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Abstract

Acetyl-hexapeptide-3 (AHP-3) is a small peptide with good anti-wrinkle efficacy and safety profile.
However, due to its hydrophilicity and high molecular weight, its skin permeation is generally poor.
An innovative microneedle (MN) patch such as the curved, flexible or personalised MN patchisa
viable avenue to deliver AHP-3. However, the well-researched geometrical relationship of MN on a
flat MN patch cannot be assumed for these novel MN patches due to a complex mix of axial and shear
forces. In this study, 3D printing was used for the fabrication of various MN patches with different MN
geometries and curvatures. Both mechanical strength and skin penetration efficiency were used to
determine the optimal MN geometry. The optimal MN geometry was then applied to the fabrication
of a personalized MN patch (PMNP) for anti-wrinkle therapy, via 3D printing. In all, the general
principles of MN geometrical effects on mechanical strength and skin penetration efficiency for a
curved and a flat MN patch were similar. A MN height of 800 um, tip diameter of 100 zm, interspacing
0f 800 um and base diameter of 400 sm was observed to be the optimal MN geometry across all
curvatures. In vitro skin permeation study demonstrated enhanced transdermal delivery of AHP-3
using the fabricated PMNP. Therefore, PMNP with optimized MN geometry can potentially be a
novel approach to augment transdermal delivery of AHP-3 for effective wrinkle management.

Introduction

The first indication of ageing often presents itself as
folds or creases in the skin, or commonly known as
wrinkles. These wrinkles are most commonly found in
the periorbital region of the face [1, 2]. When an
individual with wrinkles becomes excessively anxious
over his/her facial outlook, several psychosocial issues
can result, such as reduced ability to work or their self-
esteem may take a plunge [3]. As such, to improve the
psychosocial aspects of these individuals, simple and
efficacious therapy for treating wrinkles is vital.
Acetyl-hexapeptide-3 (AHP-3) is a topically admi-
nistered anti-wrinkle small peptide. Its main mode of

action involves inhibiting the release of a neuro-
transmitter, namely, acetylcholine. This inhibition
results in a reduction of repeated contractions invol-
ving facial muscles that regulate facial expressions.
This, in turn, decreases the formation of expression
wrinkles. These wrinkles are creases or folds in the
facial region due to repeated contractions of the same
area [4—6]. Furthermore, AHP-3 is an attractive
candidate for anti-wrinkle treatment due to its
demonstrated efficacy, with a ~49% improvement of
wrinkles after 4 weeks of a twice a day regime [4, 7, 8].
Compared to the more widely used Botulinum toxin
(Botox"), AHP-3 also has a much favourable toxicity
profile (>2000 mgkg ') versus that of Botox

©2020 IOP Publishing Ltd


https://doi.org/10.1088/1758-5090/ab6d37
https://orcid.org/0000-0002-1676-7607
https://orcid.org/0000-0002-1676-7607
mailto:lifeng.kang@sydney.edu.au
https://doi.org/10.1088/1758-5090/ab6d37
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ab6d37&domain=pdf&date_stamp=2020-04-08
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ab6d37&domain=pdf&date_stamp=2020-04-08

10P Publishing

Biofabrication 12 (2020) 035003

(20 ngkg ™). In addition, the route of administration
for Botox" is via an injection into the facial muscles at
site of wrinkles [4], by a healthcare professional, as
compared to the ability to self-administer AHP-3 in a
cream or solution.

While AHP-3 appears to be a good candidate for
anti-wrinkle treatment in terms of efficacy and safety,
its skin permeation is often limited, due to a high
molecular weight (889 Da) and a hydrophilic nature
(logP value of —6.3) [8]. Only minimal amount of
AHP-3 (0.01%) was delivered to the viable epidermis
after topical application [9]. A huge amount of AHP-3
failed to permeate through the stratum corneum and
remained on the skin surface. This inefficient drug
delivery resulted in massive wastage and reduced effi-
cacy due to insufficient drug concentration at site of
action.

In view of this inefficient transdermal delivery,
several groups have proposed various methods to
improve the transdermal delivery of AHP-3. Most of
these methods involved the optimisation of pharma-
ceutical formulations. For instance, using a high con-
centration of AHP-3 (10% w/w) in an oil-in-water
emulsion, Kraeling et al demonstrated a modest
improvement of skin permeation for AHP-3. How-
ever, the outcomes were still far from desirable as only
0.32% of AHP-3 managed to reached the viable epi-
dermis [9]. Furthermore, the use of a high concentra-
tion can result in unwanted high cost of the final
product. On the other hand, using a water-in-oil-in-
water emulsion, Hoppel et al demonstrated a superior
absorption of AHP-3 as compared to water-in-oil
emulsion [10]. In similar formulation approach, Ruiz
et al demonstrated superiority of a cream as compared
to gel dosage form for the transdermal delivery of
AHP-3 [11]. However, the increase in AHP-3 deliv-
ered to the viable epidermis, was once again, modest.
More recently, using various molecular modification
of the chemical structure, Lim ef al demonstrated a sig-
nificant enhancement of transdermal delivery of AHP-
3 analogues, as compared to AHP-3 [12]. However,
this method brings about concern of efficacy and
safety for the newly modified compounds. Therefore,
there is a need for improvements to AHP-3 transder-
mal delivery which may enhance its action and greatly
benefit individuals plagued by periorbital wrinkles.

