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Abstract. Fractional laser ablation is one of the relatively safe and minimally invasive methods used to administer
micro- and nanoparticles into the skin at sufficiently large depth. In this article, we present the results of delivery of
TiO2 nanoparticles and Al2O3 microparticles into skin. Fractional laser microablation of skin was provided by a
system based on a pulsed Er:YAG laser with the following parameters: the wavelength 2940 nm, the pulse energy
3.0 J, and the pulse duration 20 ms. Ex vivo and in vivo human skin was used in the study. The suspensions of
titanium dioxide and alumina powder in polyethylene glycol with particle size of about 100 nm and 27 μm, respec-
tively, were used. In the ex vivo experiments, reflectance spectra of skin samples with administered particles were
measured and histological sections of the samples were made. In the in vivo experiment, reflectance spectroscopy,
optical coherence tomography, and clinical photography were used to monitor the skin status during one month
after suspension administering. It is shown that particles can be delivered into dermis up to the depth 230 μm and
distributed uniformly in the tissue. Spectral measurements confirm that the particles stay in the dermis longer than
1 month. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.11.111406]
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1 Introduction
There are many studies demonstrating the importance of trans-
cutaneous drug delivery and ability to create a long-term reser-
voir in the dermis for topically applied compounds.1–3 The main
advantages of transcutaneous administration of preparations are:
(1) minimal invasiveness or even noninvasiveness; (2) improved
drug pharmacokinetics; and (3) targeted drug delivery.1 Many
treatment protocols in dermatology, oncology, cosmetology,
etc., are based on transcutaneous delivery.

However, the stratum corneum (SC) with the thickness in the
range of 10 to 20 μm and underlying living epidermis of thick-
ness 75 to 150 μm represents a barrier separating body from the
environment and makes preparation delivery deep into the skin a
rather difficult problem.1,4 Skin appendages play an important
role as a penetration route at the topical application of
drugs.1,5–8

Recently, it was shown that nanoparticles are more suited to
penetrate efficiently into the appendages, in particular, into hair
follicles, than nonparticle substances.2,6 The penetration of
micro- and nanoparticles into the skin can also occur through
sebaceous gland ducts (diameter: 10 to 70 μm),7 sweat gland
ducts (diameter: 60 to 80 μm),8 or aqueous pores, transpiercing
the epidermis (diameter less than 10 nm).1 Therefore, it is pos-
sible to use nanoparticles as drug carriers for efficient selective

drug delivery and storage of topically applied substances into
skin appendages, which is important for selective dermatother-
apy. However, density and dimensions of these naturally occur-
ring pathways vary widely between anatomical sites and
individuals. Besides, particles with a diameter of approximately
100 nm and more cannot pass out of the appendages into living
tissue.9 Unlike nanoparticles, microparticles (>10 μm) penetrate
neither into the follicular orifices nor into the SC, whereas the
particles with the sizes 9 to 10 μm concentrate around the open-
ings of the follicles without further penetration.5 The smallest
microspheres <3 μm penetrate into the skin appendages well
but are also observed in the superficial layers of SC and
never in the viable epidermis.10 Therefore, for effective delivery
of micro- and nanoparticles, strategies including complex physi-
cal enhancement methods have been developed, for example,
magnetic field,11 ultrasound treatment,12 photomechanical
waves,13 needleless injection,14 and artificial channels produced
by the sonoporation,15 electroporation,16 mechanical,17,18 or
laser action.19 Multimodal methods include combination of
the microporation and ultrasound treatment.12,20 Recently, it
was reported that also the application of cold tissue tolerable
plasma was able to increase the penetration of topically applied
nanoparticles.21

Creating artificial channels by means of microporation pro-
motes deeper and more targeted delivery of particles. In this
case, both the diameter and the depth of pores depend on
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the instruments acting on the skin.1 Thus, if the diameter of the
thinnest standard needle, available at present, is 184 μm, the
diameters of microneedles, used in the mechanical micropora-
tion, may reach ∼100 μm, whereas the diameters of microchan-
nels, created as a result of thermo- and electroporation, may be
10 to 50 μm.1,16 The mean depth of penetration of solid particles
at needleless injection varies from <10 μm to >20 μm.14

The micropore depth was determined to be about 250 μm
when using the mechanical microporation approaches22 and
when using laser fractional microablation, it can reach up to
1500 μm.23

Fractional devices create thermally induced microchannels
of damage in the skin. Depending on device parameters, the
damage within these microchannels can be of nonablative (pro-
tein denaturation) and/or ablative (water vaporization) nature.23

