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ABSTRACT

Purpose To investigate, for the first time, the influence of phar-
macist intervention and the use of a patient information leaflet on
self-application of hydrogel-forming microneedle arrays by human
volunteers without the aid of an applicator device.

Methods A patient information leaflet was drafted and pharmacist
counselling strategy devised. Twenty human volunteers applied | | X

| I arrays of 400 um hydrogel-forming microneedle arrays to their
own skin following the instructions provided. Skin barrier function
disruption was assessed using transepidermal water loss measure-
ments and optical coherence tomography and results compared to
those obtained when more experienced researchers applied the
microneedles to the volunteers or themselves.

Results Volunteer seff-application of the 400 um microneedle de-
sign resulted in an approximately 30% increase in skin transepidermal
water loss, which was not significantly different from that seen with
self-application by the more experienced researchers or application
to the volunteers. Use of optical coherence tomography showed
that self-application of microneedles of the same density (400 um,
600 um and 900 um) led to percentage penetration depths of
approximately 75%, 70% and 60%, respectively, though the diam-
eter of the micropores created remained quite constant at approx-
imately 200 m. Transepidermal water loss progressively increased
with increasing height of the applied microneedles and this data, like
that for penetration depth, was consistent, regardless of applicant.
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Conclusion We have shown that hydrogel-forming microneedle
arrays can be successfully and reproducibly applied by human
volunteers given appropriate instruction. If these outcomes were
able to be extrapolated to the general patient population, then use
of bespoke MN applicator devices may not be necessary, thus
possibly enhancing patient compliance.
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INTRODUCTION

Microneedle arrays (MN) are minimally-invasive devices that
painlessly by-pass the skin’s stratum corneum, which 1s the prin-
cipal barrier to topically-applied drugs. MN (50-900 pm in
height, up to 2000 MN cm™®) have been extensively investi-
gated in recent years as a means to enhance transdermal drug
and vaccine delivery (1,2). Indeed, MN arrays have already
successfully delivered oligonucleotides, desmopressin, DNA,
vaccines, insulin and human growth hormone i vwo in both
animal models and in human clinical trials (1-4).

A 2012 report from Greystone Associates, Microneedles in
Medicine: Technology, Devices, Markets and Prospects, puts the po-
tential MIN drug delivery market at just under $400 million
globally (5). Since MN are frequently targeted not only to the
$20 billion transdermal drug delivery and $25 billion global
vaccine markets, but also to the $120 billion global biologics
market, significant further growth is anticipated. While the
first two MN-based products, just recently marketed,
Soluvia® and Micronjet®, are based on metal and silicon
MN,; respectively, the current trend in MN-based research has
involved recognition of the dubious biocompatibility of silicon
and the potential for inappropriate reuse of silicon or metal
microneedles, which remain fully intact after removal from a
patient’s skin. Consequently, much recent effort has focussed
on MN prepared from FDA-approved biocompatible
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polymers (1,4). Initially, such systems were prepared from hot
polymer/carbohydrate melts. However, the high processing
temperatures led to degradation of the biomolecular cargoes
(6). Accordingly, an increasing emphasis has been placed on
MN formulated from aqueous polymer gels (7—10). We have
recently described novel hydrogel-forming MIN arrays, pre-
pared under ambient conditions that contain no drug them-
selves (10). Instead, they rapidly imbibe skin interstitial fluid
upon insertion to form continuous, unblockable conduits be-
tween the dermal microcirculation and an attached patch-
type drug reservoir. In so-doing, we have overcome one of the
noted limitations of dissolving polymeric MN, in that deliv-
ered doses of biomolecules are no longer limited to what can
be loaded into the needles themselves (8,10). Such hydrogel-
forming MN initially act simply as a tool to pierce the stratum
corneum barrier and then function as a rate-controlling mem-
brane, allowing sustained delivery of high doses of biomole-
cules. Importantly, such MN are removed intact from skin,
leaving no polymer residue behind, but are sufficiently soft-
ened, even after 1 min of skin insertion to preclude reinsertion,
thus further reducing the risk of transmission of infection
(10,11).

MN devices are not equivalent to conventional transder-
mal patches, in that they are not simply applied to the skin
surface. Rather MN function principally by breaching the
skin’s protective stratum cormeum barrier and often penetrate
into the viable epidermis and dermis (1,12). It is now well
known that the depth of MN penetration is influenced not
only by the force applied, but also MN geometry (height,
shape, interspacing) and speed of application (12—15). A pleth-
ora of MN applicator devices have been described and eval-
uated (16). However, in our experience as pharmacists, even
the most simple devices, such as inhalers and pessary applica-
tors, can be improperly used by patients and, very often,
patients are discouraged from using a medicinal product if
they perceive its use to be overly complex. It is our view that
MN-based products would be most successful commercially,
and in terms of patient acceptance, if they can be applied by a
patient to their own skin without an additional applicator
device or the need for assistance from a skilled medical prac-
titioner. Accordingly, in this study, we describe, for the first
time, the influence of pharmacist intervention and the use of a
patient information leaflet on self-application of hydrogel-
forming MN arrays by human volunteers.

