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ABSTRACT

Purpose To gather sub-surface in situ images of microneedle-
treated human skin, in vivo, using optical coherence tomogra-
phy (OCT). This is the first study to utilise OCT to investigate
the architectural changes that are induced in skin following
microneedle application.

Methods Steel, silicon and polymer microneedle devices,
with different microneedle arrangements and morphologies,
were applied to two anatomical sites in human volunteers
following appropriate ethical approval. A state-of-the-art
ultrahigh resolution OCT imaging system operating at
800 nm wavelength and <3 um effective axial resolution was
used to visualise the microneedle-treated area during insertion
and/or following removal of the device, without any tissue
processing.

Results Transverse images of a microneedle device, in situ,
were captured by the OCT system and suggest that the
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stratified skin tissue is compressed during microneedle applica-
tion. Following removal of the device, the created micro-
channels collapse within the in vivo environment and, therefore,
for all studied devices, microconduit dimensions are markedly
smaller than the microneedle dimensions.

Conclusions Microchannels created in the upper skin layers
by microneedles are less invasive than previous histology
predicts. OCT has the potential to play a highly influential role
in the future development of microneedle devices and other
transdermal delivery systems.

KEY WORDS in vivo - microneedle - optical coherence
tomography - skin - transdermal

ABBREVIATIONS
OCT  Optical coherence tomography

INTRODUCTION

Topical application of medicinal formulations, e.g. creams,
ointments and transdermal patches, is a non-invasive and
patient-friendly method of drug delivery. However the
barrier properties of the outermost skin layer, the stratum
corneum, significantly restrict the number of drug candi-
dates that can be delivered via this route. Traditional
transdermal delivery systems are therefore restricted to a
small number of drug candidates with specific physio-
chemical properties, i.e. high potency, low molecular
weight (<500 Daltons) and moderate lipophilicity (1). In
the last decade, there has been a concerted effort from
academic and industrial scientists to produce a delivery
system that can facilitate transdermal penetration of a more
diverse range of therapeutic candidates, including biological
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macromolecules. Such a feat could revolutionise drug
delivery to and through the skin.

One proposed strategy to overcome the skin barrier is to
create conduits, with micron dimensions, within the
epidermal layer either by localised tissue ablation (thermal
ablation (2,3), radiofrequency ablation (4,5)) or mechanical
penetration (microneedle devices (6)). Interestingly, the
latter of these technologies, the microneedle device, was
conceptualised in the 1970s (7). However, it was the advent
of silicon microfabrication methods, developed for the
microelectronics industry, which enabled manufacture of
In the last decade,
engineering capabilities have developed significantly, and
the microneedle device has now been manufactured using a
range of materials and in a variety of geometries (9—11).

Laboratory studies have successfully used microneedle
devices to create micron-sized channels within skin.

the first microneedle device (8).

Importantly, the created conduits are able to facilitate
localised delivery of a range of therapeutic candidates,
including small drug molecules (12), peptides (13,14),
proteins (15—20), nanoparticles (9,21) and plasmid DNA
(22). Within such studies, the depth and morphology of
microchannels, which are created in the tissue upon
removal of the device, are typically characterised by
traditional histological methods. These features provide
the researcher with an indication of the dimensions of
microneedle-induced conduits and the invasiveness of
specific microneedle designs, and thus these studies are
relevant to drug delivery and device safety.

To date, the majority of microneedle studies have been
conducted using animal models, and, although these
models provide essential pre-clinical data, there are
significant architectural and immunological differences
between human and animal skin (23). Therefore, micro-
needle channels created in animal skin are not an accurate
representation of the human environment. Ex viwo human
skin provides an anatomically relevant model for micro-
needle studies (24). However, excision of the skin from its
natural environment results in considerable biomechanical
changes to the tissue. These changes must be considered
when interpreting evidence of microneedle penetration.

In recent years there have been an increasing number of
studies that have examined microneedle penetration in
human volunteers (25-29). This provides data that can
often be directly extrapolated to the clinical environment.
The principal goal of these studies has been to evaluate the
pain associated with microneedle insertion. As a corollary,
microneedle penetration is often assessed by application of
a stalning agent to permit en face visualisation of micro-
channels (26,29). Trans-epidermal water loss (TEWL) can
also provide a surrogate measure of é vwo microneedle-
mediated tissue disruption (25—27); however, this laboratory
technique suffers from a number of limitations, and the

quality of the data achieved is variable (30). Transverse
imaging of microchannel structure relies upon biopsy of the
microneedle-treated skin area and subsequent histological
analysis, 1.e. fixation and sectioning. These experimental
procedures inevitably alter the skin structure and produce
artefacts. Limitations in analytical tools and procedures have
therefore prevented the accurate elucidation of microconduit
structure in human skin, @ vwo, following application of a
microneedle or similar minimally invasive device.

Significant advances have been made in optical imaging
methods over the previous decade. At the forefront of these
techniques is optical coherence tomography (OCT). OCT
1s a non-invasive interferometric technique that is capable
of resolving skin architecture, i viwo and in real time, at
micrometer scale and up to a depth of 1-2 mm, solely
based on local optical backscatter (31,32). The principles of
OCT are often likened to ultrasound, and the technology
has been used to characterise structural and biomechanical
features of both ‘normal’ and diseased human skin (33—-39).
Whilst OCT 1is establishing itself as a routine imaging
method in ophthalmology, the evaluation of skin is at a
more developmental stage. Continuous advancements of
light source and detection system technology have lead to
improvements in speed, resolution, sensitivity, penetration
depth and contrast necessary for histology quality imaging
in dermatology (40). Investigation of skin disruption in
human subjects, following treatment with novel intra-/
trans-dermal drug delivery systems, has not been reported
due to the limited image quality and resolution of earlier
OCT systems. Interestingly, microneedle devices have been
used in some animal studies to deliver agents across the
epidermal layer, with the goal of enhancing specific OCT
imaging parameters (41—43). However, these studies do not
characterise microneedle penetration due to the limited
resolution of the OCT imaging systems that were used.