Fractional laser microablation (FLMA) is one of the relatively
safe and minimally invasive methods used to administer micro-
and nanoparticles into the skin at sufficiently large depth in com-
parison with surface ablation and mechanical treatments
because of the low area of skin damage and, therefore, reduced
risk of infection.1,23,24

The variation in laser radiation parameters at FLMA provides
a variable depth of microchannels20,23,25 and enables precise
control of the depth of particle administering. Besides all advan-
tages inherent in other microporation methods, FLMA allows
for control not only of the depth but also of the cross-section
of the microchannels by means of varying geometry of laser
microbeams.20,23,25 The results of observations showed that
the complete epidermal healing occurred within a week.24,25

We used titanium dioxide (TiO2) nanoparticles and alumina
(Al2O3) microparticles as test compounds for the particle deliv-
ery experiments. It is known that metal nanoparticles have a
great potential for enhancement of skin image contrast in optical
imaging modalities, such as optical coherent tomography,26 con-
focal laser scanning microscopy,27 and multiphoton micros-
copy.28 TiO2 and Al2O3 particles can be effective contrast
agents for optical coherence tomography (OCT) imaging due
to high scattering properties and comparatively low absorption
in the near infrared (NIR) range.26,29 Besides, TiO2 nanopar-
ticles are widely used in cosmetic production for protection
against detrimental effects of UV radiation and personal care
products.30,31 Al2O3 is inert cosmetic-grade material.32 It func-
tions in cosmetics as an abrasive, absorbent, anticaking agent,
bulking agent, and opacifying agent.33

In this article, we are presenting results on delivery of TiO2

nanoparticles and Al2O3 microparticles into skin using the
FLMA of the skin surface with the view of developing a reliable
and reproducible method of nano- and microparticle delivery in
the tissue. Besides, we examined the assumption that scattering
properties of the particles could allow increasing skin scattering
for improving skin appearance and other medical and cosmetic
applications.

2 Methods and Materials

2.1 Laser System

To overcome the protective skin barrier, the technique of laser
microablation of the surface layers of skin was developed. The
commercially available Palomar Lux2940 erbium laser
(Palomar Medical Technologies Inc., Burlington, MA) was used
as a light source. The laser parameters were as follows: the
wavelength 2940 nm, the pulse energy 3.0 J, and the pulse

duration 20 ms. The temporal profile of the laser pulse was
modulated with three subpulses, with the subpulses’ duration
of 5 ms. The laser emission beam was split into 169 microbeams
using an array of microlenslets. Vertical microchannels (169)
were created in the skin in the area with the dimensions of
6 × 6 mm. The separation between the centers of the channels
was ∼500 μm, diameter of their openings at skin surface was
∼100 μm, and the depth was ∼300 μm.

2.2 Preparation of Particle Suspensions

We used the TiO2 nanopowder (634662-100G, Sigma-Aldrich
Co., St. Louis, Missouri) consisting of a mixture of rutile and
anatase TiO2 with the particle size <100 nm and Al2O3 micro-
particles (LOMO PLC, Russia) with the particle size ∼27 μm.

Absorption spectra of the particles (the fraction of light
absorbed by the particles) were measured with a commercially
available spectrophotometer Lambda 950 (PerkinElmer Inc.,
Waltham, Massachusetts) with an integrating sphere in the spec-
tral range 320 to 1000 nm. Measurement of sample absorption is
possible using the center-mount option of the spectrophotom-
eter, in which the sample is suspended in the middle of the inte-
grating sphere.34 The studied powders were put into a quartz
cuvette with the dimensions 20 × 40 mm and the thickness
2 mm. The cuvette was suspended in the middle of the sphere
at the angle of 15 deg in relation to incident beam to exclude the
specular reflection.

To enhance the penetration depth of the particles into the skin
and to suppress the photocatalytic action of photochemically
active anatase form of TiO2, the particles were suspended in
polyethylene glycol (PEG-300) having the molecular weight
300 (Sigma-Aldrich Co.). The pH of the chemical measured
with a test-paper (Erba Lachema s.r.o., Czechia) was 6. The
refractive index of the PEG-300 was measured with an Abbe
refractometer (Atago DR-M2/1550, Japan) at several wave-
lengths (450, 589, 680, 1100, and 1550 nm) and interpolated.
It was evaluated as 1.457 at 930 nm. Refractive indices of TiO2

and Al2O3 in the studied spectral range were 2.3 and 1.69,
respectively.35 The concentration of both nanoparticles and
microparticles in the suspensions was 0.5 mg∕mL. This concen-
tration does not exceed the concentration of TiO2 and Al2O3

permitted in cosmetics. The content of TiO2 in personal care
products and sunscreens is from 1% to >10% by weight.30

Al2O3 microparticles were reported to be used in cosmetic prod-
ucts at concentrations up to 60%; and in skin care preparations,
its concentration could be up to 25%.33

The suspension was prepared using the CT-400A ultrasonic
bath (CTBrand, Wan Luen Electronic Tools Co. Ltd., China)
with the power of 35 W and the frequency of 43 to 45 kHz.
The cuvette with the suspension was placed into the ultrasonic
bath for 30 min for thorough mixing of the content both in the
process of preparation and immediately before use.

