<]
TUDelft

Delft University of Technology

In vivo, in situ and ex vivo comparison of porcine skin for microprojection array
penetration depth, delivery efficiency and elastic modulus assessment

Wei, Jonathan CJ; Cartmill, lan D.; Kendall, Mark AF; Crichton, Michael L.

DOI
10.1016/j.jmbbm.2022.105187

Publication date
2022

Document Version
Final published version

Published in
Journal of the Mechanical Behavior of Biomedical Materials

Citation (APA)

Wei, J. CJ., Cartmill, I. D., Kendall, M. AF., & Crichton, M. L. (2022). In vivo, in situ and ex vivo comparison
of porcine skin for microprojection array penetration depth, delivery efficiency and elastic modulus
assessment. Journal of the Mechanical Behavior of Biomedical Materials, 130, Article 105187.
https://doi.org/10.1016/j.jmbbm.2022.105187

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jmbbm.2022.105187
https://doi.org/10.1016/j.jmbbm.2022.105187

journal of the mechanical behavior of biomedical materials 130 (2022) 105187

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

FI. SEVIER

journal homepage: www.elsevier.com/locate/jmbbm

Check for

In vivo, in situ and ex vivo comparison of porcine skin for microprojection  [w&s
array penetration depth, delivery efficiency and elastic modulus assessment

Jonathan CJ. Wei ™", Ian D. Cartmill?, Mark AF. Kendall ¢, Michael L. Crichton %"

2 Delivery of Drugs and Genes Group (D*G?), Australian Institute for Bioengineering and Nanotechnology, The University of Queensland, St Lucia, QLD, 4072, Australia
Y Department of Biomechanical Engineering, Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology, 2628 CD, Delft, the Netherlands
¢ The Australian National University, Canberra ACT, 0200, Australia

4 Institute of Mechanical, Process and Energy Engineering, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: With the development of wearable technologies, the interfacial properties of skin and devices have become much

Skin more important. For research and development purposes, porcine skin is often used to evaluate device perfor-

Medical device mance, but the differences between in vivo, in situ and ex vivo porcine skin mechanical properties can potentially

Isvgfctr(t)irsl:s:lte:?omechanics misdirect investigators during the development of their technology. In this study, we investigated the significant

Elastic modulus changes to mechanical properties with and without perfusion (in vivo versus in vitro tissue). The device focus for

Histology this study was a skin-targeting Nanopatch vaccine microneedle device, employed to assess the variance to key
skin engagement parameters — penetration depth and delivery efficiency — due to different tissue conditions. The
patches were coated with fluorescent or C radiolabelled formulations for penetration depth and delivery ef-
ficiency quantification in vivo, and at time points up to 4 h post mortem. An immediate cessation of blood cir-
culation saw mean microneedle penetration depth fell from ~100 pm to ~55 pm (~45%). Stiffening of
underlying tissues as a result of rigor mortis then augmented the penetration depths at the 4 h timepoint back to
~100 pm, insignificantly different (p = 0.0595) when compared with in vivo. The highest delivery efficiency of
formulation into the skin (dose measured in the skin excluding leftover dose on skin and patch surfaces) was also
observed at this time point of ~25%, up from ~2% in vivo. Data obtained herein progresses medical device
development, highlighting the need to consider the state and muscle tissues when evaluating prototypes on
cadavers.

blood and other fluids in the body — known as perfusion — in vivo also
adds to comparison complexities. This circulation does not exist in situ,

1. Introduction

For microscale medical devices interacting with the skin, it is
important to understand how biological tissues affect the performance
of the devices — such as their ability to penetrate and deliver drugs. It is
evident that the factors affecting dynamic device-skin interaction are
beyond skin deep — often requiring to consider fat, muscle and bone as
the complete system (Shankar et al., 2014). Underlying tissues are also
likely to contribute to data scatter (Wei et al., 2017), and furthermore,
we must ask how the in vivo condition differ from the ex vivo experiments
carried out, where fat, muscle and bone are isolated/separated. This
question is not trivial — the differences between in vivo, in situ, and ex vivo
conditions could cause substantial device performance variations.
Beyond simple layer inclusion, the presence of systemic circulation of

or post mortem, and ex vivo (or in vitro depending on literature). It has
been proposed (Bilston, 2002) on various soft tissues that perfusion (and
ex vivo boundary conditions) influences the overall mechanical proper-
ties of soft tissues, such as liver, brain and gastrointestinal organs.
Comparing tissues of all three states is a significant undertaking;
hence limited data are available in the literature, for various soft tissues,
let alone skin (Guertler et al., 2018). Indicated in Guertler et al.’s pub-
lication (Guertler et al., 2018) that the comparison between in vivo, in
situ and ex vivo porcine brain tissues would be of interest, however,
logistical challenges would be substantial. In this paper, we characterise
porcine skin in all three states. This is a challenge due to the mechani-
cally complex material composition, in comparison to the more
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homogeneous brain and liver tissue (Lister et al., 2011) —skin is aniso-
tropic, multi-layered with distinct physical and mechanical properties.
Moreover, as with other medical devices (e.g. the biolistic gene gun
(Kendall et al., 2004a; Kendall et al., 2004b)), various microneedle
mediated drug delivery studies published in the last few decades are
often carried out on excised tissues (ex vivo) or in vivo animal models
(Birchall, 2006), making comparisons difficult.