The use of microneedle (MN) assisted transdermal
drug delivery system provides a feasible avenue to
enhance skin permeation of AHP-3, via micro-pores/
channels created by MNs [13]. Moreover, MN has the
benefit of alocalised action with minimal systemic side
effects. MN usage also allows ease of self-administra-
tion without significant pain (due to its minimally
invasive nature). This could potentially improve
patient compliance [11, 13-15] which is critical for
improved patient outcomes. In the past few decades,
extensive research on MNs was conducted to optimise
transdermal drug delivery [16]. However, most studies
were carried out for flat MN patch, which has been
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seen in recent years, as inadequate for efficient applica-
tion to the undulating and elastic human skin surfaces
[17, 18]. Flat MN patch is subjected to a ‘bed of nails’
effect, which causes non-uniform insertion of MNs on
an undulating skin surface [19]. Hence, this leads to
non-uniform dosing which may affect treatment out-
comes and increased risk of MN breakage due to
unbalanced resistant forces [20, 21]. Intuitively,
curved [22], flexible [23, 24] or personalised [19] MN
patches would conform well to uneven body surfaces.
However, the fabrication of curved MN is often tedious
and the correct use of flexible MN is dependent on user
expertise to ensure proper fit. Therefore, a PMNP that
contours to the periorbital region in a fixed shape, will
be of great potential for transdermal delivery of AHP-3
in the treatment of periorbital wrinkles.

However, in the development of a PMNP, it cannot
be assumed that any MN geometrical relationships
drawn from flat MN patch can be directly applied to
curved MN patch. As illustrated in figure 1, while only
axial forces are experienced in a flat MN patch, a com-
plex mix of axial and shear forces are experienced by
curved or personalised MN patch. Therefore, this study
aims to first, optimise the MN geometry for varying cur-
vatures of MN patch, and second, to fabricate a PMNP
with an optimised MN geometry for the periorbital
region. 3D scanning and 3D printing via digital light pro-
cessing (DLP), with the aid of computer-aided design
(CAD) software, were employed to create polymeric MN
patches with varying curvatures and MN geometries
required for the study. This method of additive manu-
facturing is chosen due to its ability to construct complex
structures rapidly and precisely, unlike traditional sub-
tractive or formative manufacturing [25-28].

Materials and methods

Materials

The 3DM-castable resin was purchased from 3D-
Materials SASU (Feldkirch, France). AHP-3 was
received from Kaijie Peptide Company (Sichuan,
China). Sulforhodamine B, phosphate buffered saline
(PBS) and calcein disodium dye were purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
All mentions of water refers to deionised, grade 1 water
filtered from a laboratory water purification system
(Adrona Crystal, Latvia), unless otherwise stated.
Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone
Elastomer Kit) was obtained from Dow Corning
(Midland, MI, USA). PrestoBlue” was obtained from
Invitrogen (Carlsbad, CA, USA). Culture media con-
sisted of Dulbecco’s Modified Eagle Medium (DMEM)
(Invitrogen) supplemented with 10% of fetal bovine
serum (FBS) (Invitrogen) and 1% of 10 000 U ml ™"
penicillin and 10 mgml ™" streptomycin (PS) (PAN-
Biotech GmbH, Germany). Porcine cadaver skin was
obtained from NUS Animal Centre, approved by NUS
Institutional Animal Care and Use Committee
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Figure 1. Schematic representation of the MN patch on flat surfaces versus MN patch on personalized contouring surfaces and the
various forces experienced by each MN. (A) MN patch on flat surface, being inserted on an undulating, uneven skin surfaces. MN at
this point only experiences axial forces. (B) MN patch on personalized curved surfaces, achieving complete insertion into the
undulating human skin. Other than axial force, MN also experiences varying degree of shearing forces when being inserted onto a

curved surface.
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Figure 2. Schematic of Arbitrary Angles Chosen to Represent Various Human Anatomy Curvatures. (A) Mathematical formula
utilised to plot curves in CAD software. The various degree of curves approximately represents finger/shoulder (sharp curve), head/
buttocks/knees (intermediate curve) ad arm/abdomen/thigh (gentle curve); (B) Microneedles on sharp curve substrate; (C)
Microneedles on intermediate curve substrate; (D) Microneedles on gentle curve substrate.
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(IACUC). Human dermatome cadaver skin was
obtained from Science Care (Arizona, USA). The skin
tissues were excised from a 66 years old Caucasian
female and the use of these skin tissues were approved
by NUS Institutional Review Board (IRB). 10% neutral
buffered formalin was purchased from Leica Biosys-
tems Nussloch GmbH (Germany). All other reagents
were of analytical grade.

Design of curved MN patches for MN geometry
optimisation

AutoCAD® 2017 (Autodesk” Inc., San Rafael, CA,
USA) was used for the design of curved MN patch
(CMNP) that were first used for optimisation of MN
geometry. Three varying curvatures of MN patch
were studied, namely sharp (0 = 45°), intermediate
(0 = 60°) and gentle (@ = 75°), as illustrated in
figure 2. Three parameters of MN geometry were also
investigated, namely MN height (or length), tip
diameter and interspacing (centre-to-centre spacing).
A reference model and base diameter of 400 ym were
used as baselines in determining the MN geometries,
with the choices of aspect ratios guided by previous
studies [24—26]. The surface area of all CMNP models
was kept constant at 2.25 cm” for purpose of compar-
ison in subsequent experiments. This was achieved by
reducing the length of b as appropriate, while keeping
the same f as per previously determined.

Fabrication of MN patches

A Digital Light Processing (DLP) 3D printer (Titan
2HR, Kudo3D Inc., CA, USA), assembled with
Optoma” DLP projector, was employed to fabricate
the CMNPs. The designed CMNP CAD models were
exported from AutoCAD” in .STL format and digitally
sliced into 25 pum layers via Creation Workshop
Envision Labs (St. Mankato, MN, USA) to give
individual two dimensional (2D) images. Following
which, these images were compressed into a .zip file
and processed in Titan 2HR’s control software to
initiate printing. The XY resolution of the Titian DLP
printer was set as 37 um and the resin used for 3D
printing was 3DM-Castable resin. The print settings
were optimised from the guide supplied by Kudo3D
Inc. [29]. The parameters optimised included lifting
speed, lifting height, exposure time and the time delay
before next exposure. Briefly, the DLP 3D printer
function based on the principles of vat polymerisation.
Once the build platform is lowered into the resin and
comes into contact with the bottom of the resin
container, the DLP projector projects a 2D image onto
the resin container, as per determined by the indivi-
dual image slices previously, and polymerises a thin
layer of liquid resin into a solid. The build platform
then separates from the resin container at the pre-
optimised speed and height to allow fresh uncured
resin to flow into the area below the printed parts and
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the build platform. This process repeats, until the
entire object is printed.