2.3 Nanoparticle Delivery

The ex vivo experiments were carried out with four samples of
human skin extracted in the course of autopsy. The dimensions
of the samples were approximately 60 × 20 mm, and the aver-
age thickness was 3.5� 0.2 mm. Each sample was divided into
three sites. Both the first and the second sites were microporated.
The third one remained intact. After microchannels were cre-
ated, the TiO2 nanoparticle and Al2O3 microparticle suspen-
sions were applied on the surface of the first site and the
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second site, respectively. The total exposure time was 2 h.
During the procedure, the samples were placed in a Petri dish
with a small volume of saline (aqueous solution of NaCl with
the concentration 0.9 mg∕mL) to prevent the change in the opti-
cal properties due to dehydration. Then, the suspensions were
removed from the skin surface with a tampon wetted with saline.
The remains of the suspensions were removed using the Multi-
film medical sticky tape (Tesa, Germany) by two surface strips.
The mean thickness of each strip of epidermis was about
0.5 μm.36 The reflectance spectra from each site of the studied
samples were measured. All experiments were carried out at
room temperature (∼20°C).

The in vivo study was carried out with three volunteers. The
treated area was chosen on a forearm and was divided into three
sites. Before commencing the experiment, the skin was disin-
fected with 70% ethanol. Both the first and the second sites
were microporated. The third one remained intact. The TiO2

nanoparticle and Al2O3 microparticle suspensions were applied
on the surface of the first site and the second site, respectively.
The third one was also topically treated with TiO2 suspension.
The solution of chlorhexidine was added to the suspension in the
proportion 2:3 to prevent the infection of the target skin areas.
After the fractional microablation, the particle application, and
hand massage for 5 min, the treated sites were covered by poly-
ethylene film and bandaged for 2 h. Then, the particles were
removed from the skin surface by distilled water.

The observations were carried out over a month period: intact
skin before the treatment, immediately after the FLMA, in 2 h,
24 h, 6 days, 14 days, and 30 days after the treatment.

Each observation included skin surface photography using
the Nikon D80 camera (Nikon Inc., Japan) equipped with the
Micro-Nikkor macro objective (Nikon Inc.), the measurements
of the reflectance spectra from the studied areas of skin, and
OCT scanning.

2.4 Reflectance Measurements

The reflectance spectra of skin were measured using the
USB4000-Vis-NIR multichannel spectrometer (Ocean Optics
Inc., Dunedin, Florida) in the spectral range 380 to 1000 nm.
The HL-2000 halogen lamp (Ocean Optics Inc., Dunedin,
Florida) served as a source of light. The QR400-7-Vis/NIR
fiber-optic probe (Ocean Optics Inc., Dunedin, Florida) consist-
ing of seven fibers with the internal diameter 400 μm and the
numerical aperture 0.2 was used in the measurements. The cen-
tral fiber served for collecting the diffuse reflected radiation,
while the surrounding six fibers were used for the illumination
of the sample. The probe was placed at the distance of 2 mm
from the skin surface and registered the signal averaged over
the area of the radiation collection. The WS-1-SL reflectance
standard (Ocean Optics Inc., Dunedin, Florida) was used to nor-
malize the reflectance spectra.

2.5 Optical Coherence Tomography

Visualization of microchannels filled with the suspension of the
particles was implemented using a commercial OCT system
(model OCP930SR, Thorlabs, USA)37 working at the central
wavelength 930� 5 nm with 100� 5 nm full width at half
maximum (FWHM) spectrum, an optical power of 2 mW, a
maximum image depth of 1.6 mm, and a length of scanned
area 6 mm. The axial resolution (A-FWHM) determined by
the spectral bandwidth of the light source was 6.2 μm in air.

The lateral resolution (L-FWHM), entirely determined by the
spatial focusing power of the objective, was 9.6 μm. In the
medium, the parameters A-FWHM and L-FWHM increased.38

If we suppose that the average refractive index of skin is about
1.42,39 the axial and lateral resolutions can be evaluated as ∼4.5
and ∼7 μm, respectively.

The optical probing depth of skin was evaluated from OCT
A-scan as a level where intensity of OCT signal decreased by a
factor of e.