MATERIALS AND METHODS
Chemicals
Gantrez® AN-139, a copolymer of methyl vinyl ether and

maleic anhydride (PMVE/MAH, Mw=1,080,000) was a gift
from Ashland (Kidderminster, UK). Poly(ethylene glycol)
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(PEG, molecular weight 10,000 Da) was purchased from
Sigma-Aldrich (Steinheim, Germany). Millipore water was
used throughout the study, while all other chemicals used
were of analytical reagent grade. Moisture-impermeable,
heat-sealable poly(ester) foils were purchased from Transpar-
ent Film Products Ltd (Newtownards, UK).

Fabrication of Hydrogel-Forming MN Arrays

Aqueous blends containing 15% w/w poly(methylvinylether/
maelic acid) (PMVE/MA) and 7.5% w/w poly(ethyleneglycol)
10,000 (PEG) were utilized to fabricate MN by using laser-
engineered silicone micromould templates (7,8,10). MIN were
prepared of three heights; 400 pm, 600 pm and 900 um, each
arranged in 11X 11 configurations on a 0.5 cm” area, with a
MN-free border to give a final patch area of 1.0 cm?. Opti-
mum polymeric composition was previously determined in
our previous hydrogel work (10,17,18). MN were crosslinked
(esterification reaction) by heating at 80°C for 24 h (10,17,18),
and the sidewalls formed by the moulding process removed
using a heated blade.

MN packages were produced from moisture-impermeable,
heat-sealable poly(ester) foil, measuring 4.0 cmx5.0 cm
(Transparent Film Products Ltd, Newtownards, UK). MN
produced were placed in the foil packaging and sealed using
a heat sealer (P400/L Impulse Heat Sensor Heat Press,
Polybags Ltd, Middlesex, UK). The arrays were then stored
individually in these packages under ambient conditions until
required for application.

Volunteer Recruitment

Twenty healthy Volunteers (8 men and 12 women) aged
between 21 and 23 years old from the final year student
population at the School of Pharmacy, Queen’s University
Belfast, with no pre-existing skin conditions were recruited to
the study by means of an email circular. Individuals
conducting research projects on microneedles were excluded
from the study to reduce subject bias. Volunteers were asked
not to apply cosmetic formulations to their ventral forearm
24 prior to the study and to avoid hot showers/baths or
exercise immediately before the study. Volunteers were
provided with information on the study, the risks associat-
ed and the confidentiality of the results obtained upon
recruitment. The School of Pharmacy Ethical Committee,
Queen’s University Belfast, approved this study. All Vol-
unteers provided fully-informed consent prior to beginning
the study.

Patient Information Leaflet and Counselling

Patient information leaflets (PILs) are normally supplied with
medicinal products and medical devices where the patient is
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expected to use them by themselves at home. Upon dispensing
such 1tems for the first time to a patient, it is normal practice
for the pharmacist to provide expert counselling.

r the use

Package leaflet: Information

Microneedle Patch

Image 2. Pictures showing the microscopic view of the needles
compared to viewing the patch by eye

Image 1. Microscopic view of the microneedles
embedded on the patch

Read all of this leaflet carefully before you apply the patch

¢ Keep this leaflet, you may need to read it again
¢ If you have any further questions, ask the researcher/pharmacist
e Only use this patch for the person directed, do not pass it onto others. It may harm them.

In this leaflet

. What Microneedle patches are and what they are used for
. Where to apply the patch

How to apply the Microneedle patch

. Further information

AwN P

1.What are Microneedle patches and what are they used for

Microneedles are patches consisting of extremely small needles used to administer medicine,
without penetrating the skin and underlying tissue as deeply as traditional hypodermic needles
(Image 3). When used for medical purposes, rows of several microneedlesare put onto tiny patches
that are then applied to the skin (121 microneedles or 11x11 in this case of this study).

The microneedles make microscopic holes in the surface of the skin to deliver a medicine, a process
called transdermal drug delivery. They cause minimal pain and trauma compared to hypodermic
needles (traditionally used for vaccinations and drawing blood). Microneedlesare used for various
medical purposes like immunizations, pain management, blood glucose monitoring in diabeticsand
also the future possibility of making childhood immunisations less daunting.Theyare a relatively

new medical technologyand are the subject of extensive research and study.

e

Image 3. Pictures showing the size comparison of the microneedle patches to a hypodermic needle

Microneedles have several advantages over syringes and hypodermic needles. They are virtually
painless because they do not go deep enough to touch any nerves, penetrating only the surfaceof
the skin, which consequently does not cause bleeding. The limited breakage of the skinalso means
that there is less chance of infection and injury. Additionally these patches makeit easier to deliver
exactly the right amount of a medicine, making it possible to use lower doses.

The size of a microneedle is measured in microns. One micron is one thousandth of a millimetre, and
the microneedles used are between 400-600 microns in height. Ahypodermic needle canrange from
16-38 millimetres i.e. 40-95 times taller than a microneedle. Patches coated with microneedles are
described as feeling similar to sandpaper when touched. (Image 4)

Image 4. Pictures showing the sizes of some microneedle patches

Where to apply the patch

. Apply the patch to either your upper arm or forearm

3. How to Put on a Microneedle Patch

Step 1: Preparing the Skin

*  Wash your hands before application, preferably with an antibacterial soap, and
then dry.
e Choose an area of non-irritated, intact skin on your upper arm or forearm.
o Avoid skin which is red, irritated or has any other blemishes, for instance large scars

Fig. | Patient information leaflet used in this study

The PIL used in this study (Fig. 1) was designed on the basis
of existing PILs for transdermal patches and devices that
require a more descriptive protocol, such as inhalers for

* Ensure the area of skin where the patch is to be applied is hairless or nearly hairless. .