The aim of this investigation is to use a state-of-the-art
OCT system, in viwo, to obtain i situ images of microneedle-
treated human skin. This will provide unique information
on the morphological changes that are induced following
microneedle application to the skin surface. Further, this
study will provide evidence to support the fundamental
concept of the microneedle device as a minimally invasive
means to overcome the outer skin barrier and is the first
comprehensive investigation of the potential of current
OCT imaging systems in microneedle research.

MATERIALS AND METHODS
Microneedle Devices

Two of these devices were manufactured by laser-cutting
stainless steel sheets using a process described previously
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Table I A Summary of the Characteristics of the Devices Used in This Study

D Device name Microneedle characteristics

Population Order Length Material Surface finish
A In-plane steel 5 Row 700 um Steel electropolished
B Out-of-plane steel 50 5x10 700 um Steel electropolished
C Silicon array 16 4x4 280 um Silicon platinum coated
D Polymer array I3 Concentric circles Outer - 600 um Polymer polycarbonate

Inner - 400 um

E Hypodermic 26G | - 10,000 um Steel polished

(44). Within this manuscript, these will be referred to as (A)
in-plane steel microneedles, which consist of a row of five
adjacent microneedles, and (B) out-of-plane steel micro-
needles, arranged in an array of 50 microneedles that
protrude orthogonally from a steel sheet. The third micro-
needle device (C) was fabricated and supplied by Tyndall
National Institute and consists of an array of silicon
microneedles that have been produced using wet-etching
technology (45). The final microneedle device (D) was a
prototype polycarbonate polymer array, produced at
Cardiff University, using an injection moulding process. A
26 gauge hypodermic needle (E), used in clinical practice
for intradermal injections, was used as a comparative
delivery device. Steel microneedles (A & B) can be directly
manipulated by the user. However silicon and polymer
arrays were mounted upon applicator devices, a practical
necessity owing to their smaller dimensions. Table I
provides a summary of the characteristics of the devices
used 1in this study.

SEM Analysis of Microneedle Devices

All microneedles were inspected prior to, and following,
application to the skin to ensure that the integrity of the
device was maintained. Steel microneedle devices, the
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hypodermic needle and the silicon array were mounted
on an aluminium stub and examined using a Philips XI1.-20
Scanning Electron Microscope (Philips, Eindhoven, The
Netherlands). Polymer microneedles were gold sputter-
coated (EM Scope, Kent, UK) prior to SEM analysis.

Optical Coherence Tomography System

Imaging was performed using a hand-held probe that was
connected to the spectrometer-based frequency-domain
OCT device via an optical fibre link (Fig. 1), operating at
20,000 depth scans per second. It reached an axial
resolution of <3 um in tissue by using a broadband laser
light source (Ti:sapphire) that illuminated the tissue with
less than 1 mW at 800 nm central wavelength and 160 nm
bandwidth (46). The 1 Gigavoxel cube (1024 X 1024 x 1024
voxel) was acquired in ~50 s and was sampled using
parameters approaching critical sampling, approximately
5 pm transversally at an approximately 10 pm transversal
resolution, across a field of view of typically 9X9 mm and
3 mm sampling depth. The depth of field, where the image
1s still well focussed, could be specified as ~600 pm; hence,
the focus was typically set at the papillary dermis. Despite
the availability of the more penetrative broadband
1,060 nm and 1,300 nm lasers, the 800 nm wavelength

Fig. | (a) Schematic representation of OCT and (b) the handheld probe used to capture images in human subjects.
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region provided greater axial resolution and contrast whilst
maintaining sufficient penetration depth, and therefore was
selected for this study.

Study Design

Approval for the application of microneedle devices to
human subjects was obtained from a Cardiff University
ethics committee; research followed the tenets of the
Declaration of Helsinki. Human volunteers were recruited
from the staff population at the Welsh School of Pharmacy,
Cardiff University, and participants were provided with an
information sheet and consent form prior to the study.
Three healthy Caucasian male volunteers, aged between 21
and 40 years of age with no pre-existing skin conditions,
were chosen and randomly allocated to microneedle treat-
ments. Participant One was treated with steel microneedles
(in-plane and out-of-plane), Participant Two with the
silicon microneedles and Participant Three with polymer
microneedles. Additionally, participants were also treated
with a 26-gauge needle, inserted into the skin at an angle of
approximately 15°, to represent the traditional intradermal
injection process (positive control).

Two anatomical sites were selected for microneedle
treatment, the upper arm and the palm. The microneedle
device is currently being investigated as a means of
facilitating intradermal vaccination (18,19,28,47), and the
upper arm, a recognised intradermal vaccination site (48),
was therefore selected as an easily accessible and clinically
relevant anatomical site. At the palmar site the skin
possesses a low-scattering, thickened stratum corneum
which is interspersed by a dense regular arrangement of
highly scattering sweat ducts. The palmar site was therefore
selected for its optical properties and provided the greatest
possibility of microneedle channel detection using OCT
imaging. Additionally, the hand is one of the most likely
sites of needle-stick injury, and therefore evaluation of
microneedle penetration at this site would inform safety
aspects of microneedle systems.