2.6 Histology Microscopic Study

Using the standard technique, the histological sections were pre-
pared from the skin samples ex vivo. After fixation of the
material with 10% solution of formalin, the samples were trans-
ferred through baths of progressively more concentrated ethanol
to remove the water and then embedded in paraffin. The paraf-
fined sections of 6 to 8 μm thickness were stained with haema-
toxylin and eosin.

The histological description of the preparations was carried
out using the MC 100 XP microscope (Micros, Austria) operat-
ing in transmitted light mode with the magnification 200×.
Photographs were taken using the Canon PC 1107 camera
(Canon Inc., Japan).

3 Results

3.1 Histology Microscopic Study

Figure 1 presents microscopic images of histological sections of
the skin sample ex vivo after FLMAwith administering the TiO2

nanoparticle suspension into the skin. In the images in light
background, the nanoparticle suspension appears as a dark
inclusion (marked with arrows). Figure 1(a) shows an individual
microchannel produced by FLMA. In this case, the suspension
is observed as a thin layer along the walls of the channel. The
depth of penetration of nanoparticles coincides with that of the
channel. Figure 1(b) shows the area between the channels. As it
can be seen, the unassisted topical application of the suspension
has resulted in very superficial penetration of the compound, not
extending beyond the boundaries of epidermis. The compound
has mostly stayed on skin surface and filled the hollows in

Fig. 1 Microscopic images of histological sections of the human skin
samples ex vivo after the fractional laser microablation (FLMA) with
administering the suspension into the skin (a) and unassisted topical
application of TiO2 nanoparticle suspension (b). Bars correspond to
100 μm. Arrows indicate the nanoparticles localization.
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epidermal layer including openings of cutaneous sweat glands
and follicles to the depth of less than 100 μm [Fig. 1(b)].

3.2 Ex vivo Experiments

Spectra of the light fraction absorbed in the studied nano- and
microparticle powders in the spectral range of 320 to 1000 nm
are presented in Fig. 2. TiO2 powder has a sharp absorption peak
in the near UV spectral region and lacks any absorption in the
visible and NIR spectral regions. Al2O3 has constant (∼20%)
absorption in the visible and NIR regions that increases slightly
in the near UV.

Figure 3 shows reflectance spectra of skin ex vivo. The solid
curve corresponds to the reflectance spectrum of the intact skin.
The absorption bands of blood hemoglobin at the wavelengths
416 nm (Soret band), 543 nm, and 578 nm40 are very pro-
nounced. The superposition of absorption and scattering proper-
ties of the used particles with that of skin forms the reflectance
spectra of skin doped with the particles. The dashed curve rep-
resents the spectrum of the skin site after the FLMA and admin-
istering the suspension of TiO2 nanoparticles. The depth of
channels exceeded 300 μm; therefore, the suspension from
the channels was not removed totally. The change in the skin

spectrum shape indicates the presence of some amount of
TiO2 nanoparticle suspension in the channels: the absorption
band of TiO2 in the near UV spectral region (see Fig. 2) induced
significant decrease of the skin reflectance in this spectral range.
The increase in the intensity of radiation reflected from the skin
was observed, which is related to the substantial increase of the
scattering coefficient of the tissue, promoted by the nanopar-
ticles located in the microchannels. The dotted line corresponds
to the reflectance spectrum of the skin site after FLMA and
administering Al2O3 microparticle suspension. In this case,
the decrease of the reflectance in near UV spectral region is also
observed in correspondence with absorption band of Al2O3

micropowder (see Fig. 2).

3.3 In vivo Experiments

Figure 4 represents a series of photographs of the human skin
sites treated with FLMA and particle suspensions. Image dimen-
sion is 12 × 12 mm. The contrast of all images was increased by
50% for better visual perception of the treated sites. For that we

Fig. 2 Absorption spectra of the TiO2 and Al2O3 powders.

Fig. 3 Reflectance spectra of the ex vivo skin sample 2 h after FLMA and
administering the TiO2 suspension (the site I) and Al2O3 suspension (the
site II) into skin, and intact human skin (the site III).

Fig. 4 Series of photographs of the human skin areas in vivo: site I was
treated with FLMA and TiO2 suspension; site II was treated with FLMA
and Al2O3 suspension; and site III was treated with TiO2 suspension.
The images were obtained immediately after FLMA (a), 2 h (b); 24 h
(c), 6 days (d), 14 days (e), and 30 days (f) after the treatments.
Image size is 12 × 12 mm.
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used a formula41: Iout ¼ ðIin − dIÞ · K þ dI, where Iout is the
new value of intensity, Iin is the current value of intensity, dI
is the average value of intensity in an image, and K is the
contrast.