* Make sure the area of skin chosen is completely dry, clean and cool.

e If necessary, wash it with cold or lukewarm water and dry. Do not use soap, alcohol, oil
lotions or other detergents on the area of skin

* After a hot bath or shower, wait until your skin is completely dry and cool

Step 2: Opening the pouch

e Each patch is sealed in its own pouch.

* Feel that the patch is at the bottom of the pouch before opening, as this will reduce the
chance of breakage.

* Gently tear or cut off the edge of the pouch completely (if you use scissors, cut where
indicated on the packaging) (Image 5)

* Take the patch out and apply it inmediately; do not remove the patch from the pouch until
needed.

* Do not use if the pouch is open, the patch is damaged or has been dropped.

* Retain the empty pouch in order to dispose of the patch later.

Step 3: Application

. Some may find it easier to rest their arm on a flat surface for application purposes.
. Ensure that the patch is being held so that the microneedles are pointed towards
the skin.
o Try not to touch the microneedles on the patch with your hand.
. Carefully place the patch onto an area of hairless skin, ideally on the forearm or
upper arm.
. Press the patch firmly into the skin.
. Apply firm pressure on the back of the patch to ensure insertion of the patch in the

skin. Ensure that pressure is applied in the direction of the skin
o The pressure required may be described as “pressing a button on an elevator” or
“putting a stamp on a postcard”
o Do not to apply too much pressure, as this may causepain or possibly break the
patch
. Hold the patch in place for at least 30 seconds and then release pressure. Make
sure it sticks to your arm

’ l
fEE

Image 5. Pictures showing the successive steps involved in the application of a microneedle patch to the forearm

Step 4: Disposing of the patch

* Remove the patch from the skin. This should not cause any pain.

* Return the patch to the pouch and dispose of the used patch as per household waste.

* The skin may appear red or itchy, but this will subside within a short time and is of no
concern

¢ As with all medications, ensure the patch is kept out of reach and site of children.

Step 5: Wash

. Wash your hands afterwards with clean water

4. Further information

What do Microneedle patches contain?

There is no active ingredient or medicine in the patches used for experimental purposes.

The needle size is between 400-600 microns in depth; each patch contains 11x11 microneedles
The patch is preparedfrom an water based gel containing:

* 15% Gantrez® [poly(methylvinyl ether/maleic acid)]
* 7.5% PEG [polyethylene glycol 10,000]

These materialsare well known to be non-toxic and non-irritant. In fact, they are used fora number
of wellknown applications;

¢ Gantrez® is used in toothpaste, denture adhesives and in nappy/diaper absorbents
* PEG is used in medicinesto prolong their duration of action within the body
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treatment of asthma. The views of MN researchers, pharmacy
practice researchers and also of those with no clinical back-
ground were considered in the design of the PIL. The PIL was
then checked for best practice against the criteria laid out in
“Quality Criteria_for PILs” published by the MHRA (19) to
ensure it was of an appropriate standard.

A strategy for counselling was then developed, again fol-
lowing discussion with MN researchers and pharmacy prac-
tice researchers. This counselling consisted of details about
MN technology, removal of the MN array from the imper-
meable packaging, how to hold and apply the MN (force
required was described as “pressing an elevator button firm-
ly”) and finally how to remove and dispose of the array
(Table I).

Volunteer Application Protocol

The study was conducted at a controlled room temperature of
20°C and a relative humidity of 45+ 5%. The subjects were
acclimatised in this room for 15 min prior to the start of the
experiment. During this time, subjects were presented with
the PIL and allowed to read the application technique of MN
arrays alongside counselling from the Researcher (KM, a
newly-qualified pharmacist with 1 month experience of MN
application). Each application used a new MN array. Two
circular areas were then marked on the right ventral forearm
and one on the left ventral forearm and numbered 1, 2 and 3
respectively (in ball-point pen measuring approximately
1.5 cm?). The circular areas were located at similar positions
on cach forearm. Before the Volunteers applied the MN
arrays, baseline transepidermal water loss (TEWL) values

Table I Pharmacist Counselling on Microneedle Application Protocol to
Human Volunteers. Further Clarification was Provided if Requested by the
Volunteers on Any Aspect of Application

Pharmacist Counselling Points

| “Feel that the microneedle patch is at the bottom of the packaging before
opening. Gently pull open the packet, ensuring you do not press on the
microneedle patch when doing so, as this may damage the microneedles”

2. “Remove the microneedle patch from the packet, holding it at the sides,
ensuring you do not touch the microneedles themselves with your hands
or skin. Keep the empty packaging for disposal of the patch after use”

3. "Place your arm on a flat surface, as this may make it easier to apply the
patch”