Post-fabrication treatment

The printed CMNPs were detached from the build
platform of 3D printer using a sharp blade and
subjected to post-fabrication processes modified from
Oskui et al [30]. Firstly, the CMNPs were soaked in
isopropyl alcohol (IPA) to eliminate any residual resin
from the surface of the printed parts. A fresh change of
IPA was made every 15 min until no obvious coloura-
tion was observed in IPA. Excess amount of IPA on the
printed parts was rinsed off using tap water and the
CMNPs were left to dry. Subsequently, the CMNPs
were exposed to UV-visible radiation at 400 nm under
an enclosed LED lamp for 2h to polymerise any
remaining uncured resin. Thereafter, the CMNPs were
soaked sequentially in 1X PBS for 24 h followed by
70% v/v ethanol for another 24 h. The final CMNPs
were left to dry in ambient room temperature and
pressure before use [19]. This series of treatment had
been demonstrated to render the final product bio-
compatible with human dermal cell lines [19].

Mechanical strength testing for CMNP

The CMNPs were first photographed with a Nikon
SMZ-25 stereomicroscope (Nikon, Japan) and the
Nikon imaging software (NIS-Element Analysis D
4.20.00) to obtain the pre-compression images. Next,
Algol JSV H1000 digital force gauge (Algol Instrument
Co. Ltd Taiwan) was employed to compress the
CMNPs against curved acrylonitrile butadiene styrene
(ABS) substrates corresponding to the three curva-
tures, at 40 N for 30 s. The curved ABS substrates were
fabricated via Fused Deposition Modelling 3D printer,
Da Vinci 1.0 (XYZ printing Inc., CA, USA). Subse-
quently, the CMNPs were photographed with the
same stereomicroscope to obtain the post-compres-
sion images. The ‘pre’ and ‘post’ images were visually
compared to identify MN fractures and determine the
percentage of intact MNs. A triplicate was conducted
for each combination of curvature and its geometry
[12,19,25,31,32].

Skin penetration efficiency testing for CMNP

Curved polydimethylsiloxane (PDMS) substrates,
which mimic full-thickness skin, were prepared in
advance. Briefly, a mixture of silicone elastomer base
and curing agent in a weight to weight ratio of 9:1 was
poured into the reverse moulds (3D printed via Titan
2HR, Kudo3D Inc., CA, USA) corresponding to the
three curvatures. The elastomeric mixture was then
degassed in a vacuum chamber to remove entrapped
air bubbles, prior to heat curing at 70 °C for 2h to
obtain the hardened PDMS substrates [19, 27, 31].
CMNPs were dip-coated with fluorescent dye sulfor-
hodamine B [33] and left to stand for 10 min while
protected from light. The excess dye was drained off
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using Kimwipes™. Thereafter, porcine cadaver skin
was laid stretched over a curved PDMS substrate with
epidermis side facing up and the dip-coated CMNP
was compressed onto the skin using a thumb (~20 N)
[34] in a slow rotational motion for 30 s. Excess dye on
the skin was wiped off using 70%v/v ethanol. Subse-
quently, the stained porcine skin was visualized with
fluorescence illumination, using the Nikon SMZ-25
stereomicroscope to identify the extent of penetration.
The percent penetration was determined by counting
the number of stained holes, which represents stratum
corneum perforation, as a percentage of the total
number of MNs. Triplicates were performed for this
test[19,27].

In vitro biocompatibility of fabrication CMNP

Based on EN ISO 10993-12:2012 guidelines, the
in vitro biocompatibility of fabrication CMNP was
conducted using three 1 cm’ cubes previously printed
and post processed. The cubes were subsequently
soaked in 6 ml of PBS for 24 h.

Human dermal fibroblast (HDF) and human adult
low calcium high temperature (HaCaT) cells were
used to assess the toxicity of the 3D printing resin.
Cells were grown in DMEM supplemented by 10%
FBS and 1% penicillin—streptomycin solution. 10 000
cells were plated into 96-well microtiter plates with
200 pl of culture medium in each well. After 24 h of
incubation at 37 °C and 5% CO,, all culture medium
was removed and replenished with 180 pl of fresh cul-
ture medium plus 20 ul of polymer extract for each
well. The negative control consisted of cells incubated
with 180 pl of fresh culture medium and 20 pl of ster-
ile PBS. The plates were incubated at 37 °C and 5%
CO, for 24 h (1 Day) and 72 h (3 Days).

Atthe end of Day 1 and Day 3, 22 yl of PrestoBlue”
cell viability reagent was pipetted into each of the
wells. The 96-well plate was then incubated for 30 min
under the same incubation conditions stated above.
The absorbance of each well was then analysed with an
absorbance plate reader (SpectraMax® 190, Sunnyvale,
CA, USA) at a wavelength of 570 nm and a reference
wavelength of 600 nm.

The normalized background absorbance of resor-
fin was determined from the blanks and subtracted
from the normalized absorbance of the experimental
and standard reference wells to obtain the corrected
absorbance. Subsequently, the corrected absorbance
of the experimental wells was expressed as a percent-
age of the negative control to determine the relative
cell viability.

Statistical model for prediction of optimal
microneedle geometry

We design a logistic regression to model the MN
mechanical strength with regard to microneedle
geometry. In the proposed model, the percentage of
MN that are intact is considered as response variable
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and microneedle curvature, interspacing, length, and
tip diameter are considered as factors. Several experi-
ments were performed to collect data for response and
factors. In each experiment a specific combination of
these factors was selected and the percentage of MN
that were intact was calculated at the end of each
experiment.