The first column of the images corresponds to the site treated
with FLMA and TiO2 suspension. The second one corresponds
to the site treated with FLMA and Al2O3 suspension. The third
one is the set of images of the site without FLMA. In this case,
TiO2 suspension was applied on the skin surface topically. This
site was included in the study to model the use of TiO2 as a
component of sunscreens.

The images in the row (a) demonstrate the sites just after
FLMA. The images Ia and IIa demonstrate well demarcated
square treated areas resembling in appearance a lattice. Both
erythema and slight edema in the areas of laser treatment were
observed. In the image Ia, small lymph excretion took place.
Blood excretion was not observed at either site.

In 2 h after the suspension application, the lightening of the
skin was observed (see images Ib–IIIb). It was caused by the
increase of skin reflection due to the particle suspension cover-
ing the surface. We also could see erythema and edema decreas-
ing (see images Ib and IIb).

Twenty four hours later after the treatment, the complete
healing of microchannels occurred. Treated sites were covered
by a scab containing the particles. The openings of the channels
filled up by the particles can be clearly seen (see images Ic and
IIc). Some quantity of TiO2 nanoparticles could have stayed in
the sulci of skin (image IIIc).

In 6 days after the treatment, peeling of the damaged surface
layer of epidermis and the restoration of the epidermis integrity
was observed (see images Id and IId). The scab on the skin sur-
face remained. After 2 weeks, the microscopic channels were
practically invisible; however, in the places of their location,
slight redness was observed (see images Ie and IIe). In a month
after the treatment, the pigmentation change was practically
imperceptible (see images If and IIf). At this time point, no
changes could be seen in the third site in comparison to baseline
(images IIId–IIIf). It can be speculated that a total removing of
the particles from the skin surface has occurred.

Figure 5 shows OCT images of the areas presented in Fig. 4.
The depth and length of the scans correspond to 0.65 and 3 mm,
respectively. In the images Ia and IIa, the sections of the ablated
areas with microchannels are seen. The channels are marked
with arrows. The image IIIa shows the OCT scan of the intact
skin region. It is clearly seen that the skin microablation does not
affect the optical depth of probing, which on average amounted
to ∼320 μm, close to the value of this parameter for intact skin.
In the image for intact skin, a papillary structure of epidermis on
the surface of the skin and a boundary between epidermis and
dermis are clearly seen.

In the images Ib and IIb, the arrows indicate that ablation
channels are filled up with the particle suspensions at the 2 h
timepoint. The apparent depth of the microchannel filled with
the particles (it is marked in the image Ib with an arrow) can be
evaluated as 300 to 310 μm. Since the average refractive index
of dermis is 1.37,42 the actual geometrical depth of the channel is

Fig. 5 Series of optical coherence tomography (OCT) images of the human skin areas in vivo: site I was treated with FLMA and TiO2 suspension; site II
was treated with FLMA and Al2O3 suspension; and site III was treated with TiO2 suspension. The images were obtained immediately after FLMA (a), 2 h
(b); 24 h (c), 6 days (d), 14 days (e), and 30 days after the treatments. Bar corresponds to 1 mm.
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about 230 μm. The difference between channel depths ex vivo
and in vivo can be explained by the following: the depth of pen-
etration of nanoparticles can be noncoincident with that of the
microscopic channels due to the healing of the channel walls in
vital tissue. The image IIIb presents the skin covered with TiO2

suspension. The application of nanoparticle suspension induced
some reduction of the optical probing depth (on average, up to
180 μm). The reduction of the optical probing depth may be
explained by the shielding effect produced by particle layer,
located in the channels, on the skin surface, and in the skin
appendage openings. This effect was due to their high reflectiv-
ity. As a result, the OCT signal from the dermis tissue decreased
significantly.

The next row of images was obtained 24 h after the removal
of the suspension from the skin surface. It has become evident
that the microchannels are filled up with the suspension in depth
(see images Ic and IIc). In the image IIIc, we can also see natural
sulci of skin filled up with TiO2 suspension. The localization of
the particles is marked with arrows.

In the images Id and IId, which correspond to 6 days post-
treatment, we can see the complete healing of microchannels.
The peeling of the damaged surface layer of epidermis also
begins at this point. On the skin surface, a scab containing par-
ticles (marked with arrows) forms a solid layer, which simulates
a reflecting screen. Therefore, the optical probing depth
decreases up to about 90 μm in the area of the microchannels
and about 180 μm between them (see image Id) in the case of
using the TiO2 suspension. When the Al2O3 suspension was
applied (see image IId), the optical probing depth in the area
of the microchannels was ∼100 μm, but in the area between
them, the optical probing depth was equal with that of intact
skin (see image IIId). It is possible that large Al2O3 particles
were removed from the skin surface almost completely and
remained only in the channels, whereas the TiO2 nanoparticles
covered full treated surface.

