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Design, Development, and Testing of Polymeric
Microblades: A Novel Design of Microneedles for

Biomedical Applications

Vahid Ebrahiminejad and Zahra Faraji Rad*

Conventional microneedles (MNs) are designed as an array of micrometer-
sized projections that can painlessly penetrate the skin. Fabrication of MN
arrays can be costly and time-consuming; additionally, full penetration of an
array of MNs with ten to thousands of projections into the skin may not be
achievable. This paper reports a new design of MNs known as microblades
(MBs) which consist of a singular microstructure. The single integrated
design of the MBs reduces the fabrication cost and time, facilitates more
effective penetration, and may pave the way for the scale-up manufacturing of
MN devices. Different designs of MBs are fabricated by two-photon polym-
erization technique, followed by polydimethylsiloxane micromolding and soft
embossing to create replicas. The mechanical integrity of the designs is deter-
mined by a series of compression tests. Skin insertion and drug diffusion
studies are conducted using a custom-made applicator to insert the MBs into
the porcine abdominal skin to demonstrate delivery of fluorescein tracer. MBs
insertion and penetration capabilities and the diffusion of a model drug into a
multi-layered human skin are demonstrated using finite element analysis and
3D diffusion models. The results demonstrate the functional capabilities of

the MBs as an alternative to MN arrays.

1. Introduction

Recent developments in micro-electromechanical —systems
(MEMS) have paved the way for the advancement of microscale
devices, especially in biomedical research. One of these remark-
able research developments is the application of microneedles
(MNs) as an alternative to conventional hypodermic needles.
Traditional hypodermic needles are invasive, stimulate pain,
produce hazardous wastes, and need trained medical staff for
administration. MNs are minimally invasive devices which
enable painless administration of therapeutic molecules and
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sampling biomarkers such as interstitial
fluid for point-of-care (POC) diagnostics by
bypassing the stratum corneum (SC) barrier
of the skin.*3 The COVID-19 pandemic,
more than any other time, highlights the
necessity for new methods to overcome the
issues associated with mass vaccination,
distribution, logistics, drug delivery, and
inexpensive and rapid POC testing.

MNs are generally made from silicon,
metals, ceramics, silica glass, carbohy-
drates, and polymers and are studied for
vaccination, drug delivery, and diagnostics
purposes.fl Based on the application, MNs
are classified into solid, coated, dissolving,
hollow or open-channel, and hydrogel-
forming structures.’) MNs are manufac-
tured using methods such as wet etching,
reactive ion etching (RIE), deep reactive
ion etching (DRIE), lithography, micro-
molding, injection molding, laser drilling,
3D printing, and two-photon polymeriza-
tion (2PP)."°) The geometries consist of
cylindrical, conical, pyramidal, or pris-
matic shapes of miniaturized needles arranged in an array.
Even though significant research has been done on MN tech-
nologies, not all geometries and materials can be fully inserted
into the skin, which limits the MN arrays’ functionality.

Although traditional MN designs are promising tools for
transdermal drug delivery and diagnostics, some issues remain
during fabrication, insertion, and testing. For instance, scale-up
fabrication of these designs is still challenging due to the need to
manufacture high-density arrays. Current conventional manufac-
turing techniques such as RIE, DRIE, lithography, and laser abla-
tion are expensive multistage methods that are limited to select
materials and geometrical designs.'%l Additive manufacturing
methods such as stereolithography, 2PP, and micromolding are
more flexible, cost-effective, and involve simpler processes; how-
ever, they are deemed as more time-consuming methods.!213!
Process modification and optimization may improve the fabrica-
tion time and the accuracy of these techniques.!"!

MN devices require adequate strength to penetrate the skin
while maintaining mechanical integrity. Mechanical failures
are usually due to buckling failure during normal insertion
or transverse bending failure due to the excessive lateral loads
caused by skin natural elasticity and irregular topology.) MN
mechanical integrity primarily depends on the geometrical
shape, material selection,'*'8 and manufacturing process.[1>2°]
The MN geometrical aspects affecting mechanical strength
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are correlated with MN length,[% aspect ratio (the ratio of the
length to width),222 base diameter,!®2! base vertices,?3 wall
thickness, and tip area.?! Thereby, geometrical optimization
plays a remarkable role in improving the device’s stability,
performance, and insertion safety. Nondissolving solid MNs
possess higher mechanical strength; however, only a limited
amount of drugs can be loaded on them.?*>?¢ For POC diag-
nostics, solid MNs should also be accompanied by a secondary
device to enable sample extraction and storage.”] Hollow
MNs with microscale inner channels allow for increased drug
delivery and sampling; though, channel clogging and early frac-
ture due to thinner walls still pose a risk during insertion.[¢!
Furthermore, once MN arrays are applied to the skin, partial
penetration causes the “bed of nails” effect where outer-most
MNs locally stretch the skin, causing the inner MNs to only
partially or not at all penetrate an already stretched skinl?®!
which is one the most limiting phenomena in effective MN
array penetration.