Overall, 81 experiments for different combina-
tions of MN parameters (MN curvature or ‘MNC’,
MN interspacing or ‘MNT’, MN length or ‘MNL’, MN
tip diameter or ‘MNT’) were implemented and com-
pleted. The parameters of MNC were set to 45°, 60°,
and 75° and the parameters of MNT were set to 400,
800, and 1200 pm. MNL were set to 400, 800, and
1200 pm and the MNT of selected needles were 50,
100, and 200 gm. A minimum of 42.1% of micro-
needles were intact for the combination of (MNC: 60°,
MNI: 800 pim, MNL: 1200 zm, MNT: 100 gm) and a
maximum of 98.6% were intact for the combination
of (MNC: 75°, MNI: 800 pzm, MNL: 400 pzm, MNT:
100 pm).

In the next step, we performed cluster analysis to
identify the MN geometry with optimal MN mechan-
ical strength. To this end, we constructed a feature vec-
tor (FV) = [curvature, interspacing, length, tip
diameter, mechanical strength] for each experiment
and applied K-means clustering to divide the feature
vectors to four clusters and discover the MN geometry
for optimal MN mechanical strength.

3D scan of human volunteer

3D scanning of the face of a human volunteer (30-
year-old, Chinese, male) was performed with a com-
mercial scanner (Artec Eva, Artec3D, Luxembourg) at
a distance of ~50 cm away from the human volunteer
in accordance with the manufacturer’s recommenda-
tions. The 3D scanner was panned 360° around the
head of the volunteer to capture a 3D image that was
exported directly to the corresponding software Artec
Studio 11 (Artec3D, Luxembourg) for processing. The
final CAD model of the human volunteer face was
saved and subsequently processed using a suite of
programme including Fusion 360 (Autodesk” Inc.,
San Rafael, CA, USA), Remake (Autodesk” Inc., San
Rafael, CA, USA) to convert it into a solid model which
can be imported into Solidworks® 2016 (Dassault
Systemes, France).

Design & fabrication of PMNP

The human face CAD model was processed using
Solidworks” 2016 (Dassault Systemes, France). A
personalised eye patch was designed to fit snugly to the
contours and dimensions of the face CAD model.
Subsequently, arrays of MNs were created on the
patch’s inner contoured surface. The MNs were
designed to have 400 pm base diameter, 800 um
centre-to-centre spacing. The MN height was set at
800 pum and with a tip diameter of 100 ym. These
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dimensions were derived from the best performing
MN geometrical combination for mechanical strength
and skin penetration efficiency. The completed CAD
model was exported as .STL file and 3D printed in a
same way as described previously.

Preparation of human cadaver skin prior to use
Human cadaver dermatomed skin, after excision, were
stored in —80 °C freezer until use. Skin samples were
hydrated in water. All skin used were measured for the
electrical resistance using an electrical resistance meter
(LCR-916, GW Instek, Good Will Instrument Co. Ltd,
Taiwan) prior to use (before in vitro skin permeation
or any penetration studies). Based on internal lab
standards, human cadaver dermatomed skin needs to
have a minimum electrical resistance of 1 kV at 1 kHz
in 1X PBS solution, before it is considered as intact
with a complete skin barrier. Any skin samples with
electrical resistance below 1 kV were not used.

Histological examination of human cadaver skin
Personalised PDMS substrates based on the human
face CAD model, to mimic full-thickness skin, were
prepared in advance, using a 3D printed reverse mould
fabricated by an FDM printer (CEL Robox”, England,
UK). Thereafter, dermatomed human cadaver skin
was laid stretched over the personalised PDMS sub-
strate with epidermis facing up and PMNP was
compressed onto the skin using a thumb (~20N) in a
slow rotational motion for 30s. The PMNP treated
skin samples were fixed with 10% neutral buffered
formalin for 48 h and subsequently transferred to 15%
sucrose solution 24 h before sectioning. Immediately
before sectioning, the skin samples were frozen in the
embedding matrix using liquid nitrogen for deep freeze.
The skin samples were then separately cross-sectioned
using the cryostat (CM3050 S, Leica, Germany) to
obtain cross-sectional slices of 10 pm thick. The cross-
sections were stained using standard protocols of
hematoxylin and eosin (H&E) staining. The obtained
stained samples were imaged and analysed using the
Nikon SMZ25 stereomicroscope for the depth of
punctured pores. These steps were repeated for the
histological section of samples punctured using a
commercial, flexible MN patch (FMNP) (NaVision™,
Shiseido, Tokyo Japan) [35] to treat the human cadaver
skin and also for intact human cadaver skin.

In vitro skin permeation of calcein dye for human
cadaver skin

Personalised PDMS substrates as described in section
2.9 were used for this experiment. Dermatomed
human cadaver skin was laid stretched over the
personalised PDMS substrate with epidermis facing
up and PMNP was compressed onto the skin using a
thumb (~20 N) in a slow rotational motion for 30 s.
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Thereafter, PMNP treated skin sample was transferred
to a vertical Franz diffusion cell with an effective
exposed area of 1cm®. 500 ul of calcein disodium
solution (50 mM) in water with an excitation/emis-
sion wavelength of 495/515 nm, was added to the
donor cell and 4.8 ml of PBS was added to the receptor
cell. The cells were placed inside a hot air chamber
maintained at 32 °C with magnetic stirring at 180 rpm.
The temperature of 32 °C was chosen to simulate the
surface temperature of human skin on the body and
has been commonly used in other skin permeation
studies [6, 19]. At the end of 18 h, skin samples were
removed from the cell and rinsed with water and dried
using Kimwipes™. Finally, the depth of permeation
and relative amount of Calcein AM within the skin
were observed under a confocal microscope (FV 1000
TIRF, Olympus, Tokyo, Japan). This experiment was
repeated with FMNP treated human cadaver skin and
intact human cadaver skin.

