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Study of the epidermis ablation effect on the efficiency of optical

clearing of skin in vivo*

E.A. Genina, N.S. Ksenofontova, A.N. Bashkatov, G.S. Terentyuk, V.V. Tuchin

Abstract. We present the results of a comparative analysis of opti-
cal immersion clearing of skin in laboratory animals in vivo with
and without preliminary ablation of epidermis. Laser ablation is
implemented using a setup based on a pulsed erbium laser (1 =
2940 nm). The size of the damaged region amounted to 6 x 6 mm,
the depth being smaller than 50 um. As an optical clearing agent
(OCA), use is made of polyethylene glycol (PEG-300). Based on
optical coherence tomography, we use the single scattering model
to estimate the scattering coefficient in the process of optical clear-
ing in 2 regions at depths of 50—170 um and 150-400 pm. The
results show that skin surface ablation leads to the local oedema of
the affected region that increases the scattering coefficient.
However, the intense evaporation of water from the ablation zone
facilitates the optical clearing at the expense of tissue dehydration,
particularly in the upper layers. The assessment of the optical
clearing efficiency shows that the efficiency exceeding 30 % can be
achieved at a depth from 50 to 170 wm in 120 min after ablation, as
well as after the same ablation with subsequent application of
PEG-300, which increases the efficiency of the immersion method
by almost 1.8 times. At a depth from 150 to 400 pm, dehydration of
upper layers cannot completely compensate for an increase in light
scattering by dermis after epidermis ablation. The additional effect
of OCA enhances the optical clearing of skin at the expense of
improving the refractive index matching between dermis compo-
nents, but the maximal efficiency of optical clearing in 120 min
does not exceed 6 %.
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1. Introduction

Transepidermal and transdermal delivery of medicinal prepa-
rations and optical immersion agents attracts great attention
of the researchers. A number of papers in this field is devoted
to the development of methods aimed to overcome the epider-
mal barrier that hampers free diffusion of preparations from
the surface to deeper skin layers [1-7]. Due to the presence of
the epidermis stratum corneum having a thickness of 10—
20 um and consisting of densely packed keratinised corneo-
cytes surrounded by a lipid matrix, only small lipophilic mol-
ecules (with a molecular mass below 500 Da) can freely dif-
fuse through the intact epidermis [7]. The diffusion of water
molecules through the epidermis stratum corneum is ham-
pered by the tortuosity of transport paths in the intercellular
space and strongly depends on the degree of its hydration [8§].

Among optical clearing agents (OCAs) the most efficient
ones for skin are hydrophilic preparations rather than lipo-
philic ones [9], since the dominant contribution to the light
scattering by skin is introduced by dermis, and the dominant
liquid in dermis is water. Therefore, the implementation of
the transport of hydrophilic OCAs through the epidermal
barrier to dermis is an urgent problem.

The chemical method, aimed at dissolving the lipid matrix
of the stratum corneum and producing pores in it, belongs to
the most widespread methods of OCA diffusion enhancement
[10, 11]. Sonophoresis [12] and microperforation of epidermis
by means of microneeldle arrays [13] are often used, as well as
combinations of physical and chemical impacts [14—16]. A
number of papers are also devoted to the effect of pulsed laser
radiation and photothermal action on the epidermis permea-
bility [4, 5, 17-22].

Laser ablation (LA) is an efficient and safe method that
produces thermal microdamages of different depth and diam-
eter depending on the laser impact parameters [4, 5, 19, 22-27].
These papers are devoted to the study of delivering medicinal
preparations, macromolecules, micro- and nanoparticles
either through ablation channels, penetrating through the
epidermis and part of dermis (to a depth down to 400 um), or
through comparatively large areas of the ablated epidermis
surface. The obtained results confirm the efficiency of using
LA for enhancing the epidermis permeability for the studied
agents. However, the use of LA to enhance the OCA diffusion
into the dermis is studied insufficiently. Previously in our
work [28] we performed a preliminary study of the time
dependence of the skin optical probing depth using optical
coherence tomography (OCT) after the fractional microabla-
tion of the skin surface with subsequent application of differ-
ent OCAs. The results demonstrated the reduction of the skin
probing depth immediately after ablation, with its subsequent
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growth during an hour to the value, obtained in the intact
skin before ablation (i.e., the absence of the optical clearing
effect). The obtained results demonstrate the necessity of a
more detailed study of optical clearing mechanisms in skin
with ablated epidermis.