In addition, the mechanics of MN penetration into the skin
is equally important to the MN’s mechanical strength to enable
a safe and effective insertion. Insertion characteristics assist
in determining the safety margin (SM), known as the ratio of
MN’s fracture force to the skin’s insertion force.? The SM
should be maximized and be greater than unity for an MN to
be mechanically safe.'® During the MN insertion, the applied
force linearly increases before reaching a peak force, the so-
called insertion force, prior to breaking the skin’s top layer
(SC).2%I Reduction in the insertion force can directly influence
safety by improving the SM. In addition, reducing the force
required to insert into the skin reduces the overall compression
of the skin, which minimizes tissue damage and the amount
of pain experienced by patients.?l The application method is
another approach to improve insertion safety and effectiveness.
In general, insertions can be made via a pressing force through
manual thumb force or using an applicator. Applicators can be
used to generate a controlled pressing force or impact force
by predetermining the impact velocity or energy.?” The con-
ventional method of MN thumb pressing is known to have
less force uniformity and reproducibility,?!! which can lead to
early breakage or bending of MNs during insertion. Studies by
Ranamukhaarachchi and Stoeber and Olatunji et al. showed the
effect of increasing impact velocity, which reduced the inser-
tion force and improved the SM ratio.?32 These studies indi-
cated that an increase of impact velocity from 0 to 4.3 m s~ for
metallic hollow MNs reduced the insertion force from 0.88 to
0.37 N.
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The aforementioned issues can be minimized by introducing
new designs and mechanically stable microdevices capable of
transferring different molecular size drugs and sampling bio-
fluids with a single mechanically sturdy structure. In this study,
we report a new design of MN called a microblade (MB) with
the futuristic potential for drug delivery. Our recently patented
MB structure incorporates a solid design with multiple side
channels and reservoirs to enable effective penetration into the
skin for different applications as required.*®! Similar to MNs,
MBs require sufficient mechanical strength to endure the
potential failure risks during insertion into the skin. This work
aims to design, fabricate, and test the mechanical strength of
MBs with different geometrical features. This is followed by
in vitro insertion tests of the MBs using a custom-made pro-
totype applicator with adjustable impact velocity and pressing
force. The MB insertion mechanics, such as insertion force
and penetration depth on the skin subjects, were modeled and
simulated with the explicit dynamics method of finite element
analysis (FEA). Additionally, the diffusion and concentration of
the model drug were investigated and compared for each indi-
vidual MB using experimental and simulation approaches.

2. Experimental Section

2.1. Design of Open-Channel MBs

The geometrical design of the five MBs presented in this study
was generated using SolidWorks (Dassault Systems SolidWorks
Corporation, Concord, NH, USA). The MB height was 900 pum,
with six 50 um diameter microfluidic channels on each side to
enable the transfer of large cells and drug contents. The chan-
nels were connected to two microfluidic reservoirs at the sides.
The five MBs presented geometrically differed based on the
blade angle and the eccentricity level with respect to the center.
While the first three models incorporated 90°, 120°, and 180°
(square shape) blade angles, in the other two models, the MB
tips were located half- and full-eccentric with respect to the
centers (Figure 1). Table 1 shows the schematic design of each
MB (Types 1-5) and summarizes their geometrical features.

2.2. Fabrication of Master Microblades using 2PP

Five individual open-channel master MBs were printed by 2PP
using the commercial Nanoscribe Photonic Professional GT

&

Figure 1. An overall view of the features and dimensions associated with the MB designs. Each MB has a 1 x 2 mm? base plate, including two side
reservoirs connected to multiple channels. MBs have a 0.9 mm length with various tip angles and eccentricity. Parameters including eccentricity (e),
side angles (¢, f), distance to the MB tip (x), and overall length (L) are defined for mathematical models.
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Table 1. Geometrical features and dimensions of five different types of
MBs.

Type Blade angle [°] Height [um] Eccentricity Schematic
1 90 900 Concentric '

2 120 900 Concentric ‘
3 180 900 Concentric .
4 60 900 Full-eccentric l
5 90 900 Half-eccentric '

system (Nanoscribe GmbH, Karlsruhe, Germany). The system
was provided with a pulsed erbium-doped femtosecond fiber
laser source with a center wavelength of 780nm for exposing
the photosensitive materials. The 3D CAD models were
imported to Nanoscribe’s Describe software for adjusting dif-
ferent parameters and generating general writing language
(GWL) codes required for printing. The GWL codes arranged
all the parameters to be applied during the printing and speci-
fied the paths followed by the laser focus inside the photoresist.