Invitro skin permeation of AHP-3 for human
cadaver skin

The procedure as described in section 2.12 were used
in this experiment, except for the use of 500 ul of 10%
w/v AHP-3, instead of calcein disodium, in the donor
cell. The receptor solution was subjected to high
performance liquid chromatography (HPLC) analysis
of AHP-3 permeated through skin, at time points of
0.5,1,3,6,9,21,24 h. The entire receptor solution was
withdrawn at each time point and replaced with fresh
receptor solution. The receptor solution in this case
was freshly prepared 1X PBS. Triplicates were per-
formed for each set of experiment [19, 25]. At the end
of 24 h, skin samples were removed from the diffusion
cell and processed to analyse the amount of AHP-3
within the skin. The procedures were repeated for that
of intact human cadaver skin, FMNP treated human
cadaver skin and a commercial AHP-3 transdermal
patch treated human cadaver skin.

Extraction of AHP-3 from human cadaver
dermatomed skin

At the end of 24 h in vitro skin permeation, the skin
samples were removed from the Franz diffusion cell.
The epidermal surface was gently rinsed with water to
wash off any residual AHP-3 solution not permeated.
Thereafter, the skin was homogenised using a pestle
and mortar with 1 ml of water added into the mortar.
Once the skin samples were sufficiently homogenised,
the skin samples were transferred into a 15 ml falcon
tube and an additional 3 ml of water was added to the
tube for extraction of AHP-3 from the skin. The tube
was maintained at 4 °C and left for 24 h for extraction
of AHP-3 to occur. At the end of extraction, the tube
was centrifuged at high speed of 10 000 rpm for 3 min
(Rotina 35R, Hettich, Tuttlingen, Germany) to remove
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Figure 3. Images of 3D Printed MN Patch of Various Curves and Geometries. A) MN patch with a sharp curvature; (B) MN patch with
an intermediate curvature; (C) MN patch with a gentle curvature. For all the images of (iii) & (iv), these are SEM images. Scale bars for
(1)—(iii) = 1000 pm. Scale bars for (iv) = 100 pzm. MN height of 800 y¢m; MN tip diameter of 100 zzm; MN base diameter of 400 m
and MN Interspacing of 800 pm. Refer to the supplementary figure S1 which is available online at stacks.iop.org/BF/12/035003 /
mmedia for the various geometries tested. Refer to supplementary figure S2 for MN patch of other geometries.

any skin samples and the supernatant was analysed for
the contents of AHP-3.

Drug analysis

The quantity of AHP-3 was determined using Shi-
madzu LC-20AD HPLC machine with SDP-M20A UV
detector. The column used was an Agilent Zorbax
Eclipse Plus C18 column (3 mm x 150 mm X 5 pm,
95 A). The mobile phase consisted of mobile phase A
(0.1% v/v trifluoroacetic acid in water) and mobile
phase B (0.1% v/v trifluoroacetic acid in acetonitrile)
with an isocratic elution program. The ratios of mobile
phase solvents A:B was 9:1. The flow rate was set at
1 ml-min~" with an injection volume of 20 y for each
sampling and UV detection was executed at a

wavelength of 215 nm. A standard calibration curve
was plotted using the respective standard solutions
from 1 to 500 ppm.

Statistical/data analysis

All data were analysed and arranged using GraphPad
Prism 6 (GraphPad Software Inc., CA, USA) for any
graphical outputs. All individual tests were conducted
in triplicates and the results were presented as
mean =+ standard deviation. Statistical analysis was
performed by one-way analysis of variance followed
by Tukey post hoc test using IBM SPSS Statistics 21.0
(IBM, New York, USA). A probability value of
p < 0.05 was considered statistically significant.
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Results

Design and fabrication of CMNP

A matrix of CMNP with varying curvatures and MN
geometries were fabricated using a DLP 3D printer.
Optimization of print settings such as exposure time,
lift speed and lift height were performed to ensure
good accuracy and precise fabrication of CMNPs. The
printed CMNPs have a total surface area of 2.25 cm” to
allow for subsequent comparison between the CMNPs
on their mechanical strength and skin penetration
efficiency. Representative images of the CMNP of
varying curvatures are illustrated in figure 3. The MN
illustrated here are that of MN height 800 pim; MN tip
diameter 100 ym; MN base diameter of 400 um and
MN interspacing of 800 pm.

Mechanical strength testing for CMNP

A higher percentage of MN remaining intact, after
compression at 40 N for 30s, will indicate higher
mechanical strength. Average thumb force, of 20 N for
30 s [34], was used to penetrate the skin subsequently.
Therefore, a force of 40 N was chosen for mechanical
strength testing to account for potential breakages in
MN due to handling and penetration. Consistently
across all curvatures, mechanical strength of CMNP
decreases with increasing length from 400 to 1200 ym.
Similar trend of decreasing mechanical strength was
observed with decreasing tip diameter from 200 to
50 pm and with increasing interspacing from 400 to
1200 pm, as depicted in figure 4A. The percentage of
intact MN after compression of CMNPs ranged from
48%—-98% across all curvatures. Specifically, for MN
length of 400 pm and 800 pm, all tip diameters and
interspacing of 400 ym and 800 pum exhibited high
mechanical strength with percentage of intact MN
exceeding 80%. Contrastingly, length and interspacing
of 1200 pm showed poor mechanical strength with
percentage of intact MN below 80%. The results
showed that there was no difference in mechanical
strength between length of 400 ym and 800 pm for all
curvatures, except for gentle curvature. Generally,
there were no statistical differences in mechanical
strength between tip diameters for all curvatures,
except for between 50 ym and 100 ym or 200 ym in
the gentle curvature. Also, there was no statistical
difference in mechanical strength between interspa-
cing of 400 pum and 800 pm across all curvatures.
Therefore, these results reflected that MN's fabricated
via this 3D printing method were generally able to
withstand breakage from a typical thumb force of
~20 N which was applied for subsequent skin penetra-
tion studies, except for length and interspacing of
1200 pm.

