles induced by diffusing agents,
corresponding to the concentration distributions shown in Figure 1. Unlike the stepwise, counter-
propagating concentration gradients depicted in Figure 1, the positive and negative osmotically
induced interframe strains exhibit bell-shaped distributions that propagate from the surface into the
tissue bulk. The propagation rates of these strain profiles are determined by the respective diffusivity
coefficients of the studied agents. Typically, the diffusivity coefficient for water is significantly higher
than that of larger and heavier solute molecules. Consequently, the positive and negative strain
extrema become increasingly separated over time during their propagation into the tissue bulk, as
schematically demonstrated in this figure and as will be shown in real records below. The figures are
adapted with permission from Ref. [61].

In contrast to the smooth monotonic concentration profiles shown in Figure 1, the
bell-shaped distributions of interframe strains schematically shown in Figure 2 can be
rather clearly observable, and their extrema can be readily trackable. The depth position
of this extremum can readily be found by differentiating Equation (3) with respect to the
spatial depth variable z:

d2C(z, t)
dzdt

= −1
8
(C1 − C2)(2Dt − z2) exp[−z2/(4Dt)]

√
πt2D

√
Dt

. (4)

If equating this expression to zero, one can readily find the depth at which the extremum
of the bell-shaped function described by Equation (3) occurs, as a function of time:

z =
√

2Dt. (5)

Equation (5) demonstrates the proportionality of the extremum depth to the square root
of time (notice that sometimes it is more convenient to plot the extremum depth squared,
which is linearly proportional to time, z2 = 2Dt). Such a dependence is a hallmark of
diffusional processes, and the diffusivity coefficient D can be estimated from the slope of
such experimentally obtained dependences.

In what follows, it will be demonstrated that the experimentally observed depth distri-
butions of interframe osmotic strains produced in tissue samples by the application of water
solutions (mostly glycerol solutions) indeed typically demonstrate peculiar alternating sign
profiles. Furthermore, time evolution of the positions of the interframe strain extrema well
corresponds to the dependences described by Equation (5), which is a peculiar feature of
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diffusional processes. In the next section we briefly outline how OCE imaging enables the
possibility to visualize osmotically induced strains.

2.2. Phase-Resolved Strain Mapping in OCE

Most modern OCT systems enable acquisition of both amplitude and phase of the
optical signal backscattered from the tissue bulk. In this section we briefly recall how
interframe stains proportional to interframe variations in the concentrations of penetrating
agents can be visualized using analysis of acquired sequences of OCT scans. The axial
displacement of scatterers U and the resulting phase variation Φ in the received OCT signal
are described by the following equation:

U =
λ0Φ
4πn

(6)

Here, λ0 denotes the central optical wavelength of the illuminating beam in vacuum, and n
represents the refractive index of the tissue. If scatterer displacements change with depth,
as in the case of osmotically induced deformations, the dimensionless axial strain along the
coordinate z in the direction of the illuminating beam is given by:

εzz = ∂U/∂z. (7)

Thus, if the scatterer displacements are sufficiently small, the inter-scan axial strains
can be estimated without any time-consuming search operations typical of correlation-
based approaches by performing pixel-to-pixel comparison of phases for sequentially
acquired OCT scans of the deformed tissue. For operability of the phase-resolved approach,
it is important that the inter-scan displacements U should not significantly exceed the
axial inter-pixel distance. Otherwise, the compared scans would experience too strong
decorrelation, impeding their comparison. At the same time the inter-scan displacements
should not necessarily have sub-wavelength magnitude [67].

It is also essential that the derivative in Equation (7) is estimated as a finite difference
ratio for pixelated scans:

∂U → ∆Upx and ∂z → ∆Hpx , (8)

where ∆Hpx is the inter-pixel distance along z-direction; ∆Upx is the difference in displace-
ments of scatterers visualized in these pixels. The difference ∆Upx in the displacement
in the considered pixels is related to the difference in interframe phase variations ∆Φpx

for these pixels; the displacements and phase variations are related via Equation (6), com-
prising the unknown refractive index n. However, one should recall that in a tissue with
refractive index n, the wavelength λ0 in vacuum (air) is related to the wavelength in the
tissue as λ → λ0/n . Similarly, the axial distance between pixels ∆Hpx is related to its

counterpart ∆H(0)
px in the air as ∆Hpx → ∆H(0)

px /n . Therefore, after inserting these relations
into Equations (6) and (7), the refractive index cancels and does not appear in the resulting
expression for the axial strain:

εzz =
λ0

4πn
∂Φ
∂z

→ λ0

4π

∆Φpx

∆H(0)
px

. (9)

Therefore, the tissue strains can be accurately determined based on the measured
phase changes ∆Φpx and the OCT system parameters λ0 and ∆H(0)

px assessed in the air.
For estimating the sample strains in OCT images using the axial dependence Φ(z) of

interframe phase variations, the use of least-square regression for finding the slope of Φ(z)
was initially proposed in [74]. Another variant of strain estimation using phase-sensitive
OCT scans was described in [75]. In the latter approach termed “vector”, the estimation
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of interframe strains was performed by considering the phase-sensitive OCT signal as
vectors in the complex-valued plane, and the phase was explicitly extracted at the very
last stage of signal transformations. Among advantages of the vector method is its high
tolerance to measurement noises [75] and high computational efficiency [76]. Additionally,
the robustness of the vector method can be further enhanced using automatic adaptive
choice of the gradient-estimation scale and preliminary averaging [77]. Such processing
with adaptive choice of parameters is especially important for non-stationary and spatially
inhomogeneous strains of osmotic origin.