The model structures were printed with laser power of
100 mW, scanning speed of 100 mm s}, and 1 pum fixed slicing
distance. Triangular scaffolds with a wall spacing of 20 pm were
selected for scaffolding. Before printing, each MB was split into
blocks of 285 pm x 285 um x 285 pm (XYZ) with a shear angle
of 0°. The GWL codes were adjusted to print multiple MB struc-
tures on the same substrate to reduce fabrication time. This
code adjustment enabled the fabrication of MB structures by
controlling the stage movements through X and Y directions,
followed by the movement in the Z-direction to return the
laser to the interface position. Additionally, the code redefined
the interface between the laser and the substrate. This enabled
printing of all MBs simultaneously without delamination from
the substrate (Figure S1, Supporting Information).

The negative-tone IP-S photoresist (Nanoscribe GmbH,
Karlsruhe, Germany) was used for printing the MBs. A drop
of the photoresist was drop cast on the conductive side of the
indium tin oxide (ITO) coated glass slide and placed inside
the system. To initiate the print process, the final GWL file
containing all the specifications of the print was loaded to the
NanoWrite software (NanoScribe GmbH, Karlsruhe, Germany)
connected to the NanoScribe system. The laser beam focused
into the photoresist using a x 25 magnification objective and
NA of 0.8. To ensure the final polymerized MBs were fully fixed
to the supporting substrate, the MBs were printed with 0.6 um
overlap into the substrate. The MBs were written in the galvo
scan mode in XY directions, while the piezo offsetting mode
was used for offsetting in the Z-direction. After polymerization,
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the printed samples were developed in a propylene glycol mon-
omethyl ether acetate (PGMEA) bath for 10 min, rinsed for 2
min in isopropyl alcohol (IPA), and finally air-dried (Figure S2,
Supporting Information).

2.3. Casting of Negative PDMS Mold

Negative molds of master MBs were made using polydimethyl-
siloxane (PDMS) (SYLGARD 184 Silicone Elastomer Kit, Dow
Corning, Midland, MI, USA). PDMS solution with a 1:10 curing
agent/base ratio was mixed and degassed in a planetary mixer
to remove air bubbles. The solution was poured on the MB mas-
ters in a petri dish and cured inside a laboratory oven at 80 °C
for 2 h. The soft negative PDMS mold was then peeled off from
the masters for replication (Figure 2a).

2.4. Fabrication of Polymeric MBs using PDMS Mold and Soft
Embossing

MB replicas were produced using the soft embossing process.
A rheometer (TA Instruments, New Castle, USA) was used to
replicate thermoplastic MBs using the negative PDMS mold. A
total of ten pellets (two pellets per MB replica) of thermoplastic
material (cyclo-olefin polymer, Zeonor 1060R) were mounted
onto the PDMS cavities and placed in-between two 40 mm
diameter stainless steel plates inside the rhemoter’s chamber.
The temperature inside the chamber was set to 163 °C, which
is 63 °C above the glass transition temperature of the thermo-
plastic (T, =100 °C), to facilitate the flow of low viscous thermo-
plastic polymer into the mold cavities. While the thermoplastic
material was melting, the lower plate was kept fixed, and the
upper plate lowered as a function of time and limited to the
maximum of 30 £ 5 N axial force. During the embossing pro-
cess, the upper plate’s downward displacement reduced nonlin-
early from 100 to 25 pm per interval over the course of 1 h until
the upper plate reached 700 um above the surface of the PDMS
mold. The chamber temperature was then reduced to 10 °C for
15 min to allow solidification of the replicas before demolding.
Once solidified, the replicas were peeled off from the negative
PDMS mold (Figure 2b). The PDMS mold was used several
times (>20 cycles) with no defects such as cracks or deforma-
tion forming on the mold.

2.5. Mechanical Strength Test of MB Replicas

A series of compression tests were conducted at two different
speeds to study the mechanical strength and integrity of the
MBs. Five MB replicas were tested using the axial compres-
sion test module of the TRIOS package linked to the rheom-
eter used for the soft embossing process. Each MB replica was
placed on the lower disk of the rheometer using double-sided
tape while the upper plate was lowered at speeds of 1 and
25 um s7L. The software was programmed to initiate from a
predefined distance from the MB tip and lowered by 400 um.
During the test, force and displacement data were recorded to
plot the mechanical behavior of individual MBs. The data were
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Figure 2. Schematic representation of the polymer MB replication process, a) casting of negative PDMS mold from the master MB, b) soft embossing

of the polymeric MB.

then processed using MATLAB (Natick, MA, USA) software to
compare MBs’ mechanical responses, including initial stiffness
and failure points.