Experimental Protocol

The study took place in Cardiff School of Optometry and
Vision Sciences. Following receipt of written consent, a
proposed treatment area (2 cm?) on the left hand of the
volunteer was identified, swabbed with ethanol and marked
on the border of the imaging region to ensure that repeat
images of the treatment site could be obtained. A handheld
probe (Fig. 1b) was then positioned on the site, and
parameters of the OCT system were optimised by the
operator using the real-time preview. To avoid the strong
reflections from an air interface, a thin film of index
matching fluid (i.e. glycerine or a commercial water-based

gel) was applied to a flat tilted cover glass, which was
mounted in front of the telecentric ~30 mm diameter
objective of the handheld probe. The gel therefore acted as
a contact medium. Fixation was achieved simply by resting
the probe on the body of the subject and was secured by the
hands of the operator. During alignment and measurement,
the imaging volume was controlled by the real-time view of
the local cross-section.

Following image capture, the probe was removed, and
the selected area was cleaned, swabbed and treated with the
microneedle device. Microneedle administration involved
downward application of a sterilised microneedle device to
the skin surface at a sufficient pressure to enable skin
penetration. All devices were held in place for 5 s and
subsequently withdrawn. Index matching fluid was then
applied topically to the microneedle-treated area, which
was imaged using the hand-held probe, as described
previously. The same procedure was used to examine
treatment with a sterile 26G hypodermic needle at an
adjacent area (positive control). Additionally, the two-
dimensional nature of the in-plane steel microneedle array
also permitted OCT imaging of the skin with the micro-
needle device i situ. This was performed by tilting the array
upon insertion, holding the array in position with a forceps
and subsequently applying the hand-held probe above the
microneedle-treated area. To accommodate the greater
working distance the objective was refocused.

Following application, the microneedle devices were
immersed in 70% ethanol for at least 24 h prior to their
visual analysis by SEM. Volunteers remained in the
treatment room for at least 15 min following application
of the devices to ensure there were no localised adverse
effects. The experimental protocol was then repeated for
the upper arm region.

Optical Coherence Tomography Image Analysis

After acquisition with Labview (National Instruments), the
data was stored to a high-speed RAID array and converted
from its original format to its three-dimensional represen-
tation using specifically designed routines in Matlab (Math-
works) and Image] (U. S. National Institutes of Health).
The first stage was correction of the spectral data for non-
linearities, dispersive shifts and unwanted background
signals followed by conversion from its spectral form, by
Fourier-transformation, into a sequence of slices. Slices
were then transversally rearranged to eliminate motion
artefacts, and the tilt was numerically compensated. The
densely sampled three-dimensional stack containing 16-bit
data was filtered to reduce noise and speckle by non-linear
filtering of outliers and local convolution. Cross-sections
and en face scans were generated by local integration in
depth across selected sites and successive adjustment of the
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contrast and brightness values. En_face images of the skin do
not represent the tissue-air interface but are obtained at a
sub-surface depth within the tissue, as indicated in the
accompanying figures.

RESULTS
SEM Analysis of Microneedle Devices

Scanning electron micrographs of each microneedle device
are captured alongside the 26G needle, illustrating the
considerable difference in the dimensions, shapes, materials
and arrangements of these penetrative devices (Fig. 2).

In Vivo Analysis of Device Penetration Using OCT

The OCT system gathers real-time data as a sequence of
images in the x-z plane (with x and y as transversal
coordinates and z as the depth direction) and therefore can
produce 2D and 3D images of biological tissue. For clarity,
data are predominantly presented as 2D images of (1) sub-
surface en_face representations of the skin and (2) transverse
or tomographic cross-sections, perpendicular to the skin
surface. A video (available in Electronic Supplementary

Material online) consists of a sequence of transverse slices
and therefore provides further anatomical information and
an opportunity to view associated morphological structures
in the untreated and treated regions.

Hypodermic Needle Insertion into the Palmar Region

Fig. 3 contains two typical slices gathered by the OCT
imaging system (Fig. 3d and e). Before analyzing the area of
interest, it is important to recognise the regular morpholog-
ical features of human palmar skin, which are illustrated on
the right side of Fig. 3d. The superficial dermatoglyphics of
the skin surface and a characteristic thickened stratum
corneum are easily discernible. This layer measures approx-
imately 200 pm in depth and appears as a homogenous
dark-grey band, separated from the viable epidermis by a
thin, distinctively darker contour. Characteristic spiralling
structures of eccrine sweat ducts are also observed in the
stratum corneum of the palmar skin (Fig. 3d). The highly
scattering band of the underlying epidermis appears as two
layers (stratum granulosum and stratum spinosum) that are
well separated by the thin low scattering region of the
stratum lucidum, found in the thicker palmar skin only.
However, the dermo-epidermal junction zone is less well
defined by the OCT image. The remainder of the skin

Fig. 2 Scanning electron micrographs of (a) in-plane steel, (b) out-of-plane steel, (c) silicon array and (d) polymer array, microneedle devices. The tip of a
26G hypodermic needle, used in these studies, has been included in images (a)—(c).
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Fig. 3 Schematic images (a) to (c) illustrate the experimental process used to obtain the OCT images pictured in (d) and (e). Figs. (a) and (b) depict
needle insertion and removal, and Fig. (c) provides a reference to the location of OCT scans, depicted in (d) and (e), within the tissue volume. The yellow
line in image (d) indicates the position of the accompanying perpendicular OCT slice (e), and vice-versa, extracted from the volume. The stratified
architecture of skin tissue is highlighted in (d) with epidermis delineated into the stratum corneum (SC) and the viable epidermis (VE). The dermal-
epidermal junction sits above the papillary dermis (PD), which in turn overlies the strongly vascularised reticular dermis (RD). A dashed orange line
highlights the border between the epidermal and dermal layers. The white arrow in 3d indicates the position of hypodermic needle insertion.

section, the reticular dermis, is demarcated from the
papillary dermis by a signal-poor strip, corresponding to
the rete subpapillare. This appears as a heterogeneous layer
containing darkened, elongated, horizontal, signal-free areas,
which correspond to dermal blood vessels.

