
Chapter 6
Laser Microporation of Skin

The percutaneous permeation of drugs across the skin is greatly enhanced when
the stratum corneum (SC) is compromised by physical poration. The presence of
pores allows even the transport of larger molecules, such as proteins, peptides and
vaccines, across the skin [1, 2]. Exposure to laser radiation can be used to ablate
the skin and form pores. The mechanism of ablation depends on the wavelength and
pulse duration of the laser used.

Currently, devices available for laser microporation of the skin are used both for
drug delivery and cosmetic applications [1, 3]. The pulse durations involved are in
the microsecond range and ablate the skin photothermally; the water within the skin
absorbs the laser light and vaporizes, causing ablation. However, the lasers required
are expensive and their use is associated with side effects, such as skin irritation and
a prolonged healing period [4, 5].

Ablation of skin using visible laser light has been less studied and requires a
higher fluence for ablation and permeation enhancement compared to infrared (IR)
and ultraviolet (UV) lasers [6, 7]. The use of visible light, however, is safer as unin-
tentional exposure is easily observed and can therefore be controlled. Demonstra-
tions of skin ablation using a femtosecond pulsed laser indicated that the mechanism
involved plasma formation [8–10]. Histological examination of the skin after expo-
sure to the laser beam revealed some tissue damage around the ablated pore but, due
to its shorter pulse duration, femtosecond ablation has the potential to cause much
less thermal perturbation than microsecond pulsed devices. Femtosecond ablation of
porcine mammalian has therefore been investigated here, with a view to decreasing
the fluence required for ablation and therefore limiting the extent of thermal damage.

Porcine skin has been porated using a fibre laser with a wavelength of 532nm
and pulse durations of approximately 300 fs. A dye was applied to the surface of the
skin, enabling the use of lower laser power. The ability of this ablation technique to
enhance drug permeation across the SC was investigated with caffeine as a model
drug. At lower powers, when poration was facilitated by the ink on the surface of the
skin, less thermal damage, as determined using Raman spectroscopy, was observed
in the tissue surrounding the pores. The diameters of the pores could be varied by
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88 6 Laser Microporation of Skin

changing the laser power and the distance between the skin and the fibre used to
direct the light towards the skin. Greater enhancement in the permeation of caffeine
was observed with increasing laser power. The use of both a fibre laser, and a fibre to
direct the laser light towards the skin, allows for flexibility in the design of a portable
device for laser microporation.

6.1 Pore Dimensions

Porcine skin was porated either without the application of an ink (uninked) or shortly
after ink was applied to its surface (inked). The laser light was focussed on the skin
using a lens (lens set-up) or directed to the skin using a fibre (fibre set-up).

6.1.1 Optical Microscopy of Laser Micropores

Examples of pores formed by focussing laser light onto inked and uninked skin using
a lens are shown in Fig. 6.1. The appearance of burnt tissue in uninked skin was
clear, in Fig. 6.1a, b, around the sides and at the bottom of the pore. The occurrence
of tissue damage in inked skin was less obvious (Fig. 6.1e, f) and the bottom of
the pores was similar in appearance to the undamaged skin surrounding the pore.
The lack of obvious thermal damage may reflect the fact that the black ink obscures
visualisation of black, burnt tissue. Alternatively, it may be the case that there really
is less damage to the tissue when the skin is inked. The pore in inked skin shown in
Fig. 6.1e was formed using a lower power than that in uninked skin (Fig. 6.1a) (0.7W
as opposed to 1.3 W) which should result in less thermal damage. The ink influences
the mechanism of poration, causing in less damage to the surrounding tissue and is
further discussed in Sect. 6.4.

Cross-sectional images (Fig. 6.1c–d and g–h) were obtained by slicing through
the middle of pores using a surgical scalpel. The skin was then supported on its side
(with the cut surface facing upwards) and examined with an optical microscope. The
images of pores in uninked skin show burnt tissue at the top and sides of the pores.
In contrast, tissue burn in inked skin was again less obvious.