A typical experimental configuration with an example of a noisy map of interframe
phase variations is shown in Figure 3a. An example of structural OCT scans is shown in
Figure 3b; Figure 3c represents an example of color-coded interframe phase variations Φ
(15 s after the solution application to the sample), and the reconstructed map depicting
interframe strains is presented in Figure 3d.

Figure 3. Schematic illustration of the tissue sample placed inside a protective plasticine shell with
one side open for OCE examination (a); a typical structural OCT scan (b); color-coded map showing
interframe phase variations (c); and the reconstructed map of dimensionless interframe strains (d),
induced by application of a 30% water solution of glycerol. Figure (a) is adapted with permission
from Ref. [61].

In Figure 3d, the interframe osmotically induced strains look as a pair of horizontal
stripes having opposite signs that correspond to bell-shaped extrema in the vertical profiles,
the origin of which was discussed in Section 2.1. The depth positions of these extrema
gradually increase with time. Simultaneously, the profiles of these extrema gradually
get smoother. By performing summation of interframe osmotic strains, total cumulative
strains over larger time intervals can be found; in such a way quite large cumulative-strain
magnitudes reaching 20–30% and even larger can be estimated as demonstrated in [71].

The alternating-sign osmotically induced interframe strains in the form of two stripes
shown in Figure 3d correspond to the tissue expansion in the near-surface region due to
diffusional inflow and contraction in the deeper layers due to diffusional water outflow.
With increasing time, these stripes gradually move deeper.

The experimental visualizations of osmotically induced strains were performed using
a custom-built spectral domain OCT setup developed at the Institute of Applied Physics
RAS (Nizhny Novgorod, Russia). The central wavelength of the system was 1300 nm (with
~90 nm spectral width), the spectral fringes rate was 20 kHz, and B-scans in the tissue depth
were acquired at a rate of 20 Hz. The lateral size of B-scans was 4 mm, with an imaging
depth of 2 mm (measured in air), providing an axial resolution of ~8 µm (in air) and a
lateral resolution of ~15 µm. However, time variability of osmotically induced strains is
fairly slow, so for improving the quality of their estimation and reducing the reception
noises, the inter-B-scans intervals were intentionally chosen greater [69]. In the examples
discussed below, the interval between B-scans was typically 0.5 to 1 s. The osmotic strains
were observed in non-contact mode.



Cosmetics 2025, 12, 183 9 of 25

The samples were installed in an isolating plasticine coating, so the upper surface
of the samples remained open (see Figure 3a). At the beginning of each OCE recording,
a ~1 mm layer of the osmotically active solution was poured on the sample surface with
a syringe. The observation time of passive penetration varied from a few to 10–15 min.
The measurements discussed below were mostly performed using water-based glycerol
solutions with various concentrations and a hydrophobic oil. The recorded sequences of
interframe strains could be used to find cumulative (total for the observation time) strains
as described in [78]. By considering the kinetics, i.e., time dependences of the depths of the
interframe osmotic strains associated with the penetrating substance inflow and free and
weakly bound water outflow, quantitative estimates of the diffusivity coefficient can be
obtained, as discussed according to Equations (4) and (5). The magnitudes of the osmotically
induced extrema are certainly greater for greater variations in the concentrations of the
penetrating substance and outflowing water. However, those magnitudes depend on
many factors (concentrations and molecular weights of the substances, elastic properties
of the impregnated sample, elapsed time, etc.). Therefore, in contrast to quantitative
characterization of osmotic-strain kinetics, the observed osmotic strain magnitudes provide
qualitative (relative) information about the intensity of the observed diffusion processes.

3. Results and Discussion
In the following sections, experimental examples of the use of OCE for visualization

of penetration will be presented. First, the results for biotissue-like polyacrylamide gel
phantoms and cartilage samples are considered, and then some examples are presented for
ex vivo porcine ear skin samples, demonstrating functionally very similar behavior for all
three sample types.

3.1. OCE Monitoring of Penetration in Polyacrylamide Gel Phantoms

This section presents examples of osmotic-strain OCE visualization for penetration
into fabricated polyacrylamide gel phantoms, which are known as artificial representatives
of biotissues [79–82].