Insertion of a hypodermic needle caused significant
changes to the ‘normal’ tissue morphology (video available
in Electronic Supplementary Material online). The two
cross-sectional images (Fig. 3d and e), analysed at 90° to
each other, exemplify the tissue disruption caused by the
intradermal injection process. A collapsed channel, left by
the hypodermic needle immediately following removal
from the skin, follows the path of the needle into the
vascularised reticular dermis (Fig. 3d). Needle-induced
disruption of blood vessels in this region has inevitably
resulted in localised bleeding and the subsequent extrusion
of blood into the tens-of-microns-wide channel that has
been fashioned by the needle. Notably, the diameter of the
needle channel is significantly reduced in the stratum
corneum region (10-20 pm) compared with the viable
epidermis (>40 pm). Expansion of this channel continues
into the papillary dermis, and a diffuse darkened area of
blood can be visualised in the reticular dermis.

A perpendicular slice of this microchannel, at the stratum
corneum/epidermal border, provides an alternate view of
needle penetration (Fig. 3¢). A dark v-shaped region, over
300 pm in width, illustrates the architectural damage created
in the tissue during insertion and retraction of the needle.
This is caused by the bevelled tip of the hypodermic needle.
A sequence of perpendicular slices can be viewed in

succession, in the direction of needle penetration, to visualise
needle-induced tissue damage and the resulting morpholog-
ical changes in disparate layers of the tissue (video available
in Electronic Supplementary Material online).

Hypodermic Needle Insertion into the Upper Arm

An en face image of the skin, taken at a superficial level of
the epidermis in the upper arm, reveals recognisable
inherent structural features including hairs and the charac-
teristic pavement pattern of the skin dermatoglyphics
(Fig. 4a). The darkened central area is a result of bleeding
in the interstitial space of dermal tissue, caused by insertion
and subsequent removal of the hypodermic needle (Fig. 4a).
The sub-surface structure of skin in the upper arm (Fig. 4b—d)
differs significantly from the thicker skin of the palmar
region. In this anatomical region the stratum corneum is
thinner, existing as a less than 20 pm thin bright region. The
underlying viable epidermis is a well-defined homogenous
highly scattering layer with a depth of 80-90 um. Below this
is the poorly defined dermal layer, containing a network of
identifiable blood vessels.

Transverse images of the tissue at the point of needle
insertion reveal a similar structure to that identified in the
palmar region (Fig. 4c). However, there are notable
differences in the shape of the microchannel created in
the upper arm, attributable to the contrasting tissue
architectures. Additionally, perforation of a blood vessel(s)
has resulted in a localised haematoma and significant
swelling of the dermal tissue, visible as an elevation in the
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Fig. 4 OCT images of human skin, in the upper arm region, treated with
a 26G hypodermic needle. The en face image in (a) is obtained by OCT
analysis of the treated skin tissue at a sub-surface location within the viable
epidermis (indicated by the complementary colours arrows at the edges of
images (b)-(d)). The blue line in the en face image (a) highlights the
position of the OCT slice pictured in (b), whilst the yellow line refers to
image (c) and the red line to image (d). The blue arrow in image (b)
demonstrates the sub-surface appearance of the created haematoma.
Image (c) depicts the channel created by the hypodermic needle, the
yellow arrow indicating the direction of needle insertion. The hair follicle
pictured in image (d) provides a useful anatomical reference. The red
arrow points towards a structure possibly associated with the arrector
muscle of the hair follicle. White arrows on the border of the transverse
images provide the sub-surface location of the en face image and the
integration depth (a). A dashed orange line in (b—d) highlights the border
between the epidermal and dermal layers.

cross-sectional image (Fig. 4c). A diffuse area of blood 1is
also present in adjacent cross-sections, demonstrating the
extent of the haematoma (Fig. 4b). A transverse image of a
hair follicle (Fig. 4d) provides reference to an intrinsic skin

@ Springer

structure, which possesses comparable dimensions to the
channel created by the hypodermic needle.

In-Plane Steel Microneedle Insertion into the Palm and Upper
Arm

In situ images capture penetration of the in-plane microneedle
device into human palmar skin (Fig. 5). Interestingly, this
figure highlights the deformation of palmar skin upon
microneedle insertion and indicates that the skin compresses
below the point of individual needle insertion in all but the
outermost needle (Fig. 5d). The biomechanical properties of
the skin therefore resist microneedle penetration, and thus
microneedle insertion is incomplete. Removal of the micro-
needle device results in the creation of discrete darkened
areas, arranged in an ordered pattern that mirrors the
spacing of microneedles in the in-plane device (Fig. 6 and
video available in Electronic Supplementary Material online).
A dense population of eccrine sweat glands, visualised as
discrete non-pigmented regions of approximately 100 um in
diameter, are also apparent and provide a useful anatomical
reference for the magnitude of microneedle disruptions
(Fig. 6b). Transverse sections indicate that the 700 pm-long
mn-plane steel microneedles create microchannels in palmar
skin, up to 300 pm in depth, that appear to be primarily
limited to the stratum corneum (Fig. 6¢). However, an area of
tissue disruption at the stratum corneum/viable epidermis
border, on the right of Fig. 6¢ (yellow arrow) indicates that
microneedles may also penetrate to greater depths under
some circumstances (i.e. at the end of the array, where the
tissue lacks compression by the needle-mount).