Thus, the aim of the present paper is a comparative study
of the optical immersion clearing of skin in laboratory ani-
mals in vivo using hydrophilic OCAs with and without pre-
liminary epidermis ablation.

2. Materials and methods

LA was performed using a setup based on a StarLux/Lux2940
Er:YAG laser (Palomar Medical Technologies Inc.,
Burlington, USA), combined with a Booster-2 module (Laser
Centre, ITMO University, Russia), generating pulses with the
following parameters: radiation wavelength of 2940 nm, pulse
energy of 1 J and single-spike pulse structure with a spike
duration of 200 us.

The surface skin layer area with a size of 6 x 6 mm and a
damage depth smaller than 50 um was ablated by a wide
beam.

To study the skin optical clearing we used polyethylene
glycol with a molecular weight of 300 (PEG-300) (Sigma-
Aldrich, USA). Due to its efficiency, availability and biocom-
patibility, PEG-300 is widely used as an OCA [16, 29-32].
The refractive index of PEG-300 at a wavelength of 930 nm is
1.456 [32].

The measurements were performed in vivo in 15 labora-
tory albino rats, which were divided into 3 groups, 5 animals
in each. In group I only LA was executed, in group II PEG-
300 was applied on intact skin, and in group III LA was fol-
lowed by a single application of PEG-300 on the skin surface.
The agent layer thickness amounted to approximately 50 +
20 um. The OCT images made it possible to estimate the
agent layer thickness, the axial resolution of the tomograph
being ~9 um in the medium with a refractive index of 1.456.
The age of the animals was | year; the mass was 200—300 g.
Before the experiment, the animals were subjected to anaes-
thesia by intramuscular injection of 0.18—0.2 mL of Zoletil 50
(Vibrac, France). The hair was removed from the skin surface
using “Veet’ depilatory cream (Reckitt Benckiser, France).

The skin condition in the process of optical clearing was
monitored using a Thorlabs OCP930R spectral optical coher-
ence tomograph (Thorlabs, USA) having the following
parameters: centre radiation wavelength of 930 £ 5 nm; axial
and lateral resolution of 6.2 and 9.6 um, respectively; and
scanning region length of 2 mm. The OCT signals of the pro-
cessed region were recorded before ablation and immediately
after it and/or the PEG-300 application, every 2—5 min dur-
ing 100—120 min.

Uisng the single scattering model [33, 34], the attenua-
tion coefficient u; was estimated by the slope of the OCT
scans [16]. According to the single scattering model, the
power of the detected OCT signal R(z) is proportional to
exp(—uz) [35]. Since in the studied spectral range the absorp-
tion coefficient u, of skin is much smaller than the scattering
coefficient u, [36], the attenuation coefficient u, = u, + u, can
be assumed approximately equal to the scattering coeffi-
cient. Therefore, the OCT signal R(z) can be approximated
by the expression

R(z) = Aexp(—usz) + B, (M

where A4 is the proportionality factor, equal to Pya(z); Py is
the optical power of the beam, incident on the tissue surface;
a(z) is determined by the local backscattering capability of
the tissue and depends on the local variation of the refractive
index; and B is the background signal.

Figure 1 presents the analysed regions of the OCT image,
the averaged A-scan of the OCT signal from the dermal layer
of the rat skin in vivo and the approximating curve obtained
using the single scattering model. The OCT signals were aver-
aged over 101 scans sweeping the skin region ~300 um long.
The values of the scattering coefficient were determined in
two regions of the averaged A-scan. Region 1 corresponded
to a depth from 50—70 um to 150—170 pum (depending on the
specific features of a particular sample). Region 2 corre-
sponded to a depth from 150—170 um to 350—400 um. The
values of u, were calculated for each animal separately and
averaged over the group for each measurement time. Then the
appropriate standard deviation was estimated.