The gels of the phantoms are quite homogeneous, and their microstructure may be
well controlled by the crosslinking degree. For the discussed studies, the samples were
prepared by mixing acrylamide and bis-acrylamide in different proportions to obtain
different crosslinking degrees. The bis-acrylamide/acrylamide ratios used were 1:4; 1:5;
1:6; and 1:7, corresponding to crosslinker weight percentages of 4.0, 3.3, 2.8, and 2.5% (see
details in [83]). The samples containing the highest crosslinker content (1:4 ratio) exhibited
the highest stiffness and demonstrated the highest scattering of the OCT signal, as can
be seen from the results shown in Figure 4 for the four types of polyacrylamide phantom
samples impregnated with a 50% water-based glycerol solution.

The top row in Figure 4 illustrates the temporal variation in OCT signal intensity
with impregnation—the intensity value is averaged in the lateral direction for each OCT
scan taken with an interval of 1 s. The higher signal intensity corresponds to a stronger
light scattering. The diffusion-induced inflow of glycerol and outflow of water affect
the optical inhomogeneities, which are particularly evident for the softest sample with
a 1:7 crosslinking ratio. The gradual decrease in the signal intensity in the upper layers
means that the optical opacity decreases. This is the known effect of optical clearing [84]
associated with glycerol penetration, which smoothes out heterogeneities in refractive
index (minimizes the mismatch of refractive indices) so that scattering decreases.
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Figure 4. OCT-based visualization of the penetration of 50% glycerol in water solution in the
polyacrylamide gel samples with various degrees of crosslinking. The top panels ((a-1)–(d-1)) show
the evolution of the backscattering signal intensity as a function of time (the bright inclined line
is an artifact caused by parasite optical reflections). The intensity is laterally averaged over the
width of individual scans so that each vertical line corresponds to a specific time. Similarly, panels
((a-2)–(d-2)) show the time dependence of the osmotic strains, in the structure of which two extrema
with alternating signs are formed by inflow of glycerol and outflow of water. Panels ((a-3)–(d-3)) show
the linear dependences for the squared depths of the two extrema in agreement with the discussion
of Equations (4) and (5). The figures are reproduced with permission from Ref. [61].

Next, the diffusive inflow of glycerol and the associated water outflow are clearly
visible in the second row of Figure 4. This row shows the evolution of the osmotically
induced strains, the nature of which was discussed in Section 2.1. The strain distribution
looks like a peculiar pattern with alternating signs, where the upper “tongue” corresponds
to the material swelling caused by glycerol penetration and the lower one corresponds to
the material shrinkage due to faster diffusional water outflow. The evolution of positions
and magnitudes of these two extrema can easily be tracked as shown in the third row of
Figure 4. The linear dependences observed between the squared positions of the extrema
and time, z2(t) ∝ t, confirm that these extrema are associated with the diffusion front of
glycerol inflow and water outflow. The slopes of these dependences are proportional to the
diffusion coefficients (more specifically, correspond to 2D), as discussed for Equation (5).

3.2. OCE Monitoring of Penetration in Cartilaginous Samples

For comparison with the osmotically induced strains in biotissue-like polyacrylamide
gels impregnated with glycerol solutions, we briefly consider some results obtained in
studies [61,71,83,85] using the porcine and bovine cartilage ex vivo samples. Cartilage is
a tissue well-suited for experimental studies: in particular, cartilage keeps rather stable
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structural features after freezing and subsequent thawing [86–88]. In the experiments
described below we also used cartilage samples that were kept frozen at −15 ◦C and then
were thawed in saline (0.9% NaCl solution) till room temperature.

Furthermore, cartilage structure can be modified to imitate various conditions, the
understanding of which is important for solving many medical problems [89–91]. In view
of this, it is instructive to demonstrate that cartilage samples exhibit similar behavior
to gels in terms of penetration and diffusion properties. In Refs. [61,83] penetration of
several active ingredients widely used in cosmetics, including glycerol, propylene glycol,
polyethylene glycol, and iohexol (medically approved contrast agent), was studied using
OCE. However, for easier comparison with the previous section, this section briefly outlines
the results obtained only with glycerol, which was also used in the experiments with
polyacrylamide gels.

We recall that it was shown in Section 3.1 that polyacrylamide gels with various
degrees of crosslinking demonstrate pronounced quantitative differences in penetration
rates with a qualitatively similar character. An example is shown in Figure 5 for a sample
of porcine costal cartilage.