4. “Place the microneedle patch with the microneedles facing into your
forearm and press on the upper side (back) of the patch with your thumb,
focussing the pressure in the direction of your forearm, as if you were
pressing an elevator button firmly. Hold this pressure for around 30 s”

5. “Stop applying pressure and remove the patch from your forearm, holding
at the sides again and replace the array into its original package. Place the
package in the bin provided”

6. ‘Any skin redness is only temporary and is not a cause for concern”
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were recorded to give an indication of skin barrier function
(VapoMeter®, Delfin Technologies Ltd, Kuopio, Finland).
TEWL measures the outward diffusion of water through the
skin and, as such, provides information on the barrier status
(20). Measurement of TEWL by evaporimeter is often used as
an alternative to invasive measures of skin barrier obtained by
local excision or biopsy. Indeed, the technique has been
frequently used in MN-based studies, due to its patient-
friendly non-invasive nature and capability for rapid data
generation (21-24). TEWL measurements were taken by
carefully resting the TEWL probe horizontally on the appli-
cation site, with the probe head vertical and perpendicular to
the skin, the TEWL values were recorded for a period of 10—
15 s and the values expressed ingm 2 h™".

Each subject was then presented with the 400 pm MN
array design within its package, and asked to apply the MN to
circle 1 on their right ventral forearm for 30 s following the
steps detailed in the PIL. Once the subject had immediately
removed the MN array from their forearm, the TEWL was
again measured. This circle of skin was then left untouched for
30 min before another TEWL reading was taken.

The second MN application was performed on circle 2 on
the right ventral forearm, this time by the Researcher. A
baseline TEWL was taken again before application of the
array and then immediately after removal of the array and
at 30 min post-removal. The third microneedle application
was performed on circle 3 on the left ventral forearm by the
Volunteer again. This time the subject was given no PIL or
Researcher counselling, but relied on experience from their
former application and that of the Researcher. A baseline and
immediate post-removal TEWL reading were measured. Vol-
unteers were revisited after 24 h to check for any adverse skin
sensations or reactions during that period.

Control experiments investigating variability in TEWL
values were conducted with 4 additional Volunteers, whose
skin was not punctured using MN. TEWL values for these
Volunteers were measured on each arm on four occasions
over two separate 30 min periods on the same day.

Researcher Application Protocol

Self-application by the Researcher was conducted in the same
environment as that detailed in 2.5 above. Five circular areas
were marked on the researcher’s left and right ventral fore-
arms (10 in total), at approximately the same location on each
forearm (marked in ball-point pen, approximately 1.5 cm?).
There was, obviously, no requirement for a PIL or counselling
in this application protocol. The Researcher acclimatised to
the environment for 15 min prior to application. Prior to
application, baseline TEWL values were again recorded for
each of the circles. The Researcher then applied a 400 um
design MN array for 30 s to the circular areas on the ventral
forearm and, upon removal, a second TEWL reading was
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taken. This was repeated for each of the 10 circles. Each
circular area was left untouched for 30 min before the final
TEWL reading was measured.

Experienced Operator Protocol

Self-application by an “Experienced Operator” (AZA, A Lec-
turer in Pharmaceutics with 2 years’ experience of application
of MN to human Volunteers i viwo) was conducted in the same
environment as that detailed in 2.5 above. Five circular areas
were marked on the operator’s right ventral forearm (marked
in ball-point pen, approximately 1.5 cm?). There was again no
requirement for a PIL or counselling in this application pro-
tocol. The Experienced Operator acclimatised to the environ-
ment for 15 min prior to application.

Prior to application, baseline TEWL values were recorded
for each of the circles. The Experienced Operator then ap-
plied a 400 pm design MN array for 30 s to the
circular areas on the ventral forearm and upon removal
a second TEWL reading was taken. This was repeated
for each of the 5 circles. Each circular area was left
untouched for 30 min before the final TEWL reading was
measured.

Questionnaire

Asstructured questionnaire, consisting of 7 fixed questions, was
devised to consider the subjects’ thoughts and opinions of MN
technology, and the application process. Questionnaires were
designed in consultation with MN and pharmacy practice
researchers and piloted with staff' and postgraduate students
in the School of Pharmacy. Following agreed amendments,
and with full ethical approval, the questionnaires were admin-
istered to the Volunteers once the application protocol was
complete. The questionnaire was used to discover the Volun-
teers’ thoughts about MN self-application and also their over-
all opinion about the technology (scale strongly positive to
strongly negative 1-5). Data obtained was analysed by
Microsoft Excel® (Microsoft Corporation, Redmond, USA).
Where Volunteers provided additional opinions outside the
structured questionnaire, their responses were recorded and
considered in detail in order to identify trends and opportu-
nities to enhance the patient experience when using
microneedle-based products.