Animal and human cadavers are commonly used in research, for
reasons such as tissue availability, cost and ethical considerations,
however, changes to a body after death occurs in several stages during
the post mortem interval (PMI), which can alter tissue properties. In brief,
pallor mortis is the first stage of death, resulting from the termination of
capillary circulation. Then, the sinking of blood to the bottom of the
body is known as livor mortis. Algor mortis is the cooling of the body,
which can, for instance, reduce diffusion rates for experiments (Raphael
et al., 2013; Wei, 2018). The transient behaviour of the stiffening of
muscles due to chemical changes is known as rigor mortis. Its onset and
duration depend on the body size and species, temperature of the
environment, which has resulted in onset and cessation of between 3 and
36 h post mortem (Brooks, 2016). Although rigor mortis has been exten-
sively studied in the meat industry to improve the texture of its products
(Davey et al., 1976), how tissue stiffening alters the mechanical prop-
erties is not well known. Furthermore, whether this affects the skin’s
mechanical properties in situ remains unknown. This is therefore
important for applications beyond microneedle device testing — for
instance in evaluating robotic surgical tools. The closest body of work
performed in this field was by Groves (Groves et al., 2012), who
measured murine and human skin differences and performed an inverse
finite element modelling (FEM) on various skin conditions, with the
exception to the in situ condition, using 700 pm long steel and 280 pm
long silicon microneedles. The author further reported in vivo and ex vivo
puncturing of both murine and human skin with microneedles applied
quasi-statically by hand. Difficulty in penetrating mouse skin was
observed, while ex vivo human skin was breached with high loads (4-5
N), although the author remarked on the difficulty in characterising in
Vivo punctures.

Given the above, this manuscript seeks to identify how representa-
tive porcine skin is in vivo clinical conditions with ex vivo or in situ
conditions. In particular, for microtechnology development, we are
interested whether simple correction factors can allow indirect com-
parison between tissue states. Therefore, the purpose of this paper is to
identify potential differences between the conditions, from a medical
device standpoint, and the implications of evaluating these devices on
these models to progress on preclinical research by establishing a
reference between different states.

In this work, we take a device-focussed approach, with two main
parameters characterising delivery of formulation into skin using a
prototype Nanopatch (microarray patch) device. First, penetration
depth measurements provide quantitative information on the depth the
microprojections can reach in the tissue. Second, a radiolabelled
formulation is used to assess the fraction of formulation released into the
skin as delivery efficiency. This work complement our previous mea-
surement of in vivo, and in situ skin elastic modulus (Cartmill, 2014). A
non-invasive measuring technique was then developed for this task,
based on other established methods like air-jet indentation (Chao et al.,
2010) and water-jet indentation (Huang et al., 2009). We hypothesised
that the elastic modulus of skin, together with the underlying tissue
layers will change post mortem, will significantly alter the penetration
depth and delivery efficiency of the Nanopatch. In this study, all three
parameters were measured in vivo on pigs and repeated at several
time-points post-euthanasia.
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2. Materials and methods
2.1. Ethics statement

All animal work carried out has been approved by The University of
Queensland Animal Ethics Committee (approvals AIBN146/13/VAX-
XAS, AIBN/556/12/ARC/NHMRC/SMART (33)). All experiments were
carried out in accordance with The University of Queensland guidelines
and regulations.

2.2. Animal model

Seven Large White breed pigs were used in this study. Experiments
were carried out following other researchers’ studies, and no additional
animals were used, adhering to the 3R principle for animal use from the
UQ guidelines. Pigs 1-2 were housed at the Queensland Animal Science
Precinct (QASP, Gatton QLD, Australia) and pigs 3-7 at the Herston
Medical Research Centre (HMRC, Herston QLD, Australia). All except
pig 2 were female, average mass 34.8 + 7.4 kg, average age 4 months
+2 weeks old. Hair from the skin was shaved using animal hair clippers
(Pet grooming kit, Wahl, Stirling IL, USA). Pigs were euthanised by
pentobarbital injection (Lethabarb, Virbac, Carrros, France). Rump site
was chosen because of its ease of access (vs. e.g. inguinal region), rela-
tively flat and large area, deep layer of consistent soft tissues with no
bones immediately beneath the skin.

2.3. Experimental design

Key indicators to assess medical device performance on different
tissue states (in vivo and in situ), in this case, the microneedles, are
microprojection penetration depth (PD) and formulation delivery effi-
ciency (DE). This data was gathered from two pigs before and after
euthanasia. Time points were selected as immediately prior to eutha-
nasia (t = 0), immediate after (t = 10 min), and at 30 and 60 min.
Further investigations on longer time points of 120 and 240 min were
carried out on pigs 3-5 after the analysis on the data of pigs 1-2. Ex vivo
conditions with completely excised skin and synthetic backing material
were carried out on pigs 5-7. Experiments were carried out in a separate
room inside the animal housing facility. Air conditioning was turned on
at the start of the experiment set to approximately 25 °C. Elastic
modulus data was also obtained from non-invasive skin-surface pertur-
bations captured from high-speed video footage carried out in
conjunction with an earlier study with pigs 1-4 17 reported.

2.4. Nanopatch manufacture

Nanopatch wafers were patterned and made from 2 mm thick, six-
inch silicon wafers using the deep reactive-ion etching (DRIE) process
at the Australian National Fabrication Facility, Queensland Node (ANFF-
Q, Brisbane QLD, Australia), as per previous studies (Crichton et al.,
20165 Jenkins et al., 2012). In brief, patches were manufactured with
hexagonally patterned smooth-convex shaped projections of ~230 pm
in length, ~40 pm base diameter, at a high density of 10,000 projections
per cm?, and diced into 4 x 4 cm squares (Fig. 1 (a)). This prototype
design and construction extends beyond Nanopatch prototypes applied
to deliver vaccines to thinner rodent skin — such as mice (Chen et al.,
2012; Ng et al., 2012; Fernando et al., 2016) and rats (Muller et al.,
2016, 2017).