Laser light was also directed to the skin using a hollow core photonic crystal fibre
(PCF). This fibre was specifically designed to guide femtosecond pulsed light with
a wavelength of 532nm, as used in these investigations. Fibres with air cores allow
light with such short pulses to be guided without distortion. In more standard, silica
fibres, nonlinear effects would alter the pulse and the high peak powers may cause
damage [11].

An example of a pore produced by directing laser light to the skin using a fibre is
shown in Fig. 6.2. Pores in inked skin were similar in appearance to those produced
using the lens set-up but lower powers were used, resulting in smaller pores. The
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(a) (b)
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Fig. 6.1 Optical microscopy images of laser pores in uninked a–d and inked skin e–h, produced
by focussing laser light onto the skin using a lens. The microscope was focussed on the top (a and
e) and bottom (b and d) of the pores. Cross section images were taken from the top down (c and
g) and from the side (d and h). White dashed lines mark the uppermost surface of the skin. Laser
powers of 1.0 W (a and b), 1.3 W (c and d) and 0.7 W (e–h) were used. Each row of images is
obtained from a different pore. The exposure time to the laser was 1 s
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(a) (b)

Fig. 6.2 Optical microscopy images of the top (a) and bottom (b) of a pore in inked skin, formed
by directing laser light onto the skin using a photonic crystal fibre. Images are taken from the top
down. A laser power of 0.1W was used to porate the skin. The exposure time to the laser was 1 s

bottom of the pore (Fig. 6.2a) does not appear to be burnt. A method was estab-
lished, using Raman spectroscopy, to determine the extent of thermal damage after
microporation. This is further described in Sect. 6.2.

6.1.2 Variation of Pore Dimensions

The laser power P (measured after the focussing optics as an average over 1 s), used
to produce pores in both inked and uninked skin, was varied to determine its effect
on the dimensions (diameter and depth) of the pores. The diameter of pores produced
in both lens and fibre set-ups increased with increasing laser power (Fig. 6.3) and,
in general, the pores became deeper. Using the lens set up, the dimensions of pores
formed in inked and uninked skin were similar at the same power.

A threshold effectwas apparentwith respect to laser power, with different poration
thresholds observed for pores produced using the lens and fibre set-ups. The threshold
was the highest, at 0.7 W, for the production of pores in uninked skin. Below this
threshold, no effect of laser illumination, under the same exposure conditions, was
observed. The use of ink on the surface of the skin brought this threshold down to
0.2W for pores produced using the lens set-up.

The use of the fibre set-up facilitated a further reduction in the threshold for
poration to 0.05 W. The maximum power achievable at the surface of the skin was
lower using the fibre set-up (0.4 W) than that using the lens set-up due to coupling
losses when aligning the laser beamwith the fibre. Pores were therefore not observed
in uninked skin using the fibre set-up because the maximum power was too low to
cause poration. The pores produced using the fibre set-up were smaller in diameter
than those produced using the currently available P.L.E.A.S.E.® device [2], implying
that they would be quicker to heal.
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(a)

(b)

Fig. 6.3 Laser pore diameter (a) and depth (b) as a function of the laser power used. Dimensions
and poration thresholds are shown for pores produced on uninked and inked skin using a lens to
focus the laser light onto the skin (red and green symbols and dashed lines 3 and 2, respectively) and
on inked skin using a fibre to direct the laser light (blue circles and dashed line 1). Exposure times
of 1 s were used. Averages (±standard deviation) were calculated from three pores on inked skin,
except that produced at 1.3 W, when one measurement was carried out. One pore at each power
was produced in uninked skin. The distance between the skin and the lens/fibre was kept constant.
Beam intensities at high (dashed pink) and low powers (blue) at a given axial distance, calculated
using Eq.6.3, as a function of radial distance from the centre of the beam, are shown in the inset.
A threshold value is shown (black line) to compare the diameter of pores at high and low powers