Figure 5. OCT-based visualization of the penetration of 30% glycerol in water solution in a homoge-
neous cartilage sample ex vivo. (a) is an example of a structural OCT scan. (b) presents the temporal
variation in the OCT signal intensity similar to the top row in Figure 4 (notice that each vertical line in
(b) corresponds to the intensity averaged over the total width of the structural scan, so the dynamic
range of intensity in (b) gets smaller than in the structural OCT scan (a). Panel (c) shows the temporal
variation in interframe osmotic strains containing two declining positive and negative “tongues”
corresponding to glycerol inflow and water outflow, like for the gel samples in Figure 4. Panels
(d,e) show examples of the spatial distribution of interframe strains for the 5th and 50th seconds of
the penetration. Panel (f) demonstrates the linear time dependences for the squared depths of the
positive and negative strain extrema (see Equation (5)). The slopes of the depth dependences of the
tracked extrema according to Equation (5) indicate that Dw ∼ 8 · 10−6 and Dgl ∼ 1 · 10−6 cm2/s.
Figures (b–f) are reproduced/adapted with permission from Ref. [61].
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In contrast to polyacrylamide gel samples with known differences in the crosslink-
ing degree, cartilage samples may exhibit a priori natural variability in microstructural
properties, although cartilage samples are usually quite homogeneous (see Figure 5a).
Therefore, it was interesting to examine the cartilage samples with intentionally spatially
inhomogeneous microstructural features, which could affect the penetration by analogy to
the influence of the crosslinking degree in the gels. To modify the microstructural prop-
erties of cartilage composed of collagenous layer structures, pulsed periodic moderate
heating by sample irradiation with an infrared laser may be used [92,93]. Such moderate
laser heating may be used, in particular, to modify the geometric shape of cartilage sam-
ples [70,94]. Figure 6 demonstrates the results of OCE observations when a 30% glycerol
solution was applied to a cartilage sample whose central part was earlier subjected to
laser heating, so the labels 1, 2, and 3 in Figure 6 correspond to the region of the initial
sample properties, the moderately heated region, and the region of maximum heating,
respectively. Similarly to Figure 5d, the bottom row in Figure 6 demonstrates the deepening
of diffusion for penetrating glycerol and outflowing water, where the differences between
the non-irradiated region 1 and the laser-heated regions 2 and 3 are clearly seen. It can be
pointed out that the differences in the diffusivity for outflowing water (small molecule size)
are quite moderate, while the differences for glycerol, whose molecules are larger in size,
are much more pronounced. Figure 6 shows that the maximal diffusivity coefficient for
glycerol corresponds to the non-irradiated region 1. For the moderately irradiated region 2,
the diffusivity coefficient for glycerol is ~3–4 times smaller, and for maximally irradiated
region 3, the diffusivity additionally decreases by an order of magnitude compared to
non-irradiated region 1. It can be estimated from Figure 6 that D(1)

gl ∼ 7 · 10−6 cm2/s,

D(2)
gl ∼ 2 · 10−6 cm2/s, and D(3)

gl ∼ 0.7 · 10−6 cm2/s. For comparison, the variation in

diffusivity for water is much weaker, Dwt ∼ (17 − 25) · 10−6 cm2/s; the decrease in the
diffisivity of water in region 3 in comparison with region 1 is only ~1.5 times. At the same
time D(1)

gl /D(1)
w ∼ 3.5, whereas D(3)

gl /D(3)
w ∼ 24, so the effects of variations in microstruc-

ture for differently heated regions 1, 2, and 3 are much stronger on the diffusivity for larger
molecules of glycerol in comparison with smaller molecules of water.

Figure 6. Visualization based on OCE of the temporal variation in osmotically induced strains during
the penetration of 30% glycerol in water solution in a cartilage sample modified by local laser heating
in the center; the meaning of the labels is as follows: 1—non-heated region; 2—moderately heated
region; and 3—overheated central region. Panel (a) shows interframe osmotic strains at the start of
glycerol penetration at time t = 5 s. Panels (b–d)—the color-coded plots showing the time evolution
of interframe osmotic strains in regions 1–3 (the upper “tongue” of the positive strain corresponds to
penetrating glycerol, and the lower “tongue” of the negative strain is associated with diffusive water
outflow). Panel (e) shows the depth positions in pixels (vertical pixel size is ~5.8 µm) for the tracked
glycerol- and water-related extrema, shown as functions of the square root of time. The figures are
reproduced/adapted with permission from Ref. [61].



Cosmetics 2025, 12, 183 13 of 25

It may also be noted that in the non-heated sample region 1, the depth profile of
the glycerol-related extremum demonstrates a very clear linear dependence on the time
square root, as anticipated for penetration into a homogeneous material. For the heated
sample regions 2 and 3, however, the similar dependences demonstrate clearer deviations
from the invariable slopes. In particular, at longer treatment times corresponding to
greater penetration depths, where the temperature rise caused by the preliminary laser-
heating of the sample was lower, the dependences become noticeably steeper than initially
demonstrated a smaller difference from the diffusivity in the non-heated region 1. Thus,
these results demonstrate that OCE visualization of osmotic strains is a quite sensitive
technique allowing us to observe the influence of tissue properties on the penetration
rate. It is also to be expected that the variations in the tissue microstructure may strongly
manifest themselves in the penetration of substances of various molecular sizes rather than
in the diffusivity of water.

3.3. OCE Monitoring of Penetration in Porcine Skin Samples

Functionally very similar results were also obtained for the ex vivo porcine ear skin
samples. For better comparison with the results presented in Sections 3.1 and 3.2, we also
used glycerol solutions.