2.5. Nanopatch coating

Coating formulation and approaches were similar to our previous
work (Crichton et al., 2016; Chen et al., 2009). Briefly, coating formu-
lation were deposited onto the projection surfaces and blow-dried.
Formulation comprises methylcellulose (M0387, Merck, Darmstadt,
Germany), flu vaccine (Fluvax 2014; CSL, Parkville VIC, Australia),
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Fig. 1. (a) A Nanopatch held with tweezers, diced Nanopatch wafer and a syringe in the background for size comparison. (b) SEM image of Nanopatch projections

viewed from 45° and (c) the applicator device.

Dulbecco’s phosphate buffered saline (DPBS) (D8662, Merck, Darm-
stadt, Germany) and either Coomassie blue dye (161-0400, Bio-Rad,
Hercules CA, USA) with 14¢ Jabelled ovalbumin (ARC 0431, American
Radiolabeled Chemicals, St Louis MO, USA) for delivery efficiency
studies, or FluoSpheres fluorescence (F8811, Thermo Fischer Scientific,
Waltham MA, USA) for penetration depth imaging.

2.6. Nanopatch imaging

Nanopatch surface morphologies after etching were viewed under
scanning electron microscopy (SEM) using the Jeol Neoscope (JCM-
5000, Jeol, Tokyo, Japan) at 10 kV tilted at 45°, as shown in the
representative image in Fig. 1 (b).

2.7. Nanopatch applicator manufacture and calibration

Extending upon previous spring-based applicators of Nanopatch
used in mice (Crichton et al., 2010), a spring-loaded Nanopatch appli-
cator, shown in Fig. 1 (c), was manufactured featuring the ability to
adjust the patch application velocity by changing the spring compres-
sion distance with Hooke’s law, F = kx and relating it to the spring
potential energy, Ep =1kx? and kinetic energy, Ex = 1my?. Spring
constant was provided by the manufacturer datasheet as 1236 N m™ (LC
055H 12, Lee Spring, Wokingham, United Kingdom). The applicator was
calibrated using a high-speed camera (FastCam SA4, Photron, San Diego
CA, USA) observing the plunger velocity. Application velocities of 8, 12
and 16 m s were estimated with a total approximate Ex of 1.05, 2.37
and 4.21 J respectively. The applicator plunger was designed to be
arrested after the patch contacted the skin, and most of the energy was
not transferred to the skin. Insights into the bio-viscoelasticity of skin at
both the micro-scale and strain-rate of interest (Crichton et al., 2010,
2013; Kendall et al., 2007) led to a lower-energy ‘flying patch’ concept
(Goddard et al., 2018) that has been applied to Nanopatch clinical
studies (Fernando et al., 2018).

2.8. Patch application for penetration depth on in vivo and in situ skin

The handheld applicator was first adjusted for spring compression to
16 m s and then loaded with a Nanopatch, applied steadily onto the
selected site free of visible scarring and defects. A schematic of the
applicator is shown in Supplementary Fig. 1(a and b). Three *G-coated
patches and two fluorescence-coated patches were applied per condition
per pig. Each patch took approximately 30 s to apply and was patched on

one side of the pig. Patches were left on the skin for 2 min before
removal to allow sufficient time for the coating formulation to elute into
the skin. Patched areas were marked and excised at the completion of all
patch applications. Patched sites were excised with an approximate 1
mm border.

2.9. Patch application for penetration depth on ex vivo skin

Rump skin was excised from pigs 5-7. Naive skin samples from these
pigs were measured for a previous study (paper, sup) and were found to
be statistically similar for those two sites. Freshly excised skin with
subcutaneous tissue was pinned using hypodermic needles on three 10
mm thick polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
Midland MI, USA) sheets at a 10:1 PDMS to the crosslinking agent, cured
at 80 °C for 4 h, to simulate uniform subcutaneous and muscle tissues.
The skin was marked prior to excision and pinned back to its original
dimensions to mimic its original in vivo tension, shown in Supplemen-
tary Fig. 1 (c). The experiment was carried out indoor as per other ex-
periments with the skin temperature stabilised to room temperature.
Patches were applied as per above at predetermined spring compression
lengths representing application velocities of 8, 12 and 16 m s™. Patched
areas were subsequently excised for histology and imaging. Photos of
patched area overview were taken using an iPhone 6 (Apple, Cupertino
CA, USA) in Fig. 4(d-h). Other photos were taken with an iPhone SE.
Images were cropped, rotated, adjusted globally for tone, contrast and
colour using the Auto function in Photoshop CC (Adobe, San Jose CA,
USA).

2.10. Histology, microscopy and measurement of penetration depth

Histology sections were obtained using methods similar to past
studies (Wei et al., 2017). In brief, skin was fixed and rinsed in neutral
buffered formalin (NBF) 10% (HT501128, Merck, Darmstadt, Germany)
and phosphate buffered saline (PBS) 1x (mix of Merck, Darmstadt,
Germany and Thermo Fischer Scientific, Waltham MA, USA) and
embedded in sectioning matrix (Tissue-Tek OCT, Sakura Finetek, Aal-
phen aan den Rijn, The Netherlands) then frozen with liquid nitrogen.
Samples were held upright during freezing to ensure tissues are
perpendicular to the cutting plane. Skin specimens were cut perpen-
dicularly across its thickness at ~14-20 pm sections using the Microm
HM 560 cryostat (Thermo Fischer Scientific, Waltham MA, USA). Each
section was not immediately adjacent to each other as to obtain more
representative samples (approx. 350 pm of specimen was discarded
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between each section). Samples were not stained as multiphoton mi-
croscopy was used to measure the skin layer thicknesses (described in
more detail below). The method to measure the thicknesses follows an
earlier study (Wei et al., 2017). Images shown in Fig. 4 were shown
rotated and cropped in Photoshop CC.