6.1.3 Beam Propagation

Laser microporation using the lens set-up was not easy to reproduce. The incidence
of poration was unreliable; the equipment would appear to be set up in the same way
as previously but sometimes no poration was observed. This is likely to be due to
the difficulty of accurately focussing the beam on the rough surface of the skin.
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Laser beams often occur in the form of Gaussian beams [12]. Laser light focussed
by a lens converges to its lowest diameter at the beam waist. It then diverges, at an
angle which is dependent on the numerical aperture (NA) of the lens (in this case,
0.4), as the axial distance from the lens increases. A beam waist with a small radius
can be obtained by focussing a laser beam using a lens with a high NA. The Gaussian
beam emitted by the fibre initially has a beam radius dependent on the fibre’s core
diameter and then diverges according to the fibre’s NA (0.04). The beam propagation
from the lens and from the fibre has been modelled using the following equations.

The fluence of laser poration, the energy per unit area per exposure, is calculated
using the following relation,

f luence = laser pulse energy

e f f ective f ocal spot area
(6.1)

Fluence is commonly reported in similar experiments as it provides a measure of the
safety of the exposure [12]. Due to the challenge of locating the exact position of the
skin in relation to the beam waist in the case of the lens (and the large divergence of
the beam away from the waist), the effective focal spot area is difficult to determine
with high accuracy. For the results shown in Fig. 6.3, the distance between the lens
and the outermost surface of the skin was kept constant, at approximately 2mm,
while the power was varied. The variation in power is therefore proportional to the
variation in fluence.

The radius ω at which the intensity of a Gaussian beam drops to 1
e2 of its axial

value as a function of the axial distance z is given by Eq.6.2 [12],

ω(z) = ω0
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(6.2)

where the minimum radius, the waist size, ω0 = λ
nN A , where N A is the numerical

aperture of the lens, λ is the wavelength of the light and the Rayleigh range zR = πω2
o

λ
.

The beam emitted from the end of the fibre is assumed to have a waist size equal to
the radius of the core of the fibre, 8 µm. The intensity I of a Gaussian beam at an
axial distance z and radial distance r is related to the intensity at the centre of the
beam at its waist I0 [12]:

I (r, z) = I0
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)
(6.3)

where

I0 = Ppeak

πω2
0

(6.4)
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and the peak power for soliton pulses, as used in these experiments, Ppeak = 0.88 P
Rτ
,

where R is repetition rate and τ is pulse duration [12].
Beam propagation from the lens and from the fibre, calculated using Eqs. 6.2, 6.3

and 6.4, is shown in Fig. 6.4a. Due to the existence of a threshold for ablation and the
divergence of the beams (Fig. 6.4a), there is a limited range of distances over which
poration can occur. Before or after this range, the fluence is below the threshold for
ablation. Poration was therefore heavily dependent on the position of the skin relative
to the lens but less so when the fibre was used, due to its lower NA. Finding the focus
of the lens (and the small range of distance for ablation) was difficult due to the skin’s
low absorption and significant scattering at 532nm. Positioning the focus optimally
on the skin for ablation was also complicated by the skin’s roughness, caused by
larger furrows in the range of 20–100 µm, and shorter and shallower secondary
furrows (5–40 µm), as well as smaller scale structures [13].

The fibre set-up ensured the reliable incidence of microporation and more repro-
ducible results than the lens set-up. Light diverges with a lower angle from the end
of the fibre than the light beam diverging from the beam waist of the lens set-up.
The intensities of the laser beam at distances of 30 and 100 µm from the beam waist
and from the end of the fibre are shown in Fig. 6.4b. There is a slower decrease in
beam intensity with distance from the fibre, allowing a greater range of distances
over which poration can occur. The roughness of the skin and its position therefore
influence poration less using the fibre set-up than the lens set-up.