In a series of such experiments, the skin samples were placed in 0.9% saline solution,
similar to the preparation of cartilage samples, to allow a direct comparison. Evidently, the
water content of the saline solution-treated skin samples should be higher than in natural
conditions. It is reasonable to assume that the saline solution primarily filled the skin
microchannels, so the liquid in these channels contained over 99% of water, as in the saline
solution itself. This explains the observation that the application of even quite dilute 5%
glycerol solution to such skin samples induces quite visible negative strains, indicating the
water outflow (see Figure 7e). As expected, at higher glycerol concentrations, this water
outflow was stronger and significantly masked the positive-strain extremum associated
with glycerol penetration. The penetration behavior of glycerol and the associated water
outflow in the skin are consistent with previously reported data [95,96]. To illustrate
the glycerol-associated extremum more clearly in Figure 7, we present the results for 5%
glycerol concentration. Figure 7b,d demonstrate the appearance of strains with alternating
signs that are qualitatively similar to those observed in polyacrylamide and cartilage
samples. The squared depths of the two strain extrema in the skin demonstrate nearly linear
dependences on time, similar to the gel and cartilage samples shown in Sections 3.1 and 3.2.
Here, too, the faster-decreasing extremum of the negative strain, which corresponds to the
water outflow, can be clearly recognized, and after 5–10 s, the two extrema become well
separated from each other. The qualitative similarity with polyacrylamide and cartilage
samples is evident (see Figure 7a,b), although some quantitative differences can be pointed
out. The difference in the slopes for the extrema associated with water and glycerol does not
exceed 4–8-fold for the polyacrylamide and non-modified cartilage samples. This difference
is significantly greater in the skin samples, indicating that Dwater/Dgl ∼ 16–20 times. In
this context, it is interesting to note that in the thermally modified (partially coagulated)
cartilage samples, a similar difference is observed in the heated regions 2 and 3 (Figure 6e).
At the same time, the heated and non-heated regions for water demonstrate much weaker
variations in the slopes for the water-associated extremum (the diffusivity parameters vary
by only ~10–20%), while for larger glycerol molecules, the diffusivity decreases several
times in the heated regions.
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Figure 7. OCE-visualized penetration of the 5% glycerol solution in the porcine ear skin sample and
soaked in 0.9% saline solution prior to measurements (similar to the cartilage samples): (a) Structural
OCT scan showing the skin sample and glycerol solution above it; (b) interframe strain map 15 s
after application of the solution onto the sample surface; (c) rearraged OCT scan based on (a), where
the liquid is eliminated and the sample surface is aligned at the upper boundary; (d) interframe
strain distribution corresponding to structural scan (c) for 15 s after application of the solution;
(e) time evolution of interframe osmotic strains (the upper “tongue” of the positive strain is for
penetrating glycerol and the lower “tongue” of the negative strains is associated with diffusive water
outflow); (f) shows the squared depth positions (in pixels with a vertical pixel size of ~2.9 µm) of
the observed glycerol- and water-related extrema plotted as functions of time. The slopes of the
dependences in panel (f) indicate that the diffusivity coefficient is Dwater ∼ 10 · 10−6 cm2/s for water
and Dgl ∼ 0.4 · 10−6 cm2/s for glycerol.

It is also interesting to note that for gel samples with various crosslinking degrees
(Section 3.1), the slopes for water and glycerol varied noticeably, although the proportions
remained approximately the same. This proportional variation could therefore reasonably
be attributed to the geometric factor, i.e., variations in the tortuosity of the microchannels
through which the diffusing molecules move. This difference between the diffusivity of the
same molecules in “free” solution and through the channels is even used to estimate the
tortuosity of the channels [97]. However, the tortuosity itself should affect the diffusivity
in a similar way regardless of the molecule size (e.g., water and glycerol in the present
case). Another situation is when significantly stronger differences are observed among the
samples for molecules with sizes much larger than the size of water molecules. Then it can
be assumed that the diameter of a significant portion of microchannels is much larger than
the size of water molecules (so that their diffusion is not yet affected), but that the same
channels for glycerol molecules are already so small that they noticeably impede the diffu-
sion movement of glycerol. In this context, the difference Dwater/Dgl ∼ 25–30 times for
the data of the skin sample in Figure 7 is similar to the difference in the diffusivity of water
and glycerol in the thermally altered regions of the cartilage discussed in Section 3.2. As for
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the absolute values of diffusivity for the data shown in Figure 7, their estimation yields
Dwater ∼ 12.6 · 10−6 cm2/s, which agrees quite well with Dwater ∼ (17–25) · 10−6 cm2/s
within the non-heated region 1 in the cartilage sample shown in Figure 6. Figure 6 also
shows that in the heated regions 2 and 3, the diffusivity for water is only moderately
reduced (only by ~25–30%).

For the skin sample shown in Figure 7, the diffusion coefficient of glycerol can be
estimated as Dgl ∼ 0.4 · 10−6, which is comparable with Dgl ∼ 0.5 · 10−6 cm2/s in the
heated region 3 of cartilage. At the same time, the diffusivity of glycerol in the non-heated
region 1 of the cartilage was an order of magnitude larger Dgl ∼ 6 · 10−6 cm2/s (but
~3 times smaller than for water in this region).