The optical clearing efficiency (OCE) was estimated for
each studied region separately using the following expression
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Figure 1. Measurements of the scattering coefficient u at the regions
of dermis with a depth from 50—70 pm to 150—170 um (region 1) and
from 150—170 um to 350-400 um (region 2) based on the analysis of
the averaged OCT signal depth distribution using the single scattering
model; (a) B-scan of the skin in vivo, measured immediately after abla-
tion, with a length of ~300 um, (101 A-scans), over which the averaging
of the OCT signal was performed, (b) the depth distribution of the aver-
aged OCT signal (thin curve) and the result of approximation according
to the single scattering model (thick curve). The dashed straight lines
indicate the boundaries of the regions, where the values of ug were esti-
mated.
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where uy(7) is the current value of the scattering coefficient
averaged over the group; and u(¢ = 0) is the initial value of
the scattering coefficient averaged over the group (for intact
skin). The OCE values were calculated for each animal sepa-
rately, averaged over the group at each time of OCT record-
ing, and then the appropriate standard deviation was calcu-
lated.

3. Results and discussion

Figure 2 presents OCT images of the studied skin region for
group I of the experimental animals with ablated epidermis
and the kinetics of the averaged scattering coefficient for two
regions located at different depths. The zero of the time scale
corresponds to the OCT signal recording immediately after
ablation. The initial values of ug, located in the negative part
of the time scale, correspond to the intact skin before the
impact. In Fig. 2a, it is clearly seen that the probed region
(i.e., the light area in the OCT image that corresponds to the
illuminated region inside the tissue) decreases immediately
after ablation and then begins to grow. Correspondingly, the
scattering coefficient after ablation considerably exceeds the
initial values (for intact skin) in both regions (Fig. 2b). The
maximal change in the coefficient i, (an increase by 60 %) is
achieved in region 1, i.e., at a depth from 50 to 170 um. This
is related to an increase in light scattering by the tissue due to
oedema, the influx of the interstitial fluid (water) and lymph
to the damaged zone, which is a response of the organism to
the skin damage, the oedema near the damaged zone being
greater than in deeper layers. In region 2, the value of u
increases on average by 30%. Then, a rather sharp fall (during
6—8 min) almost to the initial values is observed for the scat-
tering coefficient in both regions, which is due to the intense
evaporation of water from the skin surface in the zone devoid
of the protective action of the epidermis stratum corneum.
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Figure 2. (a) Typical OCT images of the studied skin region in group I
of the experimental animals, subjected to ablation of epidermis at dif-
ferent time periods and (b) time dependences of the averaged scattering
coefficient in two regions, corresponding to different depths inside the
skin: region 1 — the depth from 50—70 pm to 150—170 um, region 2 —
from 150170 um to 350—400 um. The dashed lines in the OCT images
show the boundaries of the regions.

Then, the evaporation of water continues at a lower rate, and
the dehydrated layer appears at the surface in the ablation
zone. In this layer both the refractive index of the liquid is
higher (i.e., the dehydration immersion occurs) and the tissue
fibrils are packed denser than in the intact tissue, which leads
to a gradual decrease in light scattering in region 1 (on aver-
age by 56%). In region 2, the evaporation from the skin sur-
face is likely to have no essential effect on the values of us. The
scattering coefficient fluctuates near the value, slightly exceed-
ing the initial one, since during the observation time a suffi-
cient oedema remains in the skin.

In the literature, there is a disagreement about the assess-
ment of the scattering coefficient in the tissues with oedema in
comparison with healthy tissues. On the one hand, Phillips et
al. [37] report a slight increase in the light scattering coeffi-
cient in dermis with the oedema caused by psoriasis. On the
other hand, the authors of Refs [38, 39] show that the scatter-
ing of light in the skin dermis with psoriasis and contact der-
matitis, accompanied by the dermis oedema, is smaller than in
healthy skin. According to these papers, this is due to a
decreased density of collagen fibres in the oedema region. In
our opinion, this difference may be due to the specific features
of the oedema. In Ref. [38], the oedema in dermis was accom-
panied by an increase in the epidermis thickness approaching
20%, which is a sign of strongly expressed oedema. In Ref.
[39], due to the oedema the tissue volume increased by up to
15 times. In this case, the key role was played by the packing
density of collagen fibres in dermis, which considerably
decreased with increasing significantly tissue volume. Besides
that, the increased content of water in the interstitial matrix
can increase the hydration of the dermis fibres, which, in turn,
decreases their refractive index [40, 41] and facilitates better
matching of refractive indices of the fibres and the interstitial
matrix. As follows from Ref. [38], the observation of the
oedema development continued during 7 days. During such a
long time, the above modifications can occur in the hydration
of the fibres. In contrast to the results of papers [38, 39], in
our work the oedema was caused by a sight damage of epider-
mis, developed during a few minutes, and was observed dur-
ing less than two hours. In this case, the oedema was not
strongly expressed. No increase in the epidermis thickness
was observed in the OCT images and, therefore, the influx of
water to the ablation zone mainly facilitated the decrease in
the refractive index of the interstitial fluid, i.e., the additional
mismatch of refractive indices of dermis components, which
resulted in the increase in light scattering in the tissue.