The diameter of the modelled beam at these distances is less than the diameter of
the pores observed in these experiments (Fig. 6.3). The strong scattering of light by
the skin [10] is likely to have increased the effective diameter of the beam. Optical
scattering of light by the skin arises from spatial variation of the refractive index
within the skin due to its inhomogeneous structure. The distribution and size of the
components of the skin (lipids, proteins, etc.) provide a highly scattering medium
for light with a wavelength of 532nm [14]. The situation is not easy to model due to
the contribution of various factors. Each pulse is thought to ablate a certain amount
of material, implying that subsequent pulses will ablate material with a different
spatial structure to the previous one (i.e., as the pore depth increases). The increase
in temperature associated with the formation of a plasma (as discussed in Sects. 2.4.2
and 6.4) also affects the optical absorption of skin [14]. The third factor complicating
the interaction of the laser beam with the skin is the deviation of the edges of the
beam fromaGaussian function at highfluences [10].Modelling the beampropagating
from the fibre and from the lens, without incorporation of the scattering coefficient,
provides a measure of the beam properties as functions of the distance from the
beam waist to the skin and of the laser power. Although the pore diameters were
greater than the calculated beam waist diameters, the variation in pore diameter with
laser power and fibre-laser distance (further described in Sect. 6.4) were successfully
accounted for.

http://dx.doi.org/10.1007/978-3-319-28901-4_2
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(a)

(b)

Fig. 6.4 Gaussian beam divergence using the lens and fibre set-ups, calculated using Eq. 6.3: a
beam radius as a function of axial distance from the lens (NA = 0.4) waist and from the end of the
fibre (NA = 0.04), b intensity as a function of radial distance at axial distances of 30 and 100 µm
using the lens and fibre set-ups. Intensity was calculated using the maximum power (1.3W for lens,
0.4 W for fibre) and the cross-sectional areas of the beam waist of the lens, and of the fibre core,
respectively
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(a)

(b)

Fig. 6.5 Laser pore diameter (a) and depth (b) as a function of the distance between the surface of
the skin and the fibre used to direct laser light onto the skin. Exposure times of 1 s were used and
power was kept constant at 0.3 W. Averages (±standard deviation) were calculated using five pores
at each power on two porcine skin samples

6.1.4 Poration Using the Fibre Set-Up

A low power for laser microporation, achievable using the fibre set-up, is useful in
lowering the cost of the process. At lower powers, less heat is produced in the laser
system so fewer components are needed to cool the system. Lower power emitted
from the laser system would also improve its safety profile.

Once the fibre set-up was established, enabling reliable and predictable micropo-
ration to be achieved, further investigation of the pore dimensions were undertaken.
The distance between the end of the fibre and the surface of the skin, and the amount
of time that the skin was exposed to the laser beam, were varied.

Increasing the distance between the end of the fibre and the surface of the skin
beyond 200 µm resulted in pores with larger diameters (Fig. 6.5). The surface of the
skin was considered to be the outermost edge of tissue, observed using an optical
microscope. As mentioned previously, the beam emitted from the fibre diverges
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slowly, due to its low NA. As the distance between the fibre and the skin increases,
the diameter of the diverging beam becomes larger, resulting in pores with greater
diameters. Even though the fluence is smaller at a greater distance, poration is still
possible at 1mm away from the skin. There may be a threshold effect at greater
distances when the fluence becomes too low for poration of inked skin.

There was no significant difference between the diameter of the pores at dis-
tances of 100 and 200 µm. There is little difference between the diameters of the
beam at these distances too (Fig. 6.4a). Below 200 µm, pores of the same diameter
are produced regardless of the roughness of the skin, which is prominent at these
small distances. The diameter of the pores is therefore predictable regardless of the
roughness of the skin, which should be useful when designing a device control drug
delivery through this route.

The depth of the pores did not vary significantly with distance from the fibre
to the skin although the error on these measurements is quite large. The variability
may be due to inherent differences in the depths of the pores or to the method of
measurement. Large variations in pore depth may occur because of the interaction
of the laser light with hairs in the skin, for example, which absorb laser energy in
a different way due to their pigmentation and structural characteristics. There may
also be other regional variations in skin structure which influence the depth of the
ablated pore. However, it is likely this would also affect the diameter of the pores
although this appears not to be the case.