2.11. Multiphoton microscopy

Sectioned samples were viewed under the Zeiss LSM 510 Meta
multiphoton microscope (Zeiss, Oberkochen, Germany) using the Plan-
Apochromat 10x/0.45 M27 objective. Specimens were excited using
5% 840 nm and 22% 488 nm lasers. Collagen was collected using
390-464 nm IR filter (pseudo-coloured as blue in Fig. 4(a—c)); Fluo-
Spheres were filtered using 500-550 nm IR filter (pseudo-coloured as
green). Approximately 100 penetration tracks were measured for each
specimen, subjected to sample quality. Measurements were taken using
the microscope’s supplied software, Zen (Zeiss, Oberkochen, Germany).

2.12. Quantification of delivery efficiency

The delivered dose of coating formulation into skin comparing in vivo
and in situ conditions was quantified as per previous studies using **C-
labelled ovalbumin (Pearson et al., 2013). In brief, patches were applied
as per above, left on for 2 min and removed. Skin surface was swabbed
with cotton earbuds to analyse formulation left on the surface. The skin
was excised after all patches have been applied. Delivery efficiency was
calculated as the fraction of *C deposited into the skin, over the total
14C formulation remaining on the patch, skin surface and in the skin.

2.13. Measurement of approximate elastic modulus of the skin

Skin elastic modulus was estimated using Rayleigh wave propagation
method (Kendall et al., 2004c) whereby we model the skin (and soft
tissue in general) a semi-solid material which behaves like a fluid in
several respects (Kirkpatrick et al., 2004; Zhang and Greenleaf, 2007; Li
and Oldenburg, 2011; Zhang et al., 2011; Guan et al., 2014; Manfredi
et al.,, 2012), and has been used in diagnostic applications, in for
example, skin cancer and scleroderma identification (Li et al., 2011).
The wave propagation when the patch impacts the skin was captured
using a same high-speed camera (FASTCAM SA4, Photron, Tokyo,
Japan) pointed at approximately 45° to the skin surface with a tungsten
light source (Lilliput 650 W, Ianrio, Taipei, Taiwan). A black line is
drawn across the area where the patch will impact for the camera to
capture the wave amplitude. The video footage (see Fig. 2) was analysed
in Matlab (MathWorks, Natick MA, USA) to trace the black line and thus
extract the wave amplitude and propagation speed. Three patches per
time point were used. The patches were 10 x 10 mm in clear
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polycarbonate plastic (for the drawn line to be visible for the camera)
applied using the same method as above. This patch method was first
validated in an in vitro silicone-based polydimethylsilane (PDMS) sheet
model vs. indentation method producing an error of approximately 5%.

The derivations briefly: the Rayleigh wave method is described by
Guan et al. (2014) using a modified Voigt model with mass in Equation
(1) to estimate the coefficients of shear movement:

F(t) = kx(z) +,u%x(t) +m%x(l) 1

where F(t) is the applied impuse force, x(t) is the induced shear
displacement at the testing point, k is the tissue stiffness, p is the viscous
damping coefficient and m is the mass. As the mass of the vibrating tissue
will generally be unknown here, the authors propose the use of relative
parameters to indicate the viscoelasticity of the skin:

E:wﬁ,ﬁz%’w” 2
m m

where o, is the natural frequency and ¢ is the viscous damping ratio.
Then, the governing equation for wave propagation in an infinite
isotropic medium may be written as follows (Zhang et al., 2011):

&
(/'L+2pt)VVvu+,uV2ufp£:0 3

where u represents the displacement vector, p is the mass density, and 1
and y are the Lamé constants of the relevant medium (u is the shear
modulus G). Equation (3) has been solved in a cylindrical polar coor-
dinate system and results in the following relationship between surface
wave speed and shear modulus, assuming incompressibility and thus a
Poisson’s ratio of 0.5 for human tissue (Zhang and Greenleaf, 2007;
Zhang et al., 2011):

C:hear _ 1 G

Cr= =— /=
=105 105\

where Cgeqr is the shear wave velocity. Converting from shear to the
elastic modulus E, and expanding the expression to explicitly include the
relationship to Poisson’s ratio v, a relationship between surface propa-
gation speed and E in an isotropic, homogenous material can be derived
(Li et al., 2011):

0.87 + 1.12v E
Cr=
1+v 2p(14v)

where Cp is the wave propagation speed and p is the density. The depth
of the surface wave motion is proportional to the wavelength with the
result that the effective probing depth of the wave z can be estimated by

10mm

r IF | |

Fig. 2. Polycarbonate 10 x 10 mm patch impacting pig inguinal skin (total elapsed time ~9.5 ms).
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the relation (Li et al., 2011):

G
o f

=

where f is the wave frequency. It was suggested that the relevant
equations for the surface wave method are generally local and do not
require boundary conditions if wave reflections can be ignored (Zhang
and Greenleaf, 2007; Zhang et al., 2011).
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2.14. Measurement of temperatures
An infrared temperature gun (800101, Sper Scientific, Scottsdale AZ,
USA) was used to determine the skin surface temperature at the patching

surface just prior to each patch application. The same sensor was also
used to determine ambient temperature.