En face images of skin in the upper arm region, treated
with the in-plane microneedle device, are comparable to
those visualised at the palmar site (Fig. 7a). Microneedle
channels can be visualised, en face, as equally spaced
darkened regions in the epidermal layer (Fig. 7a), and
transverse images enable the morphology of these tissue
disruptions to be determined (Fig. 7b and c). Images suggest
that the microneedle device penetrated to a depth of less
than 100 um, resulting in tissue disruption that is largely
confined to the upper epidermal layer. In fact, microneedle
devices seem to induce tissue disruption rather than
distinctive microconduits, and these can be difficult to
differentiate from the inherent dermatoglyphics of the skin
(Fig. 7c). Therefore, the 3D imaging capabilities of OCT
assist identification and the subsequent analysis of micro-
needle-induced skin disruptions, i vivo. For invasive devices,
such as the hypodermic needle, blood acts as a contrasting
agent for OCT imaging and therefore aids identification of
the tissue disruption (Fig. 3d and e). However, the absence
of bleeding in microneedle-treated skin, combined with the
reduced dimensions of the created microdisruptions, results
in a less distinctive microchannel appearance.
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Fig. 5 OCT schematic image (a) portrays the experimental procedure used to capture the OCT images in this figure. Images (b)—(e) were obtained
whilst the in-plane steel microneedle device was in situ. Yellow arrows in (b) and (c) are used to highlight corresponding areas at the microneedle tip. The
orange arrow in (d) highlights the deformation of the tissue, which limits the microneedle penetration. Image (e) is an orthogonal projection to (d), as
indicated by the range indicators. Images (d) and (e) are generated from multiple slices using an algorithm referred to as the maximum intensity projection.
A dashed orange line in (c) highlights the border between the epidermal and dermal layers.

Out-of-Plane Steel Microneedle Insertion into the Palm
and Upper Arm

Treatment of human skin using the array of 50 blade-like
steel microneedles produced comparable results to that of
the in-plane microneedles, in both the palmar and upper
arm regions (Figs. 8 and 9). The pattern of microdisruptions
created in the stratum corneum of palmar skin, by the steel
microneedle device, closely resembles the geometric ar-
rangement of individual microneedles within an array
(Fig. 8a). Re-slice of the data to produce transverse images
indicates that the tissue is deflected downwards, immedi-
ately after microneedle treatment, below each point of
microneedle penetration (Fig. 8b). However, identification
of a definitive conduit is disguised by shadowing, a
recognised artefact in the OCT imaging process. This

artefact is caused by microneedle-induced physical disrup-
tion of the upper skin layers and the inevitable creation of
an air-filled cavity at the skin surface. Although this
hampers imaging of microconduits, it provides a useful
practical marker for the detection of microchannels within
the tissue. Reflective effects were present, but less evident,
in previous images of microneedle-treated skin (e.g.
Figs. 5¢, 6¢ and 7¢). In hypodermic-treated skin (Figs. 3d,
e and 4a—d), the presence of blood, acting as a contrast
agent, in the conduit prevented this artefact. It should also be
noted that the square distribution of the out-of-plane needle
array results in shallower penetration of the individual
needles compared to the in-plane row of needles. Although
there was also some evidence of microneedle-induced
microchannels in the upper arm region (Fig. 9a and b),
detection was difficult in the thinner skin tissue.

Fig. 6 The schematic image (@) portrays the experimental procedure use to capture transverse OCT images of the palmar skin following removal of in-
plane steel microneedles. The en face image in (b) is obtained by OCT analysis of the skin tissue at a sub-surface location within the thickened stratum
corneum layer (indicated by the location of the yellow line in (c)). Image (c) provides a cross-sectional view of the microneedle-treated area of tissue. Yellow
arrows in (b) and (c) identify microdisruptions in the skin tissue. A dashed orange line in (c) highlights the border between the epidermal and dermal layers.
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Fig. 7 OCT images of human skin, at the upper arm site, treated with an in-plane steel microneedle array. The en face image in (@) is obtained by OCT
analysis of the skin tissue at a sub-surface location within the epidermal layer. The dashed rectangle in (b) is used to indicate the portion of the OCT section
that has been magnified in (c). Yellow arrows highlight the location of microneedle-induced microdisruptions. A green arrow is used to identify an adjacent
sweat duct. A dashed orange line in (b) and (c) highlights the border between the epidermal and dermal layers.

Silicon Array Insertion into the Palmar and Upper Arm Region

Microneedle-induced disruption of the skin was less obvious
following treatment with the pyramidal silicon microneedle
array. Meticulous analysis of OCT images revealed only
minor architectural changes in the upper layers of the skin,
at both treatment sites (Figs. 10 and 11). Microchannels are
therefore restricted to the superficial skin layers, and images
suggest that the skin structure recovers following insult with
these smaller microneedles. The distinctive spiralling

structures of the eccrine sweat ducts, captured in both the
palmar and upper arm regions (see green arrows on
Fig. 10c and d), provide anatomical reference for the
dimensions of the created microdisruptions. Glycerine was
used to promote optical clearing, but channels only

appeared to extend into the lower layers of the stratum
corneum in the thicker palmar skin (Fig. 10a and b). The
cross-section of Fig. 10b is slightly slanted versus the
sequence of perforations and thus gives some insight into
the three-dimensional crater-like structure of the compres-