To measure depth, the top of a pore was brought into focus using an optical
microscope. The vertical position of the skin was then adjusted until the bottom of
the pore was in focus. The depth of the pore was determined as the difference in
vertical position between the two foci. When the pores were large (for example, at
large fibre-skin distances), the top of the pore was sometimes higher on one side
than the other due to the roughness of the skin at these larger scales. It was therefore
difficult to determine fromwhich point the depth should bemeasured. The uppermost
top edgewas usually used,whichmay have led to an overestimation of the pore depth.
Previous studies have used histology to determine the depth of laser pores and this
presents an alternative [15, 16], and potentially more accurate, method. This does,
however, require treatment and staining of the skin, which may affect the properties
of the tissue and therefore the results observed.

There was no significant difference in the diameter or depth of the pores with
exposure times in the range of 0.07–1 s (Fig. 6.6). This is in disagreement with
previous studies [1, 17], which report that pore depth increased with the number
of pulses used for poration. These studies, however, used much lower numbers of
pulses than were obtainable in these experiments; 1–50, as opposed to the 1.4–20
million pulses achieved here. The pulse durations used in these previous studies were
also longer, in the range of microseconds, suggesting that a different mechanism of
poration may be operative. It is possible that a relation exists, at lower exposure
times, between the dimensions of the pores and the exposure time used to produce
them. The poration process is likely to have been completed more quickly than the
shortest exposure time used, 0.07 s. The same depths were therefore observed for
longer exposure times.
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(a)

(b)

Fig. 6.6 Laser pore diameter (a) and depth (b) as a function of the exposure time. Results are
shown for pores produced on inked skin using a fibre to direct the laser light. The distance between
the skin and the fibre, and the laser power (0.3 W), were kept constant

6.2 Raman Micro-Spectroscopy

Raman spectroscopy proved a useful tool to objectively determine thermal damage
induced during poration via the fluorescence emitted by burnt tissue.

6.2.1 Thermal Damage Detection

Raman spectra of porcine skin, which had suffered increasingly severe thermal dam-
age, were acquired (Fig. 6.7). The skin was burnt using a soldering iron at different
temperatures. The spectrum of skin burnt at 420 ◦C showed a large background flu-
orescence which was 5 orders of magnitude greater than the signal from unburnt
skin. Some spectral features, characteristic of unburnt skin, were observed in skin
which had been burnt at a lower temperature (160 ◦C), where the background signal
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Fig. 6.7 Raman spectra of porcine skin heated to 60, 160 and 420 ◦C and skin which has not been
burnt. Spectra have been normalised according to the laser power used for acquisition. An exposure
time of 10s to the Raman excitation laser beam was used for acquisition of all spectra. Insets show
the appearance of the skin after burning at 160 and 420 ◦C with cyan and red crosses respectively
identifying the area from which the spectrum was acquired. Scale bars are 25 µm

was still higher than that of unburnt skin. The fluorescence observed in burnt skin is
thought to arise from the denaturation of collagen or other cellular proteins during
heating [18].

The ability of Raman spectroscopy to identify thermal damage is again shown
in the variation of spectra with increasing distance from a burnt area (Fig. 6.8).
Fluorescence decreases and characteristic skin spectral features become increasingly
apparent further from the burnt site. Raman spectroscopy is therefore an effective
tool to determine the extent of the damage to tissue after laser poration.