2.15. Statistical analysis

Penetration depth comparisons were performed in Prism (GraphPad,
La Jolla CA, USA) using the Kruskal-Wallis test/Dunn’s multiple
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Fig. 3. (a) Inguinal and (b) rump skin elastic modulus obtained from Rayleigh wave perturbations over time post euthanasia (t = 0 prior) for individual pigs. Dotted
lines are smooth curves fitted to the mean of each time point and pig number. The corresponding approximate wave speeds are shown on the right y-axis. Two extra

time points were carried out on pigs 3 and 4.
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comparisons test, due to the time points such as 240 min resembling a
bimodally distributed dataset. Mean porcine skin elastic moduli be-
tween time points was compared using ordinary one-way ANOVA/
Sidak’s/Dunn’s multiple comparisons test. Mean elastic modulus of
human forearm and *C were compared using ordinary one-way

5mm
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ANOVA/Tukey’s multiple comparisons test. Ballistics gel elastic
modulus between the flying patch method and indentation was
compared using unpaired t-test. Exponential and linear curves for
penetration depths versus velocity were fitted in Matlab R2017.

Fig. 4. (a) Tiled images of the representative patched site of in vivo porcine rump. Penetration tracks marked with formulation released into rump skin were shown
pseudo-coloured as green, while collagen is shown as blue, marking the dermis layer. (b) In situ tissue (t = 10 min) of the same site and (c) ex vivo tissue. Repre-
sentative images of patched sites: (d) in vivo, FluoSpheres coated patch; (e) in situ, FluoSpheres coated patch; (f) ex vivo, FluoSpheres coated patch; (g) in vivo, 14¢C and
Coomassie blue coated patch; (h) in situ, 14C and Coomassie blue coated patch. Blue or black dots on patched corners are permanent marker markings. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

To compare potential tissue properties affecting device performance,
penetration depth of microprojections and delivery of formulation
coating on the Nanopatch was measured. A comparison was made on in
vivo, in situ and ex vivo porcine rump skin. The controlled targeting of
skin layers was also shown by adjusting the application velocity. Elastic
modulus data of the same conditions and time points were also collected
using a non-invasive method.

3.1. Elastic modulus between in vivo and in situ porcine skin

Of the four pigs studied for the change in bulk skin elastic modulus
over time past euthanasia, pig 1 prominently showed a significant
decrease in elasticity immediately after euthanasia (from ~60 kPa to
~20 kPa), but not for the other pigs (~20-30 kPa for all time points).
Besides comparing the 10, 30 and 60 min time point of pig 1, no sta-
tistical significance was also calculated for any other comparisons of
each pig. A higher spread of elastic modulus was observed in pig 3’s final
time point of 240 min, but not significantly different from other time
points. Interestingly, the same experiment repeated on inguinal skin
tissue showed no statistical significance in tissue elastic moduli before
and immediately after euthanasia. Pig 3 inguinal tissues showed
significantly increased elastic moduli at the final time point at 240 min
in Fig. 3 (a), and rump tissue as a comparison in (b).

3.2. Penetration observations of micro-projections into the porcine skin
between in vivo, in situ and ex vivo tissues

Fluorescence-conjugated formulation deposited in skin shown in
Fig. 4(a—c) clearly illustrates the depths the projection tips reached. For
in vivo skin, several projections reached into past the dermal-epidermal
junction into the papillary dermis, while the projections in the in situ
condition appeared to have mostly reached the dermal-epidermal
junction. Compared to ex vivo skin using the same application veloc-
ity, the formulation deposition marks also appeared uniform, reaching
just past the dermal-epidermal junction. The reduction in penetration
depth post-death was also reflected on the quantitative data (n ~100 at
each time point for each pig), where the measured depths of the pro-
jections shown in Fig. 5 indicated an immediate drop in mean pene-
tration depth and spread from 97 + 37 pm to 54 + 27 pm at t = 10 min
post-euthanasia. The mean penetration gradually increased over time,
recording a mean depth of 74 + 21 pm at 30 min, 79 + 26 pm at 60 min,

250+
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81 + 24 pm at 120 min and 95 + 47 pm at 240 min, which is statistically
insignificant between 0 and 240 min (p = 0.8723). Rigor mortis was
observed in pigs 3 and 5 at the final time point of 240 min (a factor of
ambient temperature, shown in Supplementary Fig. 3). The penetration
depth was shown in Fig. 5 increasing past the dermal-epidermal junc-
tion, as opposed to pig 4, whose penetration measurements remained
primarily in the viable epidermis.

Comparing with ex vivo skin of the same application speed, this was
measured as 79 + 23 pm, which was remarkably similar to the in situ
conditions prior to rigor mortis. P-values of the penetration depth com-
parisons can be found in Supplementary Table 1. The inter-specimen
variability of ex vivo skin shown in Fig. 6 is significantly tighter than
the in vivo counterparts. Once projections breached through the dermal-
epidermal junction, the spread of dermis penetration appeared to be
greater than the lower speed settings.

Redness of tissue or erythema was observed for in vivo patched sites
only. This was not observed for in situ and ex vivo tissues, shown in Fig. 4
(d-h). The fluorescence-coated formulation can be seen deposited into
the skin in (e) in the absence of erythema, however it is not as visible as
with the ex vivo condition (d). Coomassie blue in formulations (g-h)
provided a visual assessment of the delivery, illustrating consistent de-
livery (surface coverage) of formulations into both in vivo and in situ
tissue.
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Fig. 6. (a) Combined pigs 1-5 of coating formulation delivered into the skin at
each time point post euthanasia (t = 0 prior) on the rump. Mean trend lines are
also shown for each pig. Note that extra two time points were carried out on
pigs 3-5.