Skin penetration efficiency for CMNP
A larger number of micro-pores created after MN
application correlates with higher skin penetration
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efficiency and potentially better transdermal drug
delivery. Figure 4(B) illustrated the percentage pene-
tration of CMNP. This ranged from 43%-93% across
all curvatures, with MN length of 800 pum, tip diameter
of 100 pm and interspacing of 1200 pm possessing
higher skin penetrating power beyond 70%. In gen-
eral, statistical analysis of the results demonstrated a
significant difference in skin penetration efficiency of
different MN length within each curvature, except for
the comparison between 800 ym and 1200 pm MN
length of the sharp curvature. On the other hand,
statistical differences in skin penetration were absent
amongst tip diameters within each curvature, except
for the comparison between 200 pm and 50 pm;
200 pm and 100pm with a gentle curvature. Also,
there was no statistical difference in skin penetration
efficiency between interspacing of 800 um and
1200 pm across all curvatures. Surprisingly, it was
observed that skin penetration efficiency was the
highest for most MN geometries of the intermediate
curvature, apart from interspacing of 400 ym whereby
gentle curvature was superior. Comparatively, CMNP
with higher mechanical strength generally resulted in
weaker skin penetration for most MN geometries,
excluding length of 1200 ym which demonstrated
relatively good penetration despite poor mechanical
strength.

In vitro biocompatibility of fabrication CMNP

A relative cell viability of more than 100% (figure 5)
was observed for both HDF and HaCaT cells for up to
72h of incubation with the 3D printing material
extract, as compared to the negative control of the
same type of cells. It indicated that the printed CMNP
or the eventual PMNP, subjected to post-fabrication
treatment, were non-cytotoxic to the human skin
cells.

Statistical model for prediction of optimal
microneedle geometry

A logistic model was implemented to study the
relationship between the MN mechanical strength and
microneedle geometry. Estimated coefficients for this
model are —0.0011, —0.0025, —0.0036, and 0.0039 for
MN curvature, interspacing, length, and tip diameter
respectively. Among them, MN length with a p-value
of 0.033 is significant and can help to explain the
variation of the MN mechanical strength. Interspacing
with a p-value of 0.13 can moderately help to explain
the variance of the response variable. MN curvature
and tip diameter with p-values of 0.67 and 0.68,
respectively, are not significant and based on our
experiments do not help for prediction of MN
mechanical strength (figure 6).

Figure 7 demonstrates the clustering results using
MN geometry and mechanical strength. As we can
observe in this figure, there are four clusters (one to
four) that can be considered as two overlapping pairs.
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Figure 4. Comparison of Mechanical Strength & Skin Penetration Efficiency between MN Geometries on Varying Curvatures of the
Body. (Ai) Mechanical strength for varying MN lengths; (Aii) Mechanical strength for varying MN tip diameter; (Aiii) Mechanical

strength for varying MN interspacing. (Bi) Skin penetration efficiency for varying MN lengths; (Bii) Skin penetration efficiency for
varying MN tip diameter; (Biii) Skin penetration efficiency for varying MN interspacing.

First pair contains clusters one and four, and the sec-
ond pair contains clusters two and three. Each number
in figure 7 represents an experiment and its associated
feature vector, i.e., a specific combination of para-
meter values for MN geometry and obtained MN
mechanical strength.

The feature sets (a set of feature vectors) are shown
tables S1 to S4 (supplementary information). The
range of values for MN mechanical strength in each
cluster along with associated range of values for MN

geometry is shown in table S5. We computed the aver-
age MN mechanical strength as well as standard error
of MN mechanical strength for each cluster. As we can
see, cluster one has the highest average mechanical
strength of 92%, followed by cluster four with the
average mechanical strength of 88.4%, while group
two has the least average mechanical strength of 59%.
Moreover, cluster one has the least standard error of
5.9% among all four clusters (5.9%, 10.1%, 10.3%,
and 6.3% for clusters 1 to 4, respectively). The results
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indicate that feature set associated with cluster one
provides the optimal MN mechanical strength.

Next, we extracted the features for optimal
mechanical strength. Table S5 shows that the curva-
ture is not an informative feature, since it does not
have a single value and feature vectors associated with
cluster one covered all possible values of this feature.
However, interspacing, length, and diameter have sin-
gle value among all feature vectors in cluster one and
the unique combination of interspacing = 400 um,
length = 800 pm, and diameter = 100 ym provides
the maximum average MN mechanical strength. The
clustering results are consistent with the results
obtained by the proposed logistic regression model.

Design and fabrication of PMNP

A combined evaluation of mechanical strength and
skin penetration efficiency data concluded that MN
geometry with length of 800 um, tip diameter of
100 pm, interspacing of 800 pm and base diameter of
400 pm was the most optimal MN geometry for all
curvatures due to its good balance of both mechanical
strength and skin penetration efficiency. Therefore,
this combination of MN geometry was superimposed
onto the PMNP and fabricated (figure 8) for subse-
quent characterisation and in vitro skin permeation
study. The 3D-printed PMNP measures 65mm
(length) x 35mm (width) x 25mm (height) with
2465 MNs embedded.
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Figure 8. Design and Actual 3D Printed Personalised MN Eye Patch. (A) Scanned face model of human volunteer; (B) Specific portion
of face model around the eyes for subsequent CAD design of personalised MN eye patch; (C) Final CAD model of personalised MN eye
patch; (D) 3D printed personalised MN eye patch. Refer to the supplementary figure S3 for images of different regions of the MN eye

Histological examination of PMNP treated human
cadaver skin

Histological sections with H&E staining are illustrated
in figure 9 specifically with the MN-punctured pores
highlighted in red. Within the punctured pores, a
breakage in the continuous stratum corneum and
viable epidermal layer was observed which indicated

successful penetration of the MNs through the
outermost layer of the skin. Depth of penetration,
estimated based on measurements of the microscope
images, demonstrated a significantly (p-value <0.01)
deeper penetration achieved by the PMNP, compared
to FMNP. Intact skin had no visible punctured
pores.
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) Comparison of MN Penetration

Depth into Human Cadaveric Skin
(All numbers are in um)

Mean S.D. Min. Max.