6.2.2 Comparison of Pores in Inked and Uninked Skin

Raman spectra from the bottom of pores produced using the lens set-up in both
uninked and inked skin, with depths of 300 and 120 µm, respectively, were acquired
(Fig. 6.9). In uninked skin, the spectrum from the bottom of the pore shows a high
background fluorescence and lack of characteristic spectral features. The spectrum
is similar to that of skin burnt at 420 ◦C (Fig. 6.7), suggesting that the pore has been
burnt, consistent with optical microscope images (Fig. 6.1). The spectrum of the skin
at the bottom of the pore in inked skin is approximately 50 times lower in intensity
than that in uninked skin, suggesting low thermal damage. Characteristic spectral
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Fig. 6.8 Raman spectra as a function of distance from an area of porcine skin heated to 420 ◦C.
Spectra have been normalised according to the laser power used for acquisition. Exposure times of
12s to the Raman excitation laser beam were used for all spectra

Fig. 6.9 Raman spectra of the bottom of laser pores produced in uninked (red line) and inked
(blue line) skin. Powers of 1.3 and 0.7W were used for poration, respectively. Spectra have been
normalised according to the laser power used for their acquisition (0.5 and 100% of the maximum
power available for uninked and inked skin, respectively) using the Ramanmicroscope. An exposure
time of 120s was used for acquisition of Raman spectra. Insets: optical images with red and blue
crosses show the positions from which spectra were taken in uninked and inked skin, respectively
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(a)

(b)

Fig. 6.10 Raman spectra of unburnt, uninked skin (pink) and of the bottom of a pore in inked skin
(green). Background fluorescence has been subtracted to better compare the spectra. The spectrum
from the bottom of the pore has been smoothed. Spectra have been normalised according to the
maximum intensity within the ranges shown: a 1100–1700cm−1 and b 2800–3100cm−1. Arrows
indicate spectral features of interest

peaks are also visible. This effect was observed for spectra of three pores in both
inked and uninked skin.

The fluorescent background was subtracted from the spectrum of the bottom of
the pore in inked skin and the resulting difference was compared to that of uninked,
undamaged skin (Fig. 6.10). The following observations were made: a decrease in
the intensity of peaks related to the conformational order of the lipids within the skin
(peaks at 1130, 2852 and 2884cm−1), shifts of peaks associated with the scissoring
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Fig. 6.11 Raman spectra of porcine skin which was heated to 420 ◦C (red line), which was inked
and not heated (green) and which was inked then porated (blue). Spectra have been normalised
according to maximum intensity and offset for comparison

of CH2 and C = 0 bond stretching (1450–1456 and 1654–1670cm−1, respectively),
and the appearance of a new peak at 1250cm−1 assigned to the CH2 bond wagging
[19]. Previously recorded spectra of undamaged skin from locations beneath the SC
show similar features [19]. It follows that, in this case, laser poration of the skin has
caused little thermal damage.

The fluorescence observed in the Raman spectrum of the bottom of the pore in
inked skinmay, in fact, be due to the ink. Spectra of unburnt, inked skin and skin burnt
at 420 ◦C (Fig. 6.11) show differences in the fluorescence from these two samples.
The spectral shape of the fluorescence arising from ink agrees more closely with the
spectrum from the pore in inked skin than the spectrum from burnt skin. This implies
that the fluorescence observed in the pore may arise from residual ink, as opposed
to thermal damage.

The difference between theRaman spectra of pores produced in uninked and inked
skin may be due to the lower power used to produce the pore in inked skin and/or
the effect of the ink on the poration mechanism. The presence of the ink permits
poration to be achieved at lower power than in uninked skin. Regardless of whether
the extent of thermal damage arises from the presence of the ink or from the power
used, there is less thermal damage in the pore produced in inked skin. Using the fibre
set-up allows even lower powers to be used to porate the skin, which would result in
further reduced thermal damage.
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6.3 Permeation Enhancement

To determine whether the pores created using femtosecond laser pulses would facil-
itate delivery in inked skin, the permeation of caffeine was investigated. Arrays of
18× 18 pores in inked skin were produced at 0.06 and 0.3 W (Fig. 6.12) (low and
high power, respectively). The diameters of the pores were 39 ± 5 and 52 ± 12 µm,
and the distances between the pores were 130 ± 8 and 135 ± 18 µm for low and
high power, respectively. The depths of these pores were not measured as this would
have caused too great a delay between pore creation and the start of the permeation
experiments. However, based on previous experiments (Fig. 6.3), it is likely that the
depths of pores produced at high and low laser powers were approximately 50 and
15 µm, respectively.