Penetration depth (um)
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240
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Fig. 5. Measured penetration depths for pigs 1 through 5 at each time point post euthanasia (t = 0 prior) on the rump (n ~100 for each pig at each time point). Mean
trend lines are also shown for individual pigs. Note that extra two time points were carried out on pigs 3-5.
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3.3. Penetration depths of varying application velocities on ex vivo
porcine skin

The penetration depth counts of microprojections (Fig. 1) obtained
from histology sections (Fig. 4) are shown in Fig. 7 (a). Controlled skin
layer targeting was observed by the adjustment of application velocity.
Penetration depth increased proportionally with application velocity.
An exponential curve fitted to the dataset passing through the origin
(y = 3.608x!1%%) suggests, the proportionality appeared approximately
linear in this range, and a straight trend line was also obtained (y =
4.766x), although this assumes the skin is homogenous. The mean
penetration depths were 40 &+ 15 pm, 50 + 15 pm and 70 + 23 pm for
application velocities of 8m s}, 12m s and 16 m s™! respectively —a 20
pm difference between 12 m s and 16 m s, and 10 pm difference

1507 —- pig5
—= Pig 6
—= Pig 7

Exponential trend

1001 D

50+

Penetration depth (um)

VE
SC
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between 8 m s and 12 m s!. Data points were mostly scattered in the
deeper viable epidermis, past the dermal-epidermal junction and into
the papillary dermis only for the 16 m s condition. The penetration
data of the lower speed conditions were mainly recorded in the VE.
Corresponding skin layer thicknesses are also shown in the subfigures of
Fig. 4 at different sites.

3.4. Delivery of formulation into the porcine skin between in vivo and in
situ tissues

Quantitative data in Fig. 6 revealed that delivery efficiency increased
post-death, from an average before death of 2.2 + 1.2%, rising to 4.6 +
2.8%, 5.3 & 4.5% and 6.9 + 4.4% by the end of the hour and 8.1 + 4.0%
by the end of the second hour. The later additional time points carried

12 16

Application velocity (m/s)
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Fig. 7. (a) Measured penetration depths of ex vivo skin, tested at 8, 12 and 16 m s patch application speed. The exponential curve fitted to the dataset shown in
dotted orange line through the origin. Mean trend lines were also shown for each pig. Comparison between pig inguinal, rump and ear skin layer thickness (b) of
stratum corneum (c) viable epidermis and (d) dermis, taken along with the penetration depth samples. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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out on pigs 3-5 showed that of the two (#3, #5) that exhibited rigor
mortis at the 4 h time point, corresponding to a delivery of 18.3 + 5.6%,
whereas the one without rigor mortis was significantly less at 7.1%,
similar to previous time points. Statistical significance was only reported
for t = 0 versus 60, 120 and 240 min; t = 10, 30, 60 and 120 versus 240
min.

4. Discussion

The field of microdevices for drug/vaccine delivery, wearable tech-
nology and clinical devices relies heavily on the use of animal models for
pre-clinical work. Within this paper we sought to understand the dif-
ferences between tissue states affecting microscale medical device per-
formance (with a focus on penetration depth and delivery efficiency).
This body of work showed, for the first time, the states of live and death
can affect the quantity of drug delivery and puncture depth of such a
technology.

4.1. Differences in the elastic modulus of the skin in vivo, in situ and ex
vivo

Whilst previous work has assessed the elastic modulus of porcine
liver (Brown et al., 2003) and brain (Gefen and Margulies, 2004; Prevost
et al., 2011) skin had not been similarly studied. The results reported in
those studies are in sharp contrast to the data arisen herein - that is, the
skin elasticity appeared to be lower in situ, compared to in vivo condition
(Fig. 3). This was reflected in the penetration depth data (Fig. 5), but not
the delivery efficiency data (Fig. 6). However, a recent publication by
Guertler et al. reported agreement with this study: porcine brain tissue
was stiffer in vivo than ex vivo, although only in high
frequency-perturbations of 100-125 Hz (Guertler et al., 2018), not un-
like the dynamic method of patch application used herein. Groves
(Groves et al., 2012) investigated in vivo and ex vivo murine and human
skin, and identified significant differences between the two conditions
for microneedle penetration, who hypothesised that this was influenced
by subcutaneous fat. Therefore, it is important that the underlying strata
of an ex vivo model feature is made of a representative material, and
boundary conditions, such as maintaining natural tissue tension and
appropriate consideration of the influence of the subcutaneous layer on
microneedle penetration. Whilst Moronkeji et al. (2017) utilised gela-
tine to represent fat and Perma-Gel for muscle in their microneedle
penetration tests, Kochhar et al. (2013) 57 demonstrated that PDMS has
mechanical properties in close resemblance to inherent subcutaneous
tissues. Indeed, in the work performed here, the PDMS sheeting upon
which the skin was pinned reflected comparable data between in vivo
and ex vivo in penetration depths.