The above-mentioned strong difference in the diffusivity of water and glycerol appears
to be significantly greater than would be expected due to the different sizes and molecular
weights of water and glycerol (18 g/mol and 92 g/mol, respectively). Compared to the
only ~3-fold difference in the diffusivity of water and glycerol in non-modified cartilage,
the additional 5- to 9-fold decrease in glycerol diffusivity in the heated cartilage and skin is
particularly striking, although the diffusivity of water remained comparable in all these
samples. These differences can be attributed to the fact that, in contrast to diffusion in free
solutions, diffusing molecules in biotissues usually penetrate the tissue bulk through the
microchannel system. The latter are characterized by certain cross-sections and tortuosity.
For a given apparent depth, the channels’ tortuosity leads to a geometric increase in the
lengths of trajectories covered by diffusing molecules. This geometric elongation of the
trajectories does not depend on the molecule size and should lead to a decrease in diffusivity
to the same extent for various molecules. This expectation agrees with the data shown
in Figure 5 for polyacrylamide gels. However, if the diameters of the microchannels are
narrow enough, it may be expected that these thinner channels would additionally impede
penetration of diffusing molecules, especially the larger ones. This is because the channels
may remain sufficiently wide for small water molecules without significantly affecting their
diffusivity. In contrast, within the same channels, for larger molecules, such as glycerol,
additional interactions with each other and with the walls may occur, leading to an increase
in the effective local viscosity and a reduction in their penetration rate.

A much stronger influence of the microchannel diameter can be expected for even
larger molecules, for example, for molecules of various oils that are widely used in cosmetics
and medicine. The penetration of a number of such oils into the skin has been studied
using confocal Raman microspectroscopy—the molecular-specific non-invasive optical
method based on observation of Raman scattering of the respective molecules [98] and
using other optical methods [99]. In these experiments, porcine ear skin samples were
examined ex vivo and human skin in vivo, and the results indicated that the applied oils
remained localized in the uppermost corneocyte layers of the stratum corneum (maximum
penetration depth of approx. 11 µm) even after a long treatment time of ~30 min.

For comparison with the results of the discussed OCE-based visualization of diffu-
sional penetration, similar experiments were repeated with jojoba oil and 5% glycerol in
water solution using skin samples which, in contrast to the example in Figure 7, were not
preliminary stored in saline solution to enable similar conditions as in the study [98] and
to exclude possible distortions due to hydrophobic properties of oil. The results of these
comparative experiments are shown in Figure 8.

It is seen from Figure 8b that glycerol penetrated to a depth of about 100 µm within
15 s, and the results of tracking the positive-strain maximum for glycerol yield the aver-
age estimate of the diffusion coefficient Dgl ∼ 0.4 · 10−6 (which is of the same order of
magnitude as the results for the saline-soaked skin samples in Figure 7). It is also visible
that the diffusion front of glycerol penetrates faster in the superficial region and then



Cosmetics 2025, 12, 183 16 of 25

demonstrates a marked slowing. A similar but smoother slowing can be seen in Figure 7
for the saline-soaked skin samples.

Figure 8. Comparative OCE images showing the penetration of 5% glycerol (a–c) and jojoba oil
(d–f) into the porcine ear skin samples and demonstrating the striking difference in the diffusivity
of jojoba oil and glycerol. The interframe plots of osmotic strain for glycerol (a) and jojoba oil
(d) correspond to the same time interval of 15 s after application of the substance. Panels (b,e) show
the time evolution of osmotic strains associated with glycerol/water and jojoba oil, respectively. The
depth position of the tracked osmotic strain extrema is shown for glycerol/water in panel (c) and for
jojoba oil in panel (f). The inset in (c) shows the zoomed fragment of the dependence for penetrating
glycerol, in which the initial faster penetration rate is clearly seen, similarly to the initial faster
penetration rate for jojoba oil visible in panel (f).

Figure 8d,e shows that the penetration depth of jojoba oil in the skin is limited to
20–40 µm. Furthermore, the results of the positive-extremum tracking in Figure 8f indicate
that upon reaching a depth of 8–9 µm below the surface, further penetration becomes
very slow, which is in agreement with the results of Choe et al. [98]. That study indicated
that cosmetic oils remain localized in the stratum corneum and do not penetrate into the
viable epidermis, consistent with findings from other studies on cosmetic oils [100–102]. It
should be noted, however, that jojoba oil has been reported to act as a penetration enhancer,
facilitating the transdermal delivery of active compounds alone [103] or in combination
with other substances [104]. The results of tracking the positive-strain maximum for jojoba
oil indicate a characteristic penetration depth of ~20–25 µm during the treatment time of
~60 s, from which one may estimate the diffusion coefficient for jojoba oil as Djoj ∼ 7 · 10−8,
which is over 50 times smaller than for glycerol. In even deeper skin layers (several tens of
micrometers and greater), the diffusion coefficient becomes even smaller. Figure 8e shows
that the region of osmotic strains only shows a clear deepening during the first 10–15 s and
then the osmotic strains assotiated with the penetrating oil remain virtually blocked in a
narrow layer of less than 30–40 µm thickness.
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It should also be noted that the plots for glycerol solution in Figures 7e and 8b show
descending regions of the negative strains associated with the water outflow from the
deeper layers of both the saline-soaked and non-soaked skin. The diffusion coefficients
obtained from the data shown in Figures 7 and 8 have values Dw ∼ (7–10) · 10−6 cm2/s
that are quite close to each other. From the examples of the spatial distribution of osmotic
strains induced by penetrating glycerol, it is clear that the depth of the descending front of
positive interframe strains within the 4 mm lateral OCT scans exhibits quite appreciable
variations in several tens of percent. This means that the magnitude of the corresponding
diffusion coefficient fluctuates by a factor of two within the OCT scan width, since the
diffusion coefficient is proportional to the ratio of the squared depth of the osmotic strain
front and the elapsed time (see Equation (5)).