Fig. 8 OCT images of human palmar skin, treated with an out-of-plane
steel microneedle array. The en face image in (a) is obtained by OCT
analysis of the skin tissue at a sub-surface location within the stratum
corneum layer. Dashed lines highlight the array pattern of microdisruptions
in the tissue, with gaps between the lines highlighting areas of microneedle
penetration. A cross-section (b) has been produced along the dashed
yellow line. Yellow arrows in (b) highlight the location of microdisruptions in
the skin surface. An opening of similar size is formed at the surface of a
sweat duct, which is indicated by the green arrows. A dashed orange line in
(b) highlights the border between the epidermal and dermal layers.
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Fig. 9 OCT images of human skin of the upper arm, treated with an out-
of-plane steel microneedle array. The en face image in (a) is obtained by
OCT analysis of the skin tissue at a sub-surface location within the
epidermal layer. Dashed lines highlight the array pattern of microdisruptions
in the tissue, with gaps between the lines highlighting areas of microneedle
penetration. A cross-section (b) has been produced along the dashed
yellow line. Arrows in (b) highlight the location of microdisruptions in the
skin surface. A dashed orange line in (b) highlights the border between the
epidermal and dermal layers.
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Fig. 10 OCT images of palmar human skin, treated with the silicon microneedle array using glycerine as index matching liquid that partially cleared the
stratum corneum optically. The en face images in (a) and (c) are obtained by integration of the OCT signal within the stratum corneum layer as indicated in
the corresponding cross-sections. Cross-sections, (b) and (d), have been selected at the location of the yellow indicators in en face images. Yellow arrows
highlight the location of microdisruptions in the tissue, and green arrows identify an eccrine sweat duct. A dashed orange line in (b) and (d) highlights the
border between the epidermal and dermal layers.

sion sites. In the thinner upper arm skin, the impressions
are difficult to visualise en face (Fig. 11a and b) but become
more obvious in the cross-section (Fig. 11c, yellow arrow),
where they are comparable in size and shape to the exit
region of sweat ducts.

Polymer Array Insertion into the Palmar and Upper Arm Region

Application of the prototype polymer microneedle array to
the palmar region of human skin provided little conclusive
evidence of microneedle penetration (Fig. 12a). Fig. 12¢c
indicates that conduits have been created by the polymer
pillars (yellow arrow) with a greater depth than those
induced by the silicon pyramidal microneedles, owing to
their greater length. However, the polymer array also

compresses the region of tissue at the periphery of the array
(Fig. 12b, blue arrows). Treatment of the upper arm region
induced two concentric circles of surface disruptions, which
reflect the arrangement and dimensions of microneedles
within the polymer array (Fig. 13a and c). A transverse
image, created by obtaining a slice across the central
portion of the treated area, reveals uniformly spaced,
micron-sized disruptions in the skin surface which again
cause noticeable reflection artefacts, i.e. shadow-like vertical
lines, visible due to the strong inclination of the surface or
caused by microbubbles on the surface (Fig. 13b). These
disruptions are visible as darkened areas in the superficial
(Fig. 13a) and also the deeper regions (Fig. 13c) of the
tissue. The edge of the circular polymer array also leaves a
characteristic impression, visible as a darker portion in the

Fig. 11 OCT images of human skin of the upper arm, treated with the silicon microneedle array. En face images (a) and (b) are obtained by OCT
analysis of the skin tissue at a sub-surface level within the epidermal layer. A cross-section (€) has been produced at the location of the yellow line in (b).
Yellow arrows highlight a possible microneedle-induced microdisruption, and the green arrow highlights an adjacent dermatoglyphic structure. A dashed
orange line in (c) highlights the border between the epidermal and dermal layers.
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Fig. 12 OCT images of palmar human skin treated with the polymer
microneedle array. The en face image in (a) is obtained by OCT analysis of
the skin tissue at a sub-surface location within the stratum corneum layer
as indicated by the yellow and red arrows in (b) and (c). The yellow circular
dotted line highlights the impression left by the edge of the polymer array,
and the hexagonal structures provide a guide to the location of
microneedles, which would be positioned close to the vertices. Images
(b) and (c) are OCT slices at the two locations indicated in (a) by the
yellow and red indicators, respectively. Blue arrows indicate the impression
by the polymer edge, yellow arrows highlight possible microneedle-induced
micro-disruptions in the tissue, and the green arrows identify eccrine sweat
ducts. A dashed orange line in (b) highlights the border between the
epidermal and dermal layers.

superficial en face image (Fig. 13a) and as brightened
regions, due to the shift of the highly scattering viable
dermis, at a deeper position in the tissue (Fig. 13c). This
feature is indicative of tissue compression. Although micro-
channels created by this device appear to be less than
100 pm deep, transverse images confirm breach of the skin
surface at the upper arm site by the microprojections and
not simply indentation of the tissue. Interestingly, images
also indicate that the longer microneedles, located on the
peripheral circle of the array, create disruptions that are
approximately twice as deep (Fig. 13b).
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DISCUSSION

The physical response of human skin to injury is dictated by
the biomechanical properties of the tissue. It 1s difficult to
reproduce these properties within laboratory models; there-
fore, although the number of human subjects used in this study
is very small (V=3), the data collected provides a unique
insight into the penetration performance of microneedle
devices i vwo. This study has used an OCT imaging system to
successfully capture sub-surface # situ images of microneedle-
treated human skin and has demonstrated differences in
penetration efficacy and depths using different microneedle
devices. This technique could have major implications for the
microneedle research community, providing unique data
relating to the mechanical response of human skin to
microneedle insertion and demonstrating the effect of micro-
needle design on penetration characteristics.

Intradermal administration of a hypodermic needle was
used as a clinically relevant comparator to the microneedle
device. OCT images of palmar skin, punctured by a 26G
needle, indicate that the diameter of the microchannel that
1s created in the thickened SC layer (10-20 pm) is almost
fifty times smaller than the width of the needle itself
(450 pm) (Fig. 3d). This demonstrates the elasticity of the
skin and the ability of the physical ‘brick-and-mortar’
structure of the stratum corneum to constrict following
insult, an inherent physiological function of this protective
external barrier. The underlying viable epidermis does not
share the same biomechanical properties; therefore, as the
microchannel extends into the cellular region, it becomes
significantly wider. Further, perpendicular transverse images
at the point of insertion suggest that removal of the needle
results in displacement of a region of the tissue, leaving a
distinctive v-shaped void in the centre of the viable epidermis
(Fig. 3¢ and Electronic Supplementary Material online
video). Tissue damage in the stratum corneum appears less
extensive, again indicating that the compact keratin-filled
layer endeavours to ‘seal’ following insult.