4.2. Penetration depths of microprojections affected during post mortem

Penetration depth correlated with the drop of elastic modulus in
some, but not all pigs. This large scatter of data is observed in biological
tissues, including mouse skin (Kendall et al., 2007; Crichton et al., 2013)
and pigs (Wei et al., 2017). This change in depth ultimately affects
where the payload will be deposited (cf. skin layer thicknesses Fig. 7
(b-d)). The most prominent reduction was between in vivo and imme-
diately post-death in situ skin — the immediate reduction of pressure due
to blood circulation cut off may have softened the dermis, as well as
muscle tissue. This decreased stiffness of deep layers may thus inhibit
resultant penetration of microprojections. Contradicting findings were
concluded by Gefen and Margulies and Prevost et al. (2011), although in
porcine brains, the pressurised vasculature seems to contribute less to
the tissue mechanical properties. We think this could be because the
cerebral blood volume (CBV) of blood in pigs is a small fraction in pigs,
~2-6% (Ostergaard et al., 1998), and that blood volume in muscle tis-
sues would be significantly higher, at ~25% of the cardiac output at rest
(Ng et al., 2012).
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4.3. Specific changes in penetration depths and delivery efficiencies
observed during rigor mortis

In contrast to the softening of tissues observed post mortem, the
stiffening of muscle tissue in instances when rigor mortis was witnessed
in some pigs saw increased in penetration depths and delivery effi-
ciencies, despite experimenting indoors with controlled temperatures to
minimise variation to rigor mortis onset, which is ambient temperature
dependent (Krompecher, 1981). This effect is most likely the cause of the
bimodal scatter in the penetration depths and delivery efficiency of 240
min time point, although Gefen and Margulies (2004) were uncertain of
the extent of the rigor mortis effect on mechanical properties. In this
study, however, stiffer tissue layers may have a direct impact by
reflecting the impact forces during patch application, thereby com-
pressing the skin tissue further and allowing deeper engagement of the
projections, allowing more portion of the formulation releasing into the
skin.

An increasing trend of delivery efficiency of coating formulations
was observed across the time points, which may explain the correlation
with rigor mortis, measured elasticity, and penetration depth, it is a
possibility that a relatively low delivery efficiency at the in vivo phase
(even though penetration was deeper) suggests a systemic circulation
during the in vivo state could play a role in the clearance of formulation
away from the skin, as the skin was only excised at the end of the total
elapsed time to keep the area intact. The percentage of the dose deliv-
ered — using the same gas-jet coating method — has been similarly re-
ported in previous Nanopatch application studies (0.1-16.5%) (Pearson
et al., 2013). Alternative coating methods (e.g. dip coating) produce
much higher delivery efficiencies (e.g. >85% (Chen et al. 2010) 36y,

4.4. Visual observations of erythema after patch application

As shown in the erythema photos in Fig. 4(d-h), in some cases mi-
croprojections induced inflammation of the skin. If this is a sign of
capillary leakage when the penetration depth was approximately 100
pm, then it suggests that potential access of blood capillaries with the
Nanopatch, opening up future applications in diagnostics, beyond drug
delivery (Coffey et al., 2016, 2018). An increasing delivery efficiency
even prior to rigor mortis may be explained by the open microchannels
created by the microprojections, where formulations remained on the
skin surface may diffuse through the skin. Certainly, as shown by Har-
idass and Wei et al. (Haridass et al., 2019), the pores remain open for up
to 48 h. Another probable cause of low delivery efficiency may be due to
the excision of patched sites only after the conclusion of the experiment,
and that the *C labelled ovalbumin (~45 kDa) (Abeyrathne et al., 2013)
may have already diffused significantly away from the patched site. As
explored by Wei and Haridass et al. (Wei et al., 2018), rapid clearance of
rhodamine dextran in ex vivo human skin was observed for the 70
kDa-sized molecules upon imaging (the cells of freshly-excised human
skin are likely still viable for formulation interaction). The quantifica-
tion of the remaining **C on the patch may not necessarily be an accu-
rate indication of the delivered dose, as the amount of '*C coated on
each patch are not identical.

4.5. Device performance and quality (scatter) of data with respect to
microprojection design, skin layers, skin model and application methods

Higher spread of penetration depth was observed in the dermis
penetration data, compared with lower patch application speeds that did
not reach the dermis, might be due to looser dermal collagen network,
allowing easier penetration of microprojections into the papillary
dermis once the dermal-epidermal junction is breached. The range of
velocities investigated in the ex vivo study also identified the settings for
the skin layer desired to be targeted. For example, on the porcine skin,
an application speed of 8-12 m s will primarily deposit the formula-
tions into the viable epidermis, while at speeds above 16 m s}, both the
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viable epidermis and the papillary dermis will be targeted. Similarities
of pig skin and human skin morphologies are commented by researchers
(Jacobi et al.,, 2007), although the elasticity of the human skin is
significantly lower than pig skin, as explored by Wei et al. (2017).
Human skin may thus require much higher speeds — or higher applica-
tion energy delivered by different means or geometries (Crichton et al.,
2016; Meliga et al., 2017) — to achieve the equivalent penetration depth
and delivery. Changing the projection geometry as opposed to
increasing the application speed also allows for deeper skin penetration
and thereby increasing the delivery efficiency was recently reported in
Crichton et al.’s study (Crichton et al., 2016). In addition, Kerdok et al.
(2006) reported that in the absence of perfusion, ex vivo liver is less
viscoelastic compared with in vivo liver, and as proposed by Wei et al.
(2017), the viscoelasticity of human skin is less than that of pigs, which
would suggest less pronounced differences between in vivo and ex vivo
conditions, than other animal models would. Ex vivo conditions would
also effectively eliminate the transient change in mechanical properties
due to rigor mortis.