Therefore, it can be emphasized that the OCE visualization of osmotic strains eas-
ily reveals the spatial variability of tissue diffusivity with a lateral resolution of about
100–200 µm. When the properties of the sample are depth-dependent, the penetration rate
of the osmotic-strain front also becomes sufficiently pronouncedly dependent on depth
(i.e., varies by tens of percent and greater); this depth dependence can also be recognized
in the plots representing the diffusion front as a function of elapsed time. For example,
in Figure 6e for the central, strongly heated region on the cartilage sample, it can be seen
that the negative-strain “tongue” corresponding to the water outflow initially descended
more slowly in the most heated near-surface regions and then began to descend faster in
the deeper and less heated tissue layers in this region. In Figure 7 for the soaked skin, it
can be seen that the positive-strain “tongue” corresponding to glycerol penetration initially
descended faster (in the first 30–40 s) and then somewhat slower. It is especially clear
that this slowing of the penetration rate is visible in Figure 8 for both glycerol and jojoba
oil. This slowing indicates a lower permeability of the deeper tissue layers for glycerol
and jojoba molecules. In contrast, for water in Figure 8, there is no similar slowing in the
water-associated “tongue”, although the diffusion front of water reached ~3 times deeper
layers. This fact agrees with the above-mentioned difference in tissue permeability for
small water molecules and larger molecules of substances such as glycerol and oils.

4. Advantages, Limitations, and Future Prospects
4.1. OCE Method Does Not Provide Molecular Specificity

The OCE-based approach enables visualization of osmotic strains associated with
substance penetration and accompanying water outflow in biological objects, such as skin.
However, unlike advanced Raman-based and certain fluorescence-based methods, the OCE
method lacks molecular specificity.

4.2. OCE Method Is Limited to Detecting the Penetration of Osmotically Active Substances Only

Since the OCE relies on the induction of osmotic strains, it is limited to the visualization
of osmotically active substances and does not detect the penetration of osmotically inactive
isotonic compounds. In general, most compounds are not isotonic, and their osmotic
activity during tissue penetration induces strain fields that can be efficiently visualized
using the OCE method, making the OCE method suitable for studying the penetration
of most substances. In contrast, molecular-specific optical methods remain effective for
imaging isotonic substances. However, these methods typically do not offer the same
convenient capabilities for real-time observation of diffusion front dynamics as provided
by OCE. Furthermore, the described OCE method enables simultaneous observation of the
topically applied substances and the eventual water outflow that was initially present in
the tissue, which is a unique feature of the method.
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4.3. The OCE Method Provides Real-Time Visualization of Penetration Dynamics

It should also be understood that the OCE method performs visualization of tran-
sitional osmotically induced strains that gradually decay when the system approaches
equilibrium. Consequently, diffusion fronts are most clearly observable with the OCE
method during the highly non-equilibrium penetration phase, i.e., in real time during the
first tens or hundreds of seconds, depending on the studied substance and tissue properties.
While alternative optical methods are generally less suited for real-time monitoring of diffu-
sion kinetics, they offer the advantage of detecting and quantifying penetrated substances
even after extended periods (e.g., tens of minutes) once a new equilibrium state has been
reached. In contrast, the OCE method is inherently capable of visualizing non-equilibrium
diffusion processes, allowing real-time tracking of diffusion front progression and enabling
estimation of diffusion coefficients.

4.4. The Imaging Depth of the OCE Method Is Comparable to That of OCT

For the described OCE method, the imaging depth is limited similarly to that of OCT,
typically <2 mm, and is further reduced in highly scattering tissues. Nevertheless, this
depth is sufficient to exceed the typical thickness of the epidermis, making it particularly
suitable for monitoring drug and cosmetic penetration in the skin. In comparison, other
optical methods, such as fluorescence/reflectance confocal laser scanning microscopy,
multiphoton tomography, and Raman-based methods, often exhibit even more pronounced
depth limitations [6].