Insertion of the hypodermic needle into the upper arm
resulted in the creation of a more homogenous and wider
channel. Acknowledged distinctions in the tissue architecture
and biomechanics at the two anatomical treatment sites, most
notably the significant disparity between the thicknesses of the
stratum corneum layers, contribute to the different tissue
responses. This disparity might also be expected to influence
microneedle penetration. However, the minimal damage
caused by microneedle devices, due to the elastic properties
of the skin m wviwo, limits comparative assessment of the
microconduits that are fashioned by insertion of the studied
microneedle devices into the two treatment sites.

The channel created by insertion of a hypodermic
needle extends into the dermis. Therefore, therapeutics
delivered using the traditional Mantoux technique, e.g.
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Fig. 13 OCT images of human
skin of the upper arm, treated
with the polymer microneedle
array. The en face image in (a) is
obtained by OCT analysis of the
skin tissue at a superficial location
within the epidermal layer, as
marked by the yellow indicator in
cross-section (b), while the en
face image in (c) is obtained at an
underlying location (identified by a
blue indicator). The yellow circular
dotted line highlights the impres-
sion of the edge of the polymer
array, and the hexagonal structures
provide a guide to the location of
the two rings of microneedles,
which would be positioned at
vertices. Yellow arrows are used to
identify microneedle-induced
microdisruptions. The latter appear
as dark signal-free impressions in
the epidermis and as compressed,
highly scattering bright regions in
the dermis (c).

vaccines, would primarily be deposited in this region of
the tissue. However, this delivery technique causes pain
and bleeding. Conversely, microneedle insertion appeared
to create microchannels that were primarily confined to
the epidermal layer. In fact, following removal of the
silicon and polymer microneedles used in this study,

microchannels were almost undetectable, appearing only
as minor disruptions to the skin surface. This simple
observation, m vivo, supports the primary principle of the
microneedle device as a minimally invasive means to
facilitate delivery of medicaments to the epidermal layer
of human skin.
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Sub-surface en_face OCT images are comparable to en face
images captured in previous studies by identification of skin
surface disruptions using a simple dye (25—29). However,
lateral diffusion of these dyes can result in over-estimation
of the microchannel diameter; therefore, OC'T produces a
more accurate measurement. Importantly, OCT analysis
also provides transverse images of microneedle-treated skin,
in vivo, without tissue preparation. Prior to this study, the most
representative transverse images of microneedle-induced
microchannels were obtained by traditional histological
analysis of excised skin tissue from patients or cadavers.
Removal of the tissue from the biological environment results
in significant alterations to the skin, including an inevitable
change in the tension of the individual skin layers due to the
loss of transversal mechanical stress, the removal of support-
ve sub-cutaneous layers and altered hydration. Excised
human skin is therefore not an accurate representation of
the i vivo state. Further, subsequent traditional histological
processing stages, i.c. fixation, sectioning and histological
staining of the skin, cause artefacts related to factors such as
dehydration of the tissue and mechanical insult. The results
presented in this study therefore provide a more accurate
representation of microneedle penetration into human skin.

The skin penetration of an in-plane steel microneedle
device has previously been characterised by traditional
methods (49). The images of microchannels obtained using
conventional methods, however, show a number of differ-
ences to OCT images. Most notably, microchannels that
are visualised following histological preparation have
greater dimensions than equivalent OCT images, 1.e. in
histological sections, the channels penetrate further and
create a markedly wider conduit than OCT images
indicate. This is attributable to the tissue-processing factors
described previously and, more importantly, the elastic
properties of human skin i viwo. Application of the array of
steel microneedles appears to restrict penetration further,
possibly due to the distribution of pressure and a bed-of-
nails effect. Smaller microneedles, present on the silicon
device, created minor epidermal disruptions in the palmar
and upper arm region rather than obvious conduits across the
skin barrier (Figs. 11 and 12). Comparison of OCT images
with previously published histological images of micro-
channels created by these silicon devices (22) supports the
general principle that histological techniques overestimate
the dimensions of microneedle-created microchannels.

This observation has a number of implications. First,
microneedle devices are possibly less invasive than previ-
ously suggested; therefore, the risk of microbial infection
following microneedle treatment is likely to be low (50).
This 1s an important safety issue that is likely to promote the
use of microneedles in the clinical setting. Conversely, for the
development of two-step delivery systems that use a transder-
mal patch to deliver medicaments across a microneedle-
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treated area of skin, i.c. the “poke-with-patch” concept (51),
the physical pathway may be more restrictive than previous
histological images suggest. Although excised human skin
is a crucial laboratory model for examining localised and
transdermal delivery of drugs and vaccines (24), it is
important to recognise the limitations of an ex vwo system.
However, greater understanding of the biomechanics of
human skin may enable the @ vio state to be better
reproduced in the laboratory.

Transverse images of in-plane steel microneedles, i situ
(Fig. 5d), suggest that during microneedle application the
entire microprojection does not protrude fully into the skin.
Indeed, microneedle penetration does not appear to be
reproducible within a single device; the outer microneedle
of the in-plane row penetrates to the hilt, whilst adjacent
microneedles insert less than half of their needle shaft into
the skin. Repeatable differences in the penetration charac-
teristics of microneedles, positioned at different locations
within an ordered arrangement, are consistent with
previous en face observations (26). The transverse images
(Fig. 5d) indicate that the skin resists insertion of the device,
with deformation of the skin tissue apparent around
individual microneedles and compression of the stratum
corneum layer observed directly below the needle tip.
These w situ observations have numerous implications for
the microneedle research community and the future clinical
use of the microneedle device.