Figure 3 presents OCT images of the studied skin region
and time dependences of the averaged scattering coefficient at
two different depths in the skin of experimental animals
belonging to group II. In this group, no ablation was carried
out and only the OCA was applied to skin. The zero of the
time scale corresponds to the moment of PEG-300 applica-
tion, the negative time values, as in the previous group, cor-
respond to the period preceding the impact. From Fig. 3a it
follows that the optical depth of the skin probing region
increased immediately after OCA application, and after that
its temporal variations were insignificant. However, in Fig. 3b
it is clearly seen that the time variations of ug at different
depths are different. In the near-surface layer, a sharp decrease
in u, is observed (on average by 26 %) during the first 25 min,
which, in our opinion, is mainly caused by the immersion of
the epidermis stratum corneum surface. Then, the immersion
agent impregnates the epidermis and the near-surface dermis
layers, but its concentration decreases because of mixing with
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the interstitial fluid; besides that, the agent is removed from
the observation zone by diffusion to the surrounding tissue.
Hence, the value of ug gradually increases with time. At a
depth of 150—400 um (region 2) the decrease in u, is slower
and begins in 20—30 min, i.e., after the impregnation of the
epidermis, too. Nearly in 1.5 h the values of i, in both regions
become equalised, which is a sign of a uniform PEG-300 dis-
tribution in the interstitial fluid in the detection zone.
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Figure 3. (a) Typical OCT images of the studied skin region in group II
of the experimental animals, after the application of the immersion
agent on the intact skin surface at different time periods and (b) time
dependences of the averaged scattering coefficient in two regions, cor-
responding to different depths inside the skin: region 1 — the depth from
50-70 um to 150-170 pum, region 2 — from 150—170 um to 350-
400 um. The dashed lines in the OCT images show the boundaries of the
regions.

Figure 4 presents the OCT images of the studied skin
region and the kinetics of the scattering coefficient variation
after the epidermis ablation followed by application of the
immersion agent (group III of laboratory animals). The zero
of the time scale corresponds to the moment of PEG-300
application. In the region of negative time values, the scatter-
ing coefficient corresponds to the intact skin. In this case, we
expect two competing processes to occur: on the one hand,
the skin oedema near the damaged zone causes an increase in
U, and on the other hand, the immersion decreases scattering
and, therefore, u, should decrease. As follows from Fig. 4a,
the application of the immersion agent practically does not
reduce the skin probing region after ablation, as was observed
in group I (see Fig. 2a). In Fig. 4b it is also clearly seen that in
region 1, corresponding to the near-surface layer of skin,
there is no sharp increase in the scattering coefficient, as it
happens in the case of skin ablation without applying the
immersion agent (see Fig. 2b). On the contrary, u, gradually
decreases (on average by 25%), achieves a minimum during
an hour and then fluctuates near this value.