Penetration Depth Investigation

Since TEWL indicates the degree of skin barrier disruption
rather than MN penetration depth or the diameter of the
created micropores, and since penetration depth and micro-
pore diameter upon application are likely to be important
determinants of interstitial fluid uptake by, and subsequent
drug delivery from, hydrogel-forming MN arrays, additional

Table Il Transepidermal Water Loss (tewl) Values Before and After Self-Application of the 600 um Microneedle Design of Hydrogel-Forming Microneedle Arrays by Human Volunteers Following Pharmacist

Intervention with the Use of a Patient Information Leaflet. Application to the Left Arm was Performed Following Prior Self-Application to the Right Arm and Application by the Researcher, Also to the Right Arm, of Each

Volunteer. In All Cases, Microneedle Arrays Were Held in Place During a 30 s Application and Then Immediately Removed

% increase in

TEWL reading immediately
after self- application

Baseline TEWL reading
prior to self-application
(gm?h™ ") (Left arm)

% decrease in TEWL 30 min

after removal

% increase in TEWL reading 30

TEWL reading

Baseline TEWL

TEWL after self-

min after array

TEWL after self-
application

immediately after
self-application

gm*h™)

reading prior to self-
application (g m > h™ ")

(Right arm)

application to

(gm 2 h") (Left arm)

of array (Right arm)

removal (gm 2 h™")

(Right arm)

after (Left arm)

(Right arm)

(Right arm)

32.5+47
Range:

13.1=1.6
Range:

99+13

232+6.9

9.9 +1.1

31.6+84
Range:

13.0=1.7
Range:

9.9+ 1.24

Range:
7.6-123

Range:

Range:
6.8-41.5

Range:

10.9-16.0 25.0-44.0

7.9-12.3

8.3-12.1

8.4-46.9

10.3-16.3

=20

Means+S.D., n
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Table Il Transepidermal Water Loss (TEWL) Values Before and After Researcher Application of the 600 um Microneedle Design of Hydrogel-Forming
Microneedle Arrays to Human Volunteers. In All Cases, Microneedle Arrays Were Held in Place During a 30 s Application and Then Immediately Removed

Baseline TEWL reading prior
to Researcherapplication

TEWL reading immediately
after Researcherapplication

% increase in TEWL after
Researcherapplication

% decrease in TEWL
30 min after removal of

TEWL reading 30 min after
array removal (g m 2 h™ ")

(g m~% h™") (Right arm) (g m % h") (Right arm) (Right arm) (Right arm) array (Right arm)
99+1.1 12914 30.1 34 [0.1 = 1.1 21065
Range: Range: Range: Range: Range:

8.0-12.1 10.5-15.7 18.8-37.0 7.6—-11.9 16.7-28.3

Means = S.D., n=20

studies were conducted using the minimally-invasive skin im-
aging technique optical coherence tomography (OCT). Five
additional Volunteers were recruited according to the proto-
col detailed above. Following pharmacist counselling, and
having read the PIL during acclimatisation to the study envi-
ronment, the Volunteers applied an array of the 400 pm,
600 pm and 900 um MN to each of the three circles marked
on their forearms. The Researcher and Experienced Opera-
tor both did the same. In addition to TEWL measurements,
taken as before, OCT (VivoSight™ Topical Multi-Beam
OCT Handheld Probe, Michelson Diagnostics Ltd, Kent,
UK) was used, as described previously (10-12), to study MIN
penetration depth and micropore diameter. Data was pre-
sented as means (£ S.D.) of 10 replicate measurements of MIN
penetration depth and the diameter of the corresponding
micropore for MN of the same array, where the MN pene-
tration depth/micropore diameters were selected at random
from the 121 penetrating MN in each array. Quantification
was performed using the imaging software Image]J® (National
Institute of Health, USA). The scale of the image files obtain-
ed was 1.0 pixel=4.2 pm, thus allowing accurate measure-
ments of the depth of MN penetration and the diameter of
micropores created.

Statistical Analysis

Statistical analysis was performed using Prism 4® for Win-
dows (Graphpad, San Diego, USA). Analysis was performed

using the Mann—Whitney U-Test. In all cases, p<0.05 denoted
significance.

RESULTS

Table II shows the influence of Volunteer self-application
of MN following pharmacist counselling and Volunteer
reading of a PIL. TEWL values were significantly in-
creased (p<0.001) following immediate MN removal in
both cases, with an approximate increase of TEWL of
30% from baseline values. Application to the left arm
was performed following application of MN to the right
arm of Volunteers by the Researcher (Table III). Re-
searcher application again led to a significant increase in
TEWL values, though the increase was again in the order
of 30% and was not significantly different to the results
obtained from either of the Volunteer self-applications (p=
0.8392 and 0.6073 for right arm and left arm, respective-
ly). In all cases, TEWL values had returned to almost
baseline values 30 min post-MN removal, indicating res-
toration of skin barrier function. A similar pattern of
TEWL increase was seen when the MN were self-
applied by the Researcher (Table IV). No significant dif-
ference was found between the increase in TEWL imme-
diately post-MN removal when comparing the pooled
Volunteer data (self-application to right and left arm) with
the Researcher self-application data (p=0.0708). Data

Table IV Transepidermal Water Loss (TEWL) Values Before and After Researcher Selff-Application of the 600 um Microneedle Design of Hydrogel-Forming
Microneedle Arrays. In All Cases, Microneedle Arrays Were Held in Place During a 30 s Application and Then Immediately Removed