A major proposed therapeutic application of the micro-
needle device is the minimally invasive, intradermal
delivery of vaccines such as influenza. This strategy relies
on localised vaccine delivery to the immune responsive
viable cells of the epidermis. In situ images (Fig. 5e) have
confirmed that microneedle devices containing 700-um
projections can successfully penetrate to a depth of
approximately 200 pm below the skin surface. In the thick
skin of the palmar region, this may only facilitate direct
delivery of a medicament to the stratum corneum layer.
However, at the upper arm site (an accepted site for
intradermal vaccination), this would result in direct access
of the vaccine to its target region, the viable epidermis. This
highlights the importance of developing microneedle
delivery systems that are specific to a treatment site. This
was underlined further by the prototype polymer device,
which failed to penetrate the thickened stratum corneum of
palmar skin but successfully negated the skin barrier in the
architecturally distinct upper arm region. Current penetra-
tion studies utilise either animal or human skin that has
been excised from various anatomical sites, which are often
not representative of the proposed therapeutic treatment
site, neither in their anatomical thickness nor their
elasticity. In vivo data, produced by the OCT system, can
therefore be used in conjunction with laboratory studies,
performed in ex vivo/in vitro models, to ensure that clinically
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effective and safe microneedle delivery systems, including
mounts and application procedures, are developed.

Additionally, i situ images also provide useful informa-
tion relating to the potential deposition site for medica-
ments upon penetration of a coated microneedle delivery
system. Coated microneedles provide a means to deliver a
number of therapeutics. Dosing, restricted by the coating
capacity, is recognised as the limiting factor in this delivery
system; therefore, efforts have been made to optimise
coating (17,44,52). However, delivery of the coated dose
relies upon contact and subsequent rapid dissolution of the
coating in the sub-surface aqueous environment of the skin
tissue. Images of i situ steel microneedles (Fig. 5d) and the
microchannels that are subsequently created by this device
(Fig. 6¢) suggest that only a proportion of the microneedle
shaft penetrates into the tissue. Therefore, coating of the
entire microneedle shaft with a pre-determined dose of
medicament would not result in complete transfer of this
dose to the skin tissue and even less into the sub-stratum
corneum layers. In order to combat this, coatings could be
restricted to the tips of microneedles, and/or devices could
be modified to enhance the depth of skin penetration. This
would ensure accurate dosing from the microneedle device
and would also reduce drug wastage.

Similarly, these factors should also be considered in the
development of biodegradable microneedles (10). Degra-
dation of an inserted microneedle, i situ, is dependent on
dissolution of the needle body within the aqueous tissue
environment. Therefore, to determine the delivery char-
acteristics of biodegradable microneedles, it will be
important to determine the portion of the microneedle
that will degrade following application to the skin tissue.
This may influence the design of the microneedle structure
and/or loading of the therapeutic, e.g. the titrated dose of
the therapeutic may only be loaded into the tip of the
microneedle. Alternatively, it may be appropriate to
design microneedles using non-biodegradable materials
but to include a biodegradable drug-loaded tip. Interest-
ingly, the OCT system would be an effective means of
imaging microneedle insertion and also to assess the
deposition and subsequent degradation kinetics of the
biodegradable portion of the delivery system, i situ, due to
a difference in the refractive index of the substrate and the
skin.

Microneedle technology has made significant advances
in the previous decade, and studies have proven the
primary concept of the delivery system as a means to
painlessly deliver a diversity of therapeutics across the skin
barrier. However, there are a number of considerable
challenges to address before microneedle devices become a
clinically useful tool, including reproducible penetration of
human skin, improved methods of drug loading and
controlled deposition of therapeutics into a target area

within the stratified skin tissue. The studies detailed in this
manuscript have provided an early insight into the potential
of the OCT system as a powerful research tool for
evaluating the microneedle device and other transdermal
delivery systems. Importantly,  vivo, non-invasive imaging
of sub-surface skin architecture can provide the researcher
with instant feedback on the performance of devices, and
acquisition of highly detailed data-volumes permits detailed
analysis of the three-dimensional interaction of the tissue
and the delivery system. Future studies may use the OCT
system to evaluate the penetration characteristics of a
diversity of microneedle designs (various geometries, mor-
phologies and arrangements), device materials and appli-
cation methods. This screening process would be a
significant advance on current imaging techniques, both
practically and scientifically, and has the potential to
significantly accelerate the optimisation of microneedle
devices. Further, OCT imaging could possibly be used in
conjunction with the microneedle-based drug delivery system
in the clinic to guide microneedle insertion for the delivery of
therapeutics to a specific depth at a targeted location in the
stratified skin tissue. Finally, following microneedle treatment
and subsequent OCT analysis of human skin, the tissue is not
sacrificed; therefore, this non-invasive imaging technique also
facilitates functional imaging of skin in its natural state, i.e.
repeated imaging to examine changes in the tissue over a
prolonged period of time.

CONCLUSION

This investigation has utilised a state-of-the-art OCT
imaging system, optimized for dermatologic application,
to provide the first i vivo images of sub-surface human skin
layers in response to microneedle insertion. These images
provide representative illustrations of microneedle penetra-
tion and have also permitted analysis of the epidermal/
dermal disruptions that remain following removal of
microneedle devices and also a conventional hypodermic
needle. Microchannels created in the upper skin layers by
microneedles are less invasive than previous histology
predicts, and penetration depth was shown to be influenced
by multiple parameters, not only microneedle length. In
this study, a limited range of locations and subjects were
investigated, and further work is required to determine the
influence of microneedle structure and human skin biome-
chanics on the penetration characteristics of a device.
Importantly though, this study has successfully utilised the
OCT imaging system to provide a non-invasive means of i
vivo skin characterisation and has demonstrated the poten-
tial value of OCT in the future development and
optimization of microneedles and other transdermal deliv-
ery systems.
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