Two weeks after the experiment, the peeling was completed
(see images Ie and IIe). It can be suggested that bright sites in the
OCT image Ie (marked with arrows) correspond to the closed
microchannels still containing a quantity of nanoparticles.
The image of intact skin (image IIIe) is identical to the ini-
tial one.

After the full restoration of the skin integrity (in a month), the
particles, administered at the depth exceeding the epidermis
thickness (100 to 150 μm), could stay in the dermis25; however,
their quantity was so little that they did not register in the OCT
images. The optical probing depth for the images If, IIf, and IIIf
was identical and coincided with that found before the experi-
ment. However, sharp boundary between epidermis and dermis
is absent in the images If and IIf unlike that in the image IIIf. In
addition, blood vessels in the probing section of the skin are less
visible. We hypothesize that the loss of the visualization contrast
of epidermis and blood vessels in the OCT images can be related
to the uniform distribution of the particles in the skin bulk.

Spectral measurements of skin (see Fig. 6) show differences
in the reflectance of the studied skin sites related to the
differences in fractions of light absorbed by the substances
(see Fig. 2). We have chosen 24-h and 1-month time points
for demonstration of changes in the reflectance skin spectra.
Immediately after the laser treatment, both erythema and
edema of the treated skin sites overshadowed the particle impact
on the spectrum. In addition, the number of the particles on the
skin surface was still too high to see the effects from in-depth

inserted nanoparticles. Later on, erythema and edema decreased
gradually on the both skin sites, but also the amount of the par-
ticles decreased due to the peeling of the upper epidermal layer.
In a month, only particles remaining in deeper skin layers
induced the changes in the spectra.

Figure 6(a) demonstrates the reflectance spectra of skin in
vivo before and 24 h posttreatment. Figure 6(b) shows reflec-
tance spectra of the same skin sites 1 month after the treatment.
The solid curve corresponds to the spectrum of intact skin before
any treatment. We can see characteristic bands of blood absorp-
tion and a band of water absorption.40 Some shift of the maxima
of the blood peaks in skin spectrum in vivo in comparison with
that ex vivo (see Fig. 3) is caused by different content of oxy-
and deoxyhemoglobin in blood at ex vivo and in vivo measure-
ments. Dashed curves are the spectra of skin from the site I after
the FLMA and administering the suspension of TiO2 nanopar-
ticles. Dotted curves correspond to the spectra of skin from the
site II after the FLMA and administering the suspension of
Al2O3 microparticles. Dash-dot curves show the spectra of
skin from the site III after an application of the suspension
of TiO2 nanoparticles on skin surface.

Fig. 6 Reflectance spectra of skin in vivo before (intact skin), 24 h post-
treatment (a), and 30 days posttreatment (b) with laser microablation
and administering the TiO2 suspension (site I), Al2O3 suspension
(site II), and administering TiO2 suspension into intact skin (site III).

Journal of Biomedical Optics 111406-6 November 2013 • Vol. 18(11)

Genina et al.: Transcutaneous delivery of micro- and nanoparticles with laser microporation



In 24 h, we can see the changes of skin spectrum relatively to
that of intact skin caused by both the microablation of epidermal
layer and particle presence [see Fig. 6(a), sites I and II].
Erythema of the studied site (see Fig. 4, row c) is seen as spectral
shift and magnitude increase of the band related to oxyhemo-
globin absorption (417, 542, and 574 nm). Besides, on the
treated site, residual edema was observed that is seen as decreas-
ing reflectance intensity in the range of water absorption. TiO2

nanoparticles’ presence is revealed as the appearance of the sig-
nal decreasing in the spectral range shorter than 400 nm. Dotted
curve corresponding to the spectrum of skin on the site II dem-
onstrates additional lowering of signal in comparison with that
on the site I. It can be related to absorption of Al2O3 suspension
in the visible spectral range (see Fig. 2). Dash-dot curve shows
the spectrum of skin from the site III. At this site, skin was not
damaged; therefore, the shape of the reflectance spectrum in vis-
ible and NIR spectral ranges coincides with that of intact skin.
TiO2 nanoparticles’ presence is revealed as the decreasing
reflectance in the short-wavelength range as well as general
increasing of the reflectance for other wavelengths due to
increase of scattering from the skin surface.

At 1-month time point, decreasing of reflectance from the
both sites I and II in comparison with that of intact skin suggests
the presence of residual erythema [see Fig. 6(b)]. From the
shape of the spectra in the range shorter than 400 nm, it is
well seen that the particles are totally absent on the skin surface
(dash-dot curve) and present in deeper skin layers (dashed and
dotted curves). The spectral measurements correlate with OCT
data on the in-depth localization of nanoparticles.