Baseline TEWL reading prior
to Researcher self-application

TEWL reading immediately
after Researcher self-application

% increase in TEWL after
Researcher self-application

% decrease in TEWL
30 min after removal of

TEWL reading 30 min after
array removal (g m 2 h™ ")

(gm 2 h") (Right arm) (gm 2 h~") (Right arm) (Right arm) (Right arm) array (Right arm)
9.5+04 123+0.5 28.5+3.8 9.6+0.6 21.9+4.2
Range: Range: Range: Range: Range:
8.9-10.0 [1.8-13.5 23.7-35.0 8.6—-10.2 17.7-28.1

Means = S.D., n=10
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Table V Transepidermal Water Loss (TEWL) Values Before and After Experienced Operator Self-Application of the 600 um Microneedle Design of Hydrogel-
Forming Microneedle Arrays. In All Cases, Microneedle Arrays Were Held in Place During a 30 s Application and Then Immediately Removed

% increase in TEWL after
Experienced Operator self-

% decrease in TEWL
30 min after removal of

Baseline TEWL reading prior to
Experienced Operator self-

TEWL reading immediately after
Experienced Operator self-

TEWL reading 30 min
after array removal

application (g m~2 h™ ") (Right arm)  application (g m~2 h™ ") (Right arm)  application (Right arm) (gm 2 h~") (Rightarm) array (Right arm)
9.9+03 13.5£05 358%25 0.1 £04 250%33
Range: Range: Range: Range: Range:

9.6-10.3 12.9-13.9 31.6-37.6 9.6-10.7 20.2-28.9

Means = S.D., n=5

obtained for self-application by the Experienced Operator
again followed a familiar pattern, with no significant dif-
ference in the increase in TEWL as compared to the
pooled Volunteer self-application data (p=0.0832). When
MN were not applied to skin, TEWL values changed
little. For the 4 Volunteers studied in this control experi-
ment, their initial mean TEWL was 9.1 g m 2 h!
(Range: 7.2—-12.0). When measured 30 min later, the mean
TEWL was again 9.1 g m > h™' (Range: 5.3-10.7). When
measured again later the same day, their initial mean TEWL
was 8.6 gm 2 h™' (Range: 7.0~10.8). When measured 30 min
later, the mean TEWL was 8.5 g m * h™' (Range: 7.2-9.8)
(Table V).

OCT experiments (Fig. 2) revealed no marked differences
in the width of created micropores (Table VI), regardless of
MN height or applicant (Volunteer, Researcher, Experienced
Operator). However, as MN height was increased, progressive
increases were seen in the depth of MN penetration beyond
the stratum corneum for all applicants (Table VI). This was
mirrored by progressive increases in TEWL values as
MN height was increased (Table VII). Interestingly, the
percentage of the needle shaft that penetrated beyond
the stratum corneum decreased as MN height increased
(Table VIII). This was consistent, regardless of the ap-
plicant, with no significant differences (p>0.05 in each

Fig.2 Exemplar optical coherence
tomography images of hydrogel-
forming microneedles of different
heights (400 um, 600 um and
900 um) following insertion into
human skin (Scale bar represents
300 um).

400 pm

case) in percentage penetration between the Volunteers
and the Researcher, the Researcher and the Experi-
enced Operator or the Volunteers and the Experienced
Operator at each of the MN heights.

The questionnaire was used to highlight the Volunteers’ views
on MN; as it 1s now widely accepted that obtaining the opinions
of the eventual users of medical technology 1s important and they
should have a greater involvement (25). Volunteer’s
views on MN are likely to help those involved in MN
development towards producing an end product that is
acceptable to the general patient population. Data was
grouped according to identifiable themes and individual
Volunteer statements summarised and categorised for
the purposes of tabulation (Table IX). For example,
“Would different people apply different amounts of
pressure to the microneedle?” and “What about patients
having different skin thickness?” became “Inter-patient
variability in applying pressure or skin thickness”.

All 20 Volunteers stated that MN could be transferred and
used by the public effortlessly, but only if an appropriate PIL
and counselling by a pharmacist was available. Furthermore,
subjects agreed that the use of a placebo would be good for the
public to practice before application. Table IX also displays
the Volunteers’ perceived advantages of the technology, with
the main benefits stated being those over hypodermic

600 um 900 um
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Table VI Influence of Applicants and Microneedle Height on Penetration
Depth and Micropore Diameter in Human Skin In Vivo Upon Self-Application.
In All Cases, Microneedle Arrays Were Held in Place During a 30 s Application
and Then Immediately Removed. VolunteersWere Counselled by a Pharma-
cist and Had Read a Patient Information Leaflet Prior to Application

Penetration depth (um) Micropore diameter (um)
A

400 um
Volunteer | 2922 +17.1 1794+153
Volunteer 2 311.6=19.1 203.2+34.2
Volunteer 3 288.4+21.0 202.8+20.1
Volunteer 4 2772+17.1 229.1 =175
Volunteer 5 3004 =311 1942=+19.0
Researcher 307.6=13.1 200.4+09.0
Expert Operator 307.6+35.2 2004 +15.0
B