4.6. Substrates of skin model affecting microprojection device
performance

Correlation between delivery efficiency, penetration depth with tis-
sue elasticity, due to blood circulation and rigor mortis, up to this point
have been discussed. However, just how much is this affecting functional
medical device attributes? Maximum bulk displacement of the skin was
approximately 5 mm deep due to a patch application (Supplementary
Fig. 2). Using the “10% rule of thumb” in indentation, as already
explored and used in Wei et al. (2017) for indentation, suggesting that
up to 50 mm of tissue beneath the skin surface could contribute to the
overall elasticity measured. However, Cartmill (Chao et al., 2010)
commented that in a homogenous, synthetic skin model, perturbation
waves attenuated well before reaching the 10% depth. Indeed, this was
shown in a side experiment that the critical relative indentation depth, a
depth at which indentation tests start to measure the effects of the
substrate rather than the material, of PDMS at a very compliant 20:1
ratio is likely around 30% (Supplementary Fig. 2) (Bartali et al., 2014).
The patch size to tissue thickness (including all soft tissues) ratio is also
well less than unity as proposed by Hayes et al. for tissue characterisa-
tion (Hayes et al., 1972). Nonetheless, non-invasive, highly dynamic
testing methods would invariably capture deeper tissue layers and
would be more difficult to isolate. Therefore, substrates beneath the skin
for in vivo and in situ models must also be considered, which includes,
adipose tissues, muscle and bone, and would affect the consistency of
patch application. In a clinical sense, the application site of each patient
would, therefore, be significantly different. The inguinal bulk, dynamic,
tissue elastic modulus is significantly higher (~5-15 kPa) than that of
rump (~15-60 kPa) (Fig. 3). Skin thicknesses between the two sites
were different (Fig. 7(b—d)), but evidently a smaller difference than fat
and muscle tissue thicknesses at the two sites. For improved and more
streamlined functional medical device development, a more controlled
ex vivo state would mitigate this variability, as shown in Supplementary
Fig. 1. Boundary conditions imposed on the ex vivo setup may also
explain similarities in penetration depth with the in vivo condition, as
the skin was pinned back to its original shape and subcutaneous tissues
were also replicated.

4.7. Applicator device performance

The maximum velocity of the applicator device is 16 m s. We
detuned the velocities to 8 and 12 m s in Fig. 7 (a) to explore if payload
delivery depth could be controlled, and it appears that within the range
it is possible. Although, we believe that a speed that is “too low” may
negatively affect penetration depth, as the skin is viscoelastic, and at low
strain rates, it will most likely tend to deflect than to allow microneedles
to puncture. We suggest that increasing the velocity and decreasing the
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mass (while allowing the energy to remain the same) may yield more
consistent delivery.

4.8. Limitations and future work

Firstly, we acknowledge that in this paper, we used a specific,
commercial (prototype) device — the Nanopatch — as an “off-the-shelf”
tool and a representation of a class of soft-tissue interfacing microneedle
devices, with similar methods of application (e.g. energy/velocity with
an applicator device) and scale of microneedle structures (e.g. width,
length, density). We do believe that using similar alternatives would
yield similar results (subject to the aforementioned factors). Secondly,
data gathered in this study was limited to only five pigs, three of them
extended to 240 min time point, and only the first four underwent skin
elasticity evaluation in vivo and in situ. Three skin specimens were har-
vested from three different pigs for ex vivo testing. Although the scatter
and consistency of the data were discussed above, further testing would
provide more evidence to support this study. Thirdly, future experi-
ments could explore longer time points post rigor mortis in situ and de-
livery efficiency ex vivo, although whether the results obtained for these
conditions are useful to researchers for device evaluation are unknown.
Fourthly, despite the similarities between human and porcine skin (Wei
et al., 2017) (and the site of the skin), there are still intrinsic differences
between the two (i.e. lower elasticity and viscoelasticity in humans), so
we suggest looking at the relative changes reported herein, rather than
the absolute values. Fifthly, future work could investigate increasing the
application velocity and decreasing the system mass, with a focus on
energy applied per microneedle. Finally, other measurement techniques
could also be used to complement the current indicators used for device
performance evaluation, namely, penetration depth and delivery
efficiency.

4.9. Discussion summary

Concluding from the results obtained in this study, the testing of
medical devices in vivo should avoid the period of rigor mortis. In vivo
conditions would be the most representative, although scatter for
different tissue substrates beneath the skin should be considered.
Attention should also be given to systemic circulation for the delivery of
small molecules in vivo, as transport of molecules would effectively
reduce delivery efficiency and also provide additional pressure in tissue
stiffness. Ex vivo conditions offered consistent results and are recom-
mended after in vivo models should animal or human experimentation
not be possible.

5. Conclusion

Animal models of the skin are key to the development of micro-
devices, but to date, there has not been data to help understand how
microdevices could perform different with in vivo, in situ or ex vivo
models. This study examined two main quantifiable techniques — de-
livery efficiency and penetration depth in a porcine model. Together, we
found the higher elastic modulus of porcine skin (with underlying tis-
sues), lead to higher penetration depths of the Nanopatch. This was
observed during in vivo and rigor mortis in situ conditions. Delivery effi-
ciency did not appear to correlate with tissue stiffness nor penetration
depth but did correlate inversely with elapsed time since patching. An ex
vivo boundary condition was implemented and tested to resemble in vivo
conditions, which could be used when in vivo experimentation is not
possible, including the advantage of isolating substrate effects. We
believe the data obtained is here is useful for those developing devices,
modelling tissue behaviour and for a wider consideration of medical
device applications.
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