PMNP 76 23 43 131

Commercial 26 12 12 48

Figure 9. H&E Stained Histological Images of MN-treated Human Cadaver Dermatomed Skin. (A) Intact skin; (B) PMNP treated
skin; (C) Commercial MN patch treated skin; (D) Comparison table of the different MN penetration depth. From the results, PMNP
has a deeper penetration depth as compared to the commercial MN patch. Scale bar = 100 pm.

Invitro skin permeation of calcein dye through
human cadaver dermatomed skin

Calcein dye has a molecular weight of 622.55 Da and a
logP of —3.1 and therefore can be used as a suitable
surrogate for AHP-3. Under confocal microscope, a
green fluorescence was observed at areas permeated
with Calcein dye. Referring to figure 10, the approx-
imate depth of penetration for the intact skin is
~220 pm; FMNP ~480 ym and PMNP ~750 pm.
There was no visible green fluorescence for the intact
skin without calcein.

In vitro skin permeation of AHP-3, through human
cadaver dermatomed skin

As illustrated in figure 11(A), comparing to FMNP
treatment, commercial AHP-3 patch and intact skin,
enhanced cumulative permeation of AHP-3 across
human cadaver skin was observed for PMNP treat-
ment at the end of a 24 h time period (~90X higher
compared to intact skin; ~45X higher than FMNP
treatment). Significantly higher amount of AHP-3 was
permeated through the skin at all the time points
sampled for PMNP treatment, as compared to all
other arms. While not as effective as PMNP treatment,
a ~6X higher amount of permeated AHP-3 was
observed at the end of 24 h for FMNP treatment, as
compared to intact skin. There was no detectable
amount of permeated AHP-3 for the commercial
AHP-3 arm, throughout the 24 h period. Comparing

the amount of AHP-3 present within the skin at the
end of 24 h (figure 11(B)), there were no significant
differences between all treatment arms, except for
PMNP treated skin and the commercial AHP-3 patch
(without MN).

Discussion

To our knowledge, this is the first study to provide an
insight into the relationship between MN geometry on
curved patches and its adequacy for transdermal drug
delivery. In view of increasing acknowledgement that a
flat MN patch is unable to achieve optimal drug
delivery through the undulating human skin [19, 20],
this information will be of great interest to the research
and pharmaceutical industrial community. Subse-
quently, using the optimised MN geometry, a PMNP
was fabricated and has demonstrated an enhanced
delivery of AHP-3 up to ~90X higher as compared to
intact skin and ~45X higher as compared to a
commercially available FMNP.

From this optimisation study, it can be concluded
that the general principle of geometrical effects on
mechanical strength and skin penetration efficiency
for curved MN patch follow that of flat patch [27,
36—39]. Firstly, a decrease in mechanical strength with
increasing MN length was observed across all curva-
tures. This is a similar trend to the relationship in flat
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Figure 10. 3D Constructed Confocal Images for the In Vitro Skin Permeation of Calcein Dye, after 18 h, using Human Cadaver
Dermatomed Skin. (A) Blank; (B) Intact skin; (C) Pre-treatment with commercial MN patch; (D) Pre-treatment with personalised
microneedle patch. The green colour represents the amount of calcein in the skin. In 18 h, pre-treatment with PMNP allowed the
permeation of the highest amount of calcein through the skin, followed by FMNP and finally intact skin. Scale bar = 500 pm.

MN and can be attributed to increased shaft weakness
with thinner MN structure which tends to fracture
more easily upon force application. However, exces-
sive increment in length is unfavourable due to the
formation of weaker MNs with poorer penetration, as
reflected by the MN length of 1200 ym having weaker
penetration through skin than 800 pm. This may be
possibly due to MN breakage before penetration given
its poor strength. Secondly, a sharper MN demon-
strated a higher skin penetration efficiency. A tip dia-
meter of 200 pm has the least penetration efficiency
due to reduced MN sharpness and therefore, its ability
to pierce through skin. On the other hand, both MN
with tip diameters of 50 ym and 100 gm demon-
strated higher but had no significantly higher skin
penetration efficiency as compared to MN with tip
diameter of 200 pm. This may be due to increased
fracture for 50 pm possibly before penetration even
though it was sharper and expected to have better
penetration efficiency. Lastly, a decrease in mechanical
strength with increasing MN interspacing from
400 pm to 1200 pm for all curvatures was observed.

This is likely due to increasing force subjected to each
MN with decreasing density of the patch. Despite hav-
ing poor mechanical strength, interspacing of 1200
pm for all curvatures has higher skin penetrability as
compared to that of 400 pm and 800 pm. This is likely
due to a reduction in patch density resulting in a pene-
trating force exerted by each MN for skin penetration,
asreported by Olatunji et al [40].

For successful transdermal delivery, it is crucial to
consider both mechanical strength and skin penetra-
tion efficiency when determining the optimal MN
geometry for each curvature of CMNP. Figure 4
demonstrated that differences exist in either mechan-
ical strength or skin penetration efficiency for all MN
lengths and interspacing across all curvatures. How-
ever, tip diameter seemed to contribute less in affect-
ing mechanical strength and skin penetrability across
all curvatures because of limited statistical differences
between the various tip diameters. Therefore, it is sug-
gested that more weight can be placed on deciding
between different lengths and interspacing, as com-
pared to tip diameter when fabricating CMNPs. This
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Figure 11. In Vitro Skin Permeation of AHP-3 Using Human Cadaver Dermatomed Skin. (A) Cumulative skin permeation of AHP-3
across human cadaveric dermatome skin. A significantly higher amount of AHP-3 was permeated through the skin by PMNP treated
arm, as compared to both the commercial MN patch and intact skin. (B) Total amount of AHP-3 including, total amount trapped in

skin at the end of 24 h and cumulative amount permeated through the skin at 24 h. There was no significant difference amongst the
groups for the amount of AHP-3 trapped in skin by the end of 24 h, except for the comparison between PMNP and patch.

similar trend can be concluded in the statistical analy-
sis shown in figure 6.