4 Discussion
It was shown that the laser irradiation has great advantages in
enhancing transdermal drug delivery of not only small but also
large and hydrophilic molecules as well as nanoparticle suspen-
sions.19,20,25,43,44 The permeation-enhancing mechanisms should
be due to the photomechanical action, which leads to the SC
damage. The damage character depends on laser wavelength,
provided power density, pulse duration, exposure, etc.43 We
have used the device built on the basis of Er:YAG laser that
emits light at 2.94 μm. This light is strongly absorbed by
water molecules40 that lead to skin microporation19 or fractional
ablation23 due to water explosive evaporation.

Ablative and nonablative fractional devices have been suc-
cessfully employed for both skin rejuvenation and resurfacing
in the field of laser treatment.23,45 Thermally induced micro-
channels of damage in the skin facilitate the formation of
new collagen, elastin, hyaluronic acid, and other structural com-
ponents.23,24,45 Depending on parameters of the radiation, the
damage within these microchannels may consist of protein
denaturation (e.g., of cellular metabolic enzymes or collagen)
and/or ablation.23

The microscopic examination of histological preparations
allowed us to evaluate both depth and diameter of created micro-
channels and thickness of coagulated layer around a channel. A
typical laser pulse resulted in channel formation with depth of
about 300 μm and diameter of 50 to 70 μm. The thickness
of coagulated collagen layer around a channel was in the
range of 15 to 25 μm. This layer can prevent from quick release
of the particle from the channel into surrounding tissue, thus the
depot of the particles inside skin is created.

The laser microablation or any treatment related to skin dam-
age induces local erythema, edema, and scabbing reactions of

skin. This effect is attributed to induced skin damage and
aimed at reintegration of skin. Unfortunately, there are only a
few articles that analyze these adverse effects. In Ref. 18, such
adverse skin reactions as erythema and scabbing were observed
in the local areas of skin affected by a sandpaper and immersion
agents. Authors have evaluated the degree of erythema in 70 h
after gentle rubbing with fine grit sandpaper and topical appli-
cation of dextrose and glycerol as 23.6% and 11.7%, respec-
tively, with respect to the total skin area previously optically
cleared with dextrose and glycerol.

Based on digital images shown in Fig. 4, we have evaluated
the dynamics of visible skin erythema in the sites I and II with
respect to the erythema in the site III. To evaluate the relative
erythema index (REI) on the studied areas, we used the follow-
ing expression: REI ¼ 1

2
ðRz
Rr
þ Bz

Br
Þ − Gz

Gr
, where Rr, Gr, Br are the

area average values of the color coordinates in the control site
(site II), and Rz, Gz, Bz are the area average values of the color
coordinates in the sites treated with FLMA and particle suspen-
sions (sites I and II). The color coordinates were obtained in the
system RGB (red, green, and blue) with freeware IMAGEJ
(National Institutes of Health, USA).46 Results are shown in
Table 1. Differences between REI of site I and site II are not
significant. They can be referred to inaccuracy of measurements.

In Table 1, it is well seen that maximal value of REI was
obtained at 24-h follow up. Evidently, this is related to formation
of a scab on the damaged sites. Increasing of the REI in 14 days
after the treatment is related to the peeling of the scab and
appearance of regenerated skin (see Fig. 4, Ie and IIe). In 30
days after the treatment, erythema on the both evaluated skin
sites decreased by 70% and 55% with respect to the maximal
value of REI on the site I and site II, respectively. However,
it remained noticeable. To decrease this unwanted skin reaction,
the energy of laser pulse has to be reduced. But in this case, the
depth of microchannels will be diminished. The compromise
between unwanted skin reaction and desirable microchannel
depth depends on specific aims.

For comparison, REI of the skin site treated with FLMA only
was evaluated immediately after, in 6 days, and in 14 days post-
treatment. The values were the following: REI ¼ 42� 23,
30� 20, and 33� 18, respectively. The results have shown

Table 1 In vivo skin condition after fractional laser microablation and
particle administering. Relative erythema index (REI) of affected area
(sites I and II) was evaluated in relation to skin surface area without
microablation (site III).

Time points

REI (� standard deviation)

Site I Site II

Before the treatment 4� 14 1� 12

Immediately after the ablation 43� 20 53� 23

2 h 68� 23 66� 21

24 h 111� 29 85� 27

6 days 44� 11 40� 13

14 days 58� 23 61� 24

30 days 34� 13 38� 15
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that in 6 days and 14 days, the difference between REI of the site
treated with FLMA only and average value of REI of sites I and
II is about 25% and 45%, respectively. Erythema decreased
more slowly on the sites with the particle administering.
Apparently, it was caused by an organism reaction on foreign
inclusions.