4.5. The Quantitative Assessment of Penetrating Substances Remains a Significant Challenge

When osmotic processes reach equilibrium, osmotic interframe strains no longer exist
and thus cannot be detected by the OCE method. However, the OCE-visualized interframe
strains can be summed to characterize the overall penetration effect. The level of both
transient interframe strains and cumulative strains depends on the intensity of penetration
and the total amount of the penetrated substance. Therefore, comparison of these strains
can be used to relatively characterize the penetration intensity of the same substance under
various conditions. With further studies, including calibration with alternative quantitative
methods, it is likely that the OCE method will also be able to quantitatively characterize the
penetrating substance. In this context, combining it with a complementary Raman method
for simultaneous measurements would be beneficial for calibration. Consequently, future
work should focus on these calibration studies, which represent clear directions for the
continued development of the described OCE method.

4.6. In Vivo Skin Measurements: Promising but Requiring Reliable Local Long-Term Stabilization

It is important to note that although individual OCT scans can be easily acquired
during small fractions of a second (so that there is not much difference between ex vivo
and in vivo imaging), the visualization of tiny osmotically induced motions of scatterers in
the examined tissue requires comparison of sequentially acquired OCT scans. However,
physiological motions such as respiration, cardiac pulsation, and other involuntary move-
ments can significantly affect measurement accuracy and degrade the resulting OCE data.
A similar challenge arises in OCT-based angiography, where microcirculatory blood flow is
visualized by singling out tiny motions of blood cells within vessels. In both cases, tissue
motion can mask or even completely corrupt the imaging signals. These interfering motions
can be mitigated through a combination of physical stabilization and numerical motion
compensation techniques. Crucially, the selection of an optimal time interval between
sequential OCT scans (sufficiently short to limit motion artifacts but long enough to capture
the relevant dynamic changes) is essential to minimize the impact of such disturbances.
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Recently, a suction cap has been proposed to achieve local stabilization of living tissue
for OCT-based angiography [105]. Another viable approach involves the use of a metal
coupling ring affixed to the skin with medical adhesive tape, similar to stabilization tech-
niques employed in in vivo laser scanning microscopy and multiphoton tomography [106].
Comparable strategies may be adapted and optimized for suppressing motion artifacts
in OCE-based in vivo visualization of osmotic strains in human skin. In contrast, living
skin equivalents, which are widely utilized in biomedical research as an alternative to
animal models, offer an ideal platform for the current form of the OCE method, as they
provide a motion-free, biologically relevant environment for controlled experiments [107].
Consequently, future work should focus on adapting the OCE approach for application
to patient skin by effectively suppressing physiological motion artifacts in living tissues.
Preliminary results have confirmed the feasibility of the OCE method for non-invasive,
short-term imaging of penetration in human skin in vivo; however, further work is required
to stabilize the images and ensure better reproducible results. Accordingly, the effectiveness
of in vivo OCE applications is expected to differ across various anatomical regions.

4.7. The OCE Method’s Sensitivity Is Restricted to Detecting Strain

The sensitivity of the OCE method depends on its ability to visualize strain so that
penetration of substances exhibiting higher osmotic activity can be monitored more easily.
For a given substance, sensitivity of osmotic-strain detection can be enhanced by increasing
the time interval between subsequent scans. However, for future in vivo measurements,
it is important to note that image quality is largely influenced by measurement stability,
which decreases as the inter-scan interval increases. Therefore, the optimization of the
inter-scan interval and masking of living tissue movements remain key challenges for
future in vivo applications of OCE.

5. Conclusions
The utility of the OCE method for real-time monitoring of the penetration of osmot-

ically active topically applied substances into the skin has been confirmed ex vivo for
glycerol and jojoba oil, similarly to the previous results for biotissue-like polyacrylamide
gel phantoms and cartilaginous samples. The OCE method for visualizing interframe
osmotic strains principally expresses the time derivative of the penetrating substance
(i.e., visualizes the front of the diffusing substance), which has a clear and easily tracked
maximum, as opposed to the total distribution of the substance, which has a smooth and
stepwise shape with no clear trackable features. The OCE method is not molecule-specific
(unlike Raman-based and certain fluorescence-based methods), but enables simultaneous
visualization of out-of-equilibrium opposing diffusion processes, such as the penetration
of a solute into tissue and the outflow of water from tissue at depths of less than 2 mm,
similar to other OCT techniques.

Thus, the diffusion rate and penetration depth of osmotically active substances into
the skin and the resulting water outflow can be visualized with the OCE method in real
time by measuring the osmotic strains—this opens up a variety of important possibilities
unavailable for other optical techniques, so it may complement them and provide new
information that is important for dermatology and cosmetology. The quantitative assess-
ment of penetrating substances may be achieved through complementary measurement
techniques and represents a significant challenge for the further advancement of the OCE
method. Finally, it is important to note that the OCE procedure is non-invasive and relies
solely on signal acquisition via OCT, a modality that meets the established safety standards
and already holds the necessary regulatory approvals for biomedical applications. This
includes its potential for future in vivo use, making the method well-suited for clinical
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translation. Preliminary tests are fairly promising and demonstrate that the OCE method
can be adapted for non-invasive, short-term visualization of penetration processes in hu-
man skin in vivo. However, additional research is necessary to establish reliable local
stabilization between the skin and the OCE device, aiming to improve image consistency
and ensure reproducible results.
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