Thus, under the OCA effect immediately after the applica-
tion, the immersion of the dermis upper layer occurs, reduc-
ing the influence of the water influx to the ablated region on
the scattering coefficient. The presence of the tissue oedema is
indirectly confirmed by the kinetics of ug at a depth from 150
to 400 um. At the expense of an increasing water content in
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Figure 4. (a) Typical OCT images of the studied skin region in group
III of the experimental animals, after the epidermis ablation and appli-
cation of the immersion agent on the ablation zone at different time
periods and (b) time dependences of the averaged scattering coefficient
in two regions, corresponding to different depths inside the skin: region
1 — the depth from 50-70 um to 150—170 um, region 2 — from 150—
170 pm to 350—-400 pm. The dashed lines in the OCT images show the
boundaries of the regions.

surrounding tissues, the coefficient u, increases during the
first minutes of observation, and in 90 min exceeds the initial
value on average by 8%. Generally, the kinetics of u¢ under
the conditions of ablation and immersion coincides with that
of the tissue scattering coefficient in the case of ablation with-
out applying the immersion agent (see Fig. 2b). However, in
contrast to the pure dehydration mechanism of optical clear-
ing that takes the place in the case of epidermis ablation, after
the OCA application the additional matching occurs in the
dermis between the refractive indices of the scatterers (colla-
gen fibres) and the interstitial fluid, into which PEG-300 pen-
etrates. The total decrease in u, after ablation in groups I and
III amounts to 15% and 20%, respectively. In the OCT
images, it is also clearly seen that the optical depth of the illu-
minated region inside the tissue in Fig 4a is larger than that in
Fig. 2a.

The above effects are clearly demonstrated in Fig. 5,
where the values of the skin optical clearing efficiency in dif-
ferent experimental groups, calculated using Eqn (2) for a few
time intervals are presented. In Fig. 5a, one can see that in the
near-surface layer (at a depth down to 150—170 um) the max-
imal efficiency in 30 min after the beginning of the impact is
demonstrated by the immersion method of optical clearing.
The methods related to ablation are less efficient because of
the increased scattering in skin due to oedema. Then, in the
process of optical clearing, the efficiency of the pure immer-
sion method decreases (due to the reduction of the OCA con-
centration in the process of filling a large volume of a tissue),
and the efficiency of methods incorporating ablation grows
(due to dehydration). Thus, in 60 min after the beginning of
observation, all three methods show approximately equal
efficiency, and in 120 min the efficiency of ablation methods
exceeds that of the immersion method almost by 1.8 times. It
is interesting to note that in the near-surface layer the com-
bined effect of ablation and immersion yields practically no
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Figure 5. Time dependences of the skin optical clearing efficiency in three
studied groups of experimental animals at a depth (a) from 50—70 pm
to 150—170 um and (b) from 150—170 um to 350—-400 pum.

additional increase in efficiency of optical clearing, as com-
pared to dehydration.

In deeper layers (150—400 um), the maximal efficiency of
optical clearing is attained in 60 min after the OCA applica-
tion (Fig. 5b) Then, it also begins to decrease, while the effi-
ciency of the combined optical clearing method gradually
increases. In 120 min, the efficiency is maximal in the group
with ablation + immersion, but its absolute value is almost by
2 times smaller than the efficiency of optical clearing caused
solely by the OCA at the 60th minute of the experiment. The
efficiency caused by evaporation in the ablation zone is
reduced during every subsequent time interval because of the
increased scattering, which can be an evidence in favour of
the increased oedema in deep layers of dermis.

4. Conclusions

The studies have shown that the use of laser ablation aimed at
the enhancement of diffusion of hydrophilic agents into the
skin is accompanied by increased light scattering in dermis
due to the influx of the interstitial fluid and lymph to the dam-
age site. However, in the near-surface layers of skin (at a
depth down to 150—170 um) the effect of the increased light
scattering in the tissue is compensated for by intense evapora-
tion of water via the damage zone. In this case, the additional
application of the immersion agent has no essential effect on
the degree of optical clearing. Thus, the effect of the dehydra-
tion mechanism increases the efficiency of optical clearing, as
compared to the purely immersion one, by almost 1.8 times
during 120 min. In deeper skin layers (from 150 to 400 um) in

the case of ablation a light scattering increase is also
observed, but it cannot be compensated for by the dehydra-
tion of the upper layers only. The additional effect of the
OCA increases optical clearing of skin at the expense of bet-
ter matching of refractive indices of dermis components, but
the maximal efficiency of optical clearing does not exceed
6%. In this case, it may possible to increase the efficiency of
optical clearing by taking the OCAs with greater refractive
indices, e.g., glycerol.
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