(a)

(b) (c)

Fig. 6.12 Optical images of laser pores produced in inked porcine skin: a an 18× 18 array of
pores produced at a laser power of 0.06 W, b higher magnification of the previous image, c pores
produced at a laser power of 0.30 W. Scale bars for b and c represent 0.5mm
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(a)

(b)

Fig. 6.13 Permeation profiles of caffeine across intact porcine skin (n = 6) and skin porated laser
powers of 0.06 (n = 3) and 0.30W (n = 3): a cumulative amount permeated, and b flux as a function
of time

The cumulative passive permeation of caffeine across non-porated skin (Fig. 6.13)
after 6h was 48 ± 44µg cm−2. Laser poration elicited a significant enhancement,
increasing the cumulative amounts of caffeine delivered to 330 ± 100 and 870 ±
180 µg cm−2 for low power and high power, i.e., an enhancement factor of 7 for
low power and 18 for high. The flux of caffeine through the porated skin after 6h
is 7.5 and 19.9 times greater than that through non-porated skin for low and high
power, respectively. The corresponding flux increases quickly with time then begins
to plateau at approximately 50 and 200 µg cm−2 h−1.

The total area of poration produced at higher power was approximately 1.8 times
greater than that at lower power. The difference in caffeine permeation between high
and low power is likely due to the larger areas of the pores, as well their greater
depth, when using higher power. The difference is not exactly proportional to the
areas of the pores, probably because complete disruption of the SC was not achieved
in all pores. As permeation increases with higher laser power, it is likely that little
thermal damage, and therefore very little coagulation, has occurred, in contrast to
earlier observations using older laser models [20].
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6.4 Mechanism of Ablation

Due to the ultrashort (femtosecond) pulse durations used in these experiments, it
is likely that the mechanism of skin poration is plasma-mediated ablation [21], in
which the plasma is formed by laser induced breakdown of the tissue. Within the
plasma volume, tissue vaporization and disintegration occurs [14]. For breakdown
and plasma formation to occur in tissue, a threshold free electron density must be
reached [22] (see Sect. 2.4.2). The presence of a threshold of poration, as shown in
Fig. 6.3, is a result of this minimum electron density requirement for laser induced
breakdown of the skin; the parameters of the laser irradiation must be such that the
electron density builds up despite the loss of free electrons through diffusion and
recombination, and loss of energy through collisions with ions [14]. This critical
density can be produced by avalanche ionization and multiphoton ionization [14].

It has been shown that the optical breakdown in water is similar to that in trans-
parent biological media [14]. The rate of pure multiphoton ionization of water is
independent of the number of free “seed” electrons, as each atom is independently
ionized [14, 22] and multiphoton ionization is independent of the linear absorption
coefficient [23]. As the thresholds found in these experiments vary according to
the presence of ink, it is likely, therefore, that laser induced breakdown occurs via
avalanche ionization, as opposed to multiphoton. The laser radiation is absorbed by
the black ink, resulting in thermionic emission of free electrons [14]. Once the irradi-
ance is high enough to produce a seed electron, the necessary density of electrons for
laser induced breakdown is rapidly reached. This effect has previously been studied
in dye-enhanced pulsed laser ablation of enamel [23].

In uninked skin, seed electrons for breakdown may arise from impurities within
the skin or chromophores which are absorbant at the laser wavelength (532nm in this
case) such as melanin. There may also be multiphoton initiated avalanche ionization.
This also occurs in the presence of ink, but in that case, ionization due to the seed
electrons would dominate. The absorption of laser radiation by uninked skin is much
lower. A higher fluence is therefore required to ensure that a threshold electron
density is achieved. The greater fluence required results in more collateral thermal
damage in the surrounding tissue [24], and is consistent with the greater thermal
damage observed using Raman spectroscopy (Fig. 6.9).