The results in figure 7 illustrates the clustering ana-
lysis of the optimisation data (mechanical strength)
obtained by applying K-means. From the statistical
analysis in figure 6, we understand the significance of
the individual factors in affecting the mechanical
strength of the microneedle. However, the interaction

of these various factors together is still unknown.
Clustering analysis of these optimisation data allows
us to group the various parameter combination by
their outcome measurement of the mechanical
strength.

The results show that there are mainly 4 clusters of
mechanical strengths, with two overlapping pairs. By
analysing the different parameter combinations
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within each clusters, we would be able to identify the
optimal parameter combination for the best mechan-
ical strength. In this case, Cluster 1 has the highest
mechanical strength or percentage of MN left intact.
From analysing the parameter combinations in Clus-
ter 1, the optimal MN parameter combination is that
of 800 um MN length, 100 pm tip diameter, 400 yum
interspacing. This clustering analysis would be useful
for subsequent optimisation of MN geometry with a
different material.

However, mechanical strength alone may be insuf-
ficient and more complex clustering analysis may be
required to take into account of skin penetration effi-
ciency. In our case, we have selected the combination
of 800 pm MN length, 100 ym tip diameter and an
interspacing of 800 yum for all curvatures. This para-
meter combination belongs to Cluster 4, which over-
laps with Cluster 1 and can also be considered as a
cluster with good mechanical strength. The decision
took into account of both the mechanical strength and
also skin penetration efficiency.

Interestingly, most MN geometries of the inter-
mediate curvature exhibited better skin penetrability as
compared to the sharp and gentle curvatures. MNs are
subjected to shear and axial forces when compressed
onto the skin surface [41]. Therefore, MNs of inter-
mediate curvature are possibly less susceptible to each of
these forces when applied to the skin, thereby having
enhanced penetration efficiency. For CMNPs with
sharp curvature, MNs on the sides may experience tre-
mendous shear fracture force during application, lead-
ing to significant breakage before penetration. On the
other hand, MNs on CMNPs with gentle curvature are
subjected to increased axial fracture force which facil-
itates breakage since most MNs are punctured almost
perpendicularly to the skin surface, resulting in
decreased skin penetration.

Initially, it was hypothesized that each curvature will
have its own optimized MN geometry due to variable
MN arrangement in space, leading to distinct interac-
tions between MN and surface used during mechanical
strength or skin penetration efficiency testing. However,
the results demonstrated that all three curvatures have
the same optimized MN geometry. While this may be
the inherent truth, some limitations of this study could
have contributed to the absence of different optimized
MN geometry for each curvature. Firstly, the viscoelastic
property of porcine cadaver skin used for penetration
study prevents reproducible MN penetration and affects
insertion behaviour, leading to possible discrepancies in
results obtained [42]. Secondly, limited MN dimensions
were studied and may be insufficient to unravel the
actual phenomenon. Moreover, smaller tip diameters
cannot be studied due to limited printing resolution
of DLP, but, this may be possible using other methods
such as two-photon polymerization 3D printers [36].
Although MNs with smaller tip diameters have weaker
mechanical strength, the insertion force required to
overcome resistance of skin for penetration is also much
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reduced, leading to decreased fractures and increased
penetrability instead [39]. Hence, significant differences
between different tip diameters, which is absent in this
study, may be observed. Therefore, further research
could be done to adequately elucidate the relationship
between MN geometry and varying curvatures of MN
patch.

At the end of the optimisation phase of this pro-
ject, the best parameter combinations for the MN was
identified to be MN length of 800 pm, tip diameter of
100 pm, interspacing of 800 pm and base diameter of
400 pm, regardless of the degree of curved surfaces. To
validate this set of parameters, we fabricated a PMNP
using a face CAD model of a human volunteer and
compared it against a commercially available flexible
microneedle eye patch. Based on our results in figure 8
and the subsequent figures, it was demonstrated that
our PMNP performed better than the flexible flat
microneedle eye patch on an undulating surface, such
as the periorbital region around the eyes. In both the
depth of skin penetration and cumulative amount of
small peptide that permeated through the skin, our
PMNP is significantly better than that of the flexible
flat microneedle eye patch.

Specifically, in vitro skin permeation study using
both Calcein and AHP-3 (figures 10, 11) demonstrated
a significantly enhanced transdermal delivery poten-
tial of PMNP, as compared to intact skin (~90X
higher) or a commercially available FMNP (~45X
higher). The enhanced rate of transdermal delivery for
hydrophilic macromolecules such as AHP-3 is con-
sistent or better than published literature, as compared
to delivery of other peptides using microneedles [43].
This could be attributed to increased skin penetration
due to a complementary fitting of PMNP to the skin
surface during application, as compared to using a flat
MN patch [19]. Also, micro-channels created by MNs
might have provided a direct passage for permeation
of hydrophilic molecules like AHP-3, as compared to
intact skin [16]. Typically, MN patches are small in
surface area (~1-2 cm?) and only suited for delivery of
potent drugs. In this study, we demonstrated the fabri-
cation and use of a large personalised MN patch to
deliver peptides up to ~90X the usual amount. The use
of handheld 3D scanners and CAD software also
demonstrated a convenience in developing PMNP
which can be used in future applications such as wear-
able devices for smart delivery of drugs.

Conclusion

Physical characterization of MN geometry was con-
ducted for CMNPs with varying curvatures to evaluate
the relationship between different MN dimensions
and their effect on mechanical strength and skin
penetration efficiency. From the results obtained, an
optimized MN geometry was determined. Next,
in vitro skin permeation results via ‘poke and patch’
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method demonstrated that a PMNP provided
enhanced delivery of AHP-3 through human cadaver
skin, as compared to FMNP and intact skin. Together,
increased knowledge about MN geometry selection
for curved patches, advancements in 3DP technology
and availability of software such as Materialize
Mimics® [44, 45], which enables conversion of medical
imaging scans to CAD models, provide a viable
approach for PMNP fabrication to enhance transder-
mal delivery of AHP-3 for anti-wrinkle therapy in the
future.
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