600 um
Volunteer | 394.8+27.2 1922+10.0
Volunteer 2 353.4+18.8 2214+21.6
Volunteer 3 401.0=12.8 198.0+18.9
Volunteer 4 411.4=19.8 207.0x21.6
Volunteer 5 381.4+203 199.4+194
Researcher 367.8+32.1 173.0£28.1
Expert Operator 354.8+30.3 188.1 =20.3
C

900 um
Volunteer | 466.1 = 16.2 181.75+26.5
Volunteer 2 5424=+21.7 2232 =128
Volunteer 3 496.8+62.2 175.5+22.1
Volunteer 4 5172x20.7 188.6+23.4
Volunteer 5 528.0+55.8 1752+ 12.1
Researcher 533.4+32.1 203.6+22.8
Expert Operator 512.1£23.8 170.4=26.1

Means = SD, n=10

injection with less painful administration, self-administration,
reduced fear and needle-stick injuries being raised by all 20
Volunteers. Despite the Volunteers being able to recognise the
key benefits of the technology, they were also wary about some
perceived limitations, as 16 Volunteers were unsure if they
had applied enough pressure to successfully insert the MN and
also 9 Volunteers stated that if a drug was present they
wouldn’t be confident that it would have entered the
body. The majority of Volunteers questioned how much
the technology would cost as compared to traditional
injections and 14 volunteers wondered whether MN
could be used as immediate release formulations. In spite of
the possible disadvantages that were discussed by Volunteers,
80% stated that their overall view of MN technology was
strongly positive, the remainder being positive, with no nega-
tive views expressed.

@ Springer

DISCUSSION

MN technology 1s one of the most promising developments
made in drug delivery over the past decades and possesses
numerous advantages over conventional means of transder-
mal delivery. Drug substances with high molecular weight
and/or water solubility can now be successfully delivered
(1-5). Furthermore the rate of drug delivery can now almost
be exclusively controlled by the delivery system as opposed to
the stratum corneum (10,11). MN also have substantial benefits in
that application is typically pain free and avoids bleeding
(1-5). There 1s minimal microbial ingress into skin (11,26),
meaning MIN have never been associated with skin or systemic
infection, avoidance of needle stick injuries and an ease of
disposal for self-disabling polymeric MIN. The benefits for
patients and industry of MN-based products are, thus, very
clear, with reduced vaccination risk in the developing world,
controlled administration of a much greater range of drugs
and extensive expansion of the transdermal drug delivery
market the most immediately obvious.

Central to the future success of MN technology will be its
correct use by patients, with reproducible insertion of MIN
into skin crucial. The recently-marketed Soluvia® and
Micronjet® devices closely resemble a conventional hypoder-
mic needle and syringe, the key differences being the much
shorter shaft length for the single Soluvia® needle and the
four needles for Micronjet®. Accordingly, such devices will be
inserted into patients’ skin by skilled medical professionals in
much the same way as a conventional needle, rather than by
patients themselves. Therefore, the advantages of these sys-
tems are likely to be limited to enhanced reliability of intra-
dermal vaccination, rather than facilitated at-home use by
patients, which is where the major market driver is for MIN-
based delivery technologies. The MN devices that will have
the greatest patient and commercial benefit are likely to be
those that more closely resemble a traditional transdermal
patch in terms of appearance and application/insertion
than a traditional injection. The majority of MN
insertion/penetration studies have to date been conducted
using excised animal skin. Although this provides essential
pre-clinical data, there are significant architectural and
immunological differences between animal and human skin
(27). Therefore, any micropores created in animal models
are not completely accurate representations of human skin.
More recent studies involving the use of ex viwo human skin
have shown that, while it provides an anatomically relevant
model for MN research, the excision of the skin from its
natural environment results in considerable biomechanical
changes to the tissue (28), with loss of skin tension and the
support of underlying muscle and fat likely to be important.
Recently, there has been an increase in the number of
studies that have examined MN penetration in human
volunteers (10,11,29), providing data that can be directly
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Table VIl Influence of Applicants and Microneedle Height on
Transepidermal Water Loss Following Self-Application of Microneedle Designs
of Hydrogel-Forming Microneedle Arrays. In All Cases, Microneedle Arrays

Were Held in Place During a 30 s Application and Then Immediately
Removed. Each of the 3 Application Sites Had TEWL Values Recorded Before
Application and Immediately After Removal

Baseline TEWL reading
prior to self- application

TEWL reading immediately
after self- application of 400 um

TEWL reading immediately after
self- application of 600 um

TEWL reading immediately
after self- application of 600 um

(gm2h™h microneedle patch microneedle patch microneedle patch
gm*h) gm*h™) gm*h™)
Volunteers 9.6x£2.6 12024 145246 19.5£29
n=5 Range: Range: Range: Range:
6.2-13.4 9.3-13.9 10.1-19.2 17.8-22.9
Mean % increase: Mean % increase: Mean % increase:
25.0 51.0 103.1
Researcher [2.1x=1.7 16.2 19.5 224
Range: % increase: % increase: % increase:
13.5-10.3 339 61.2 85.1
Expert Operator 9.9+ 1.1 [3.1 16.6 17.8
Range: % increase: % increase: % increase:
9.7-11.1 323 67.7 79.8

extrapolated to the clinical environment. However, the
principal goal of such studies has been to evaluate the
safety, sensation or drug delivery associated with MN in-
sertion rather than the ability of human subjects to success-
fully insert the MN into their own skin (10,11,29,30).
Indeed, it is notable that in all of these studies the research
team have applied the MN to the volunteers, rather than
the volunteers self-applying the MN. In an investigation of
the opinion of both the public and healthcare professionals
of MN technology (31), numerous points were raised about
the advantages of self-administration; 88% of subjects
agreed they would be happy to use MN on themselves,
provided that there was clear instruction, and 84% of
participants stated self-administration of MN was a signifi-
cant benefit over hypodermic injection. As no studies have
been conducted focusing on human subjects’ ability to
successfully self-insert MN arrays into their own skin, it
would seem prudent to tests this. Accordingly, this formed
the basis of the present study.