By increasing the laser power for poration, a greater area of the beam (at a given
distance from the lens focal point or the end of the fibre) has a fluence large enough for
ablation (inset of Fig. 6.3) and therefore larger pores are produced. This also explains
the increasing diameters of the pores with greater distances between the fibre and
the skin (Fig. 6.5); the width of the Gaussian beam increases with distance from
the end of the fibre. For the data shown in Fig. 6.5, the fluence was great enough to
cause poration at all distances investigated and the diameter increasedwith increasing
distance. It is likely that, beyond a certain distance, a greater proportion of the beam
will be below the threshold fluence and the diameter of the pores would then decrease
with increasing distance.

http://dx.doi.org/10.1007/978-3-319-28901-4_2
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Pores were shallower when produced with lower laser powers/fluences (Fig. 6.3)
but the variation in depth is less pronounced at lower powers. At higher fibre-skin
distances, it would be expected that the depth of the pores created would be shallower
due to the decrease in fluence. Although this relation was not observed here at the
powers used with the fibre set-up (Fig. 6.5), the absence of an observable trend may
be due to the measurement difficulties, discussed in Sect. 6.1.4, or by the diminishing
influence of the ink as the pores become deeper. The explosive ejection of the plasma
per pulse would leave some material at the edges and at the bottom of the produced
pore. Some of this material is likely to contain some of the absorbent ink. Its effect on
the initiation of a plasma would therefore translate to lower depths with decreasing
influence. Once the influence of the ink is removed, ablation is no longer possible
and poration ceases.

Pores in inked and uninked skin have the same diameter and depth when produced
at the same laser power above 0.7 W (Fig. 6.3). Under these conditions, a different
mechanism of poration may dominate where the bulk material properties have a
greater influence on poration than the surface ink. For example, the ink may be
rapidly removed at these powers and the poration is achieved by the interaction of
the laser radiation with uninked skin.

In the plasma mediated ablation of enamel, it was found that the ablation depth
increasedwith each pulse [24]. In ourwork on inked skin, ablation depth and diameter
show no relation with increasing pulse number (exposure time) (Fig. 6.6). This may
be because the poration process stops at times less than the minimum used (0.07 s).
Once the influence of the ink is removed, uninked skin remains that does not porate
at the fluences used on inked skin. The poration process therefore stops.

6.5 Summary and Conclusions

Femtosecond pulsed laser radiation has been used to porate porcine skin and to
enhance drug permeation. The application of ink to the surface of the skin lowered the
power required to porate the skin. The lower powers resulted in less thermal damage,
as determined using Raman spectroscopy, to the tissue surrounding the pores. This
was beneficial for enhancingdrugpermeation as little coagulation occurred to provide
a barrier to penetration.

The laser beam was focussed on or directed at the skin using either a lens or a
fibre. The threshold for poration was lowest in inked skin when the fibre set-up was
used. The effect of laser power, exposure time and distance between the end of the
fibre and the skin on pore dimensions was attributed to the beam propagation and
plasma-mediated mechanism of ablation.

This method of poration presents the following advantages over the more fre-
quently used ablation using longer pulses, which rely on photothermal ablation and
the strong absorption of the laser wavelength by water. The short pulse durations
used in these experiments and the incidence of poration at low fluences ensured that
there was little damage to the surrounding tissue. The use of a fibre laser and a fibre
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to direct the light towards the skin also increases the flexibility of the system and
renders a putative poration device more compact and portable. While photothermal
ablation is more efficient for strongly absorbing tissues [23], femtosecond ablation
is independent of the natural variations in the tissue properties, a particular advan-
tage given the structural heterogeneity of skin. However, femtosecond pulsed lasers
are expensive. Once the technology has developed and components become more
readily available, femtosecond ablation could provide an advantageous alternative to
that currently used. This kind of ablation may also prove promising in applications
such as damage-free separation of tissue, for example, for skin grafts [10], and for
drug delivery into the nail [25].
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