We speculate that the erythema was not related to the particle
toxicity. It is known that tattoo color ink particles can remain in
skin during many years without any noticeable toxic effects.
Al2O3 and TiO2 particles are widely used in many topical
skin care products.9,30,33 Overall, the current weight of evidence
suggests that nanomaterials such as TiO2 nanoparticles currently
used in cosmetic preparations or sunscreens do not represent any
elevated risk to human skin or human health.28

The effect of nanoparticles on the optical properties of skin
was studied in several publications. However, topical applica-
tion of particle suspension promotes the distribution of the par-
ticles in skin not deeper than 3 μm36 i.e., in superficial (horny)
layer of human skin. Thus, the content of particles in skin
decreases dramatically at the natural renewal of epidermal cells.
Our study has shown that the use of the FLMA for TiO2 and
Al2O3 particles delivery into dermis can promote particle depos-
iting in skin for a period longer than 1 month. It is followed from
the Fig. 6(b), where the changes of the shape of the spectra in the
short wavelength range are well seen.

It was shown that the image contrast of tissue layers increases
after both gold20,26,47 and TiO2 nanoparticles

26 administering. In
particular, in Ref. 20, the reduction of intensity of the OCT sig-
nal, caused by the suspension of nanoparticles, applied to the
skin surface or delivered into the skin, induced the increased
contrast of imaging of the epidermis and the structure inhomo-
geneities located under the skin surface. The observations of
OCT images described in Ref. 20 were made immediately
after the particle administering, when the particles were not
yet distributed uniformly in the skin bulk. In Ref. 26, the
OCT images were registered after topical application of gold
and TiO2 nanoparticles. The fact that the presence of small
amount of the particles on the skin surface increases contrast
of OCT images is confirmed by the image IIIc in Fig. 5.
Indeed, visualization of epidermis–dermis boundary in this
image is better than in the image of intact skin (see image IIIa
in Fig. 5).

The authors of the article47 used microneedle technique to
create the channels. The diameter (70 μm) and the depth
(300 μm) of the channels were close to the corresponding
parameters of the channels created with FLMA technique.
However, microneedle channels did not have coagulated walls.
The enhanced signals from the SC persisted over the entire 40
days because the nanoparticles were removed from the lower
tissue due to metabolism and localized only in the SC. In the
case of FLMA technique, the walls of the microchannels had
coagulated layer23 that prevented immediate diffusion of the par-
ticles outside the channels. However, it appears that during the
month after the experiment, the particles left the channels and
gradually distributed in dermis. Thus, general increasing of scat-
tering in the skin bulk took place. As a result, optical hetero-
geneities disappeared in the OCT images (see images If and IIf
in Fig. 5).

The differences between OCT images of skin with adminis-
tered TiO2 or Al2O3 are insignificant despite the fact that the
values of refractive index of the substances vary considerably.
For Al2O3 and TiO2, average refractive indices in the studied

spectral range are 1.69 and 2.3, respectively.35 These values
exceed significantly the refractive index of skin: the refractive
indices of epidermis and dermis are 1.42 and 1.37, respec-
tively.42 Therefore, in the OCT scans, the microchannels filled
up by suspensions of the both particles look more or less equal.

5 Conclusion
This study shows that the use of FLMA with Er:YAG laser
allows for efficient administering of TiO2 nanoparticles
(<100 nm) and Al2O3 microparticles (∼27 μm) into the dermis.
At the pulse energy 3 J, the microscopic channels, created in the
tissue by ablation, allowed for particle penetration up to 230 μm
deep into the dermis. The deep administration of the particles
allows them to stay in the dermis for a prolonged period of
time (longer than 1 month).

Based on digital photographs of the treated skin sites, we
have evaluated the dynamics of visible skin erythema of the
ablated skin sites with administered particles. It was shown
that maximal value of the REI was obtained at 24-h follow up.
In a month, erythema decreased significantly. On the both evalu-
ated skin sites, it decreased by 70% (TiO2 administering) and
55% (Al2O3 administering) with respect to the maximal value
of the REI. Apparently, erythema was caused by an organism
reaction on foreign inclusions.

The presence of the particles in the dermis affects the optical
properties of the skin. During the month after the experiment,
the particles left the channels and gradually distributed in der-
mis. Thus, the overall increase of scattering in the skin bulk took
place. This technology can be used for controlling of skin
appearance and for other medical and cosmetic applications.
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