Today, no medicinal product or medical device is pro-
vided without a PIL and it would be irresponsible of
healthcare professionals, such as medical doctors and dis-
pensing pharmacists, not to counsel their patients on a new
medicine or device prescribed for them for the first time.
Accordingly, a suitable PIL and pharmacist intervention
strategy were designed and implemented here. These ap-
proaches were successful, in that application of 400 pm
MN arrays comprised of 121 individual MN yielded com-
parable increases in TEWL values whether the arrays were
self-applied by the novice Volunteers, the Researcher, who
was relatively new to the field, or the Experienced Opera-
tor. Indeed, the Volunteers caused similar disruption to skin

barrier function with their very first MN application as they
did with their second, which also followed application to
their skin by the Researcher. Since OCT studies indi-
cated that increase in TEWL values was closely related
to increasing depth of MN penetration into skin, it is
likely that Volunteers inserted MN to reasonably similar
depths to each other, the Researcher and the Experi-
enced Operator following pharmacist counselling and
having read the PIL.

In this study, we have shown for the first time that our
hydrogel-forming MN arrays can be successfully and repro-
ducibly applied by human volunteers given appropriate in-
struction. If these outcomes were extrapolated to the general
patient population, then use of bespoke MN applicator de-
vices, such as that employed for self-application in clinical
trials of Zosano’s Macroflux® device (16), would not be nec-
essary, thus possibly enhancing patient compliance. However,
a number of factors must be considered in progression from

Table VIl Effect of Applicants and Microneedle Height on the Percentage of
the Microneedle Shaft Length Penetrating Beyond the Stratum corneum upon
Self-Application

Penetration depth%

400 um 600 um 900 um
Volunteer 73.5%x53 70.5+3.5 59.9+4.1
Researcher 769+33 69.4+5.8 62.8+3.7
Expert Operator 7595+8.8 64555 60.2+2.8

(Means = S.D., n=10)
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Table IX View and Opinions Obtained from 20 Human Volunteers through the Structured Questionnaire

Questions Asked About Microneedle Technology

Number of Volunteers that Stated Answer

QI. Do you believe this method of microneedle application could be transferred to the general patient population?

Yes 20
Q2. Is pharmacist counselling and a PIL required?
Yes 20
Q3. Do you think the use of a placebo microneedle patch is a good idea for demonstration?
Yes 20
Q4. What limitations or problems do you think may be encountered with the general patient population using microneedle-based medicinal products?
Inter-patient variability in applying pressure or skin thickness 16
Not confident the drug had entered the body (compared to hypodermic injection) 9
Potential for misuse and abuse |
Can it be applied to immediate release preparations? 19
Possible high cost of microneedles compared to hypodermic injection 14
Q5. What advantages do you think microneedle-based products have over conventional methods?
Less painful than hypodermic injection 20
Possibility of self-administration 20
Less bleeding 12
Less tissue damage I3
Less needle stick injuries 18
Reduced fear of injection 20
Q6. Who do you believe would derive the greatest benefit from microneedles?
Children 19
Diabetics 17
Needle-phobic patients 20
Q7. Once you have read the PIL, been counselled and applied the microneedles yourself what was your overall perception of microneedles?
Strongly Positive 16
Positive 4
Neutral 0
Negative 0
Strongly Negative 0

here. The relatively small number of subjects participating in
the present study were all final year Pharmacy students who,
despite not having prior knowledge of the application of MN,
are well-educated and have extensive clinical knowledge.
The MN arrays used here had total patch areas of approx-
imately 1.0 cm”. While patches this size are likely to be
suitable for vaccination purposes, due to the small doses
required, significantly larger patch sizes will be required for
delivery of non-potent therapeutic agents. Finally, TEWL
readings can be subject to inter-individual variation and
can be affected by the anatomical region sampled, as well
as ambient conditions. Accordingly, we are now moving
forwards from this Pilot Study to carry out a much larger,
fully-funded, investigation centred on members of the lay
public and employing a variety of MN designs in terms of
MN geometry and patch size, with OCT measurements
being used to determine the penetration depth of every
MN in each array. Since the volunteers here were

@ Springer

concerned that patients would not know if they had applied
sufficient pressure, we will be incorporating low-cost
pressure-responsive feedback systems into a backing layer
that will overly the MN patches. The outcomes of this new
study will undoubtedly enhance industry and regulatory
confidence in MN-based products, increasing investment
and speeding translation to commercialisation and patient
benefit.
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