2.6. Scanning Electron Microscopy

The MB morphology and dimensions before and after com-
pression testing were observed using a scanning electron
microscope (SEM, JOEL JSM-7001F). Samples were attached
to a metal stub using double-sided carbon tape. The stubs
containing the MB samples were then coated with a 10 nm
layer of platinum using JOEL Desktop Sputterer to avoid
sample charges during SEM imaging. To study the MB tip size
and angle, metal stubs with 90° angled holders capable of ver-
tically mounting samples were used. The secondary electron
detector with an accelerating voltage of 15 kV in high vacuum
mode was used for SEM.

2.7. Manufacturing an Impact Applicator

A spring-loaded applicator prototype was designed in Solid-
Works and printed using a Teirtime X5 3D printer (Teirtime
Corporation, Milpitas, CA, USA) from PLA filaments to test
the effect of application conditions. This applicator could
adjust impact velocity and included a locking mechanism
for activation. The design was consisted of three slots in
the plunger and a top screw to regulate the impact velocity
(Figure 3a). A high-speed camera (Photron Fastcam SA3),
equipped with Nikon Nikkor 50 mm f 1.4 lens was used to
measure the applicator impact velocities. During the test, the
plunger was fixed by the locking mechanism, then released
by pressing the push button from all three positions while
motion images were captured at 4000 fps. The images were
further analyzed using Image] (U. S. National Institutes of
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Health, Bethesda, MD, USA) to determine the applicator’s
impact velocities. Figure 3b shows the stacked images at
equally spaced time intervals to estimate the impact velocity of
three different positions.

2.8. Skin Insertion and Diffusion Tests

The penetration efficiency and drug delivery of the MBs were
tested using abdominal porcine cadaver skins.*¥ Studies were
performed using experimental procedures approved by the
University of Southern Queensland (USQ) and the University
of Queensland (UQ) animal ethics (Ethics Number: 20EXE005)
and biosafety committees (Biosafety Number: 21BIOS003).
Porcine cadaver skins were carefully shaved and cut into
3 £ 0.1 mm thick samples using a scalpel blade, and the fat
layer underneath the hypodermis layer was removed. The tissue
samples were then kept frozen at —20 °C and naturally thawed
before the tests. The skin tissue was fixed by a custom-made skin
stretching mechanism to control the skin strains (Figure S3,
Supporting Information). The skin was gently stretched =5%
from the original undeformed state to mimic the skin in vivo
condition.?]

Oxygen plasma treatment (Harrick Plasma Cleaner PDC-001,
Harrick Plasma, Ithaca, NY, USA) was conducted for a minute
with 30 W RF power on the MBs before the tests to increase the
hydrophilicity of the MBs surface. Fluorescein was used as a
model drug with 376.27 g mol™! molecular weight (sodium salt,
F6377, Sigma-Aldrich Corp., St. Louis, MO, USA). The concen-
trated aqueous solution was prepared from the mixture of fluo-
rescein and deionized water (0.1% w/v). The tips of the MBs
were dipped into a 0.1 uL droplet of the solution, enabling the
flow through the channels into the reservoir by capillary flow.
Fluorescence-coated MBs were then attached to the plunger of
the prototype applicator with double-sided tape and applied to
the abdominal porcine skin.
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Figure 3. a) 3D-printed prototype applicator capable of adjusting impact velocity. b) High-speed camera images track the location of the plunger.

The first set of experiments was conducted with the inser-
tion of all MB designs on the abdominal porcine skin with an
impact velocity of 4.5 m s7.. The second set of experiments was
performed by inserting only the MB Type 1 on the skin tissue
with impact velocities of 1.5, 3, and 4.5 m s7.. After insertion,
MBs were held on the skin surface for 5 min; upon removing
the MBs from the skin tissues, the surface of the skin was
tape stripped (20 £ 3 cycles) using 3 M Scotch Magic tape
(3 M, USA) from different directions to remove the SC layer
of the skin.’®¥ The penetration of fluorescein below the
surface of the skin was visualized 20 min after each test by a
confocal laser scanning microscope (CLSM, Zeiss LSM710,
Germany) using Z-stack imaging with run times of 15 min.

2.9. Histology of MBs Penetration

Histology was used to confirm MBs penetration into the por-
cine skin. Sections were obtained using the cryosectioning

Adv. Mater. Interfaces 2022, 9, 2201115 2201115 (5 of 16)

technique. MB insertion sites were excised using scalpels,
then placed upright into the cryostat mold, partially covered
by optimal cutting temperature (OCT) compound (Tissue-
Tek, Sakura Finetek, Torrance, USA). Once the skin sample
was positioned inside the cryostat mold, the remaining mold
cavities were filled by OCT and then frozen inside dry ice con-
tainers. Subsequently, the frozen specimens were sectioned
into 50 pum thick slices using a Leica CM3050 cryostat (Leica
Microsystems, Wetzlar, Germany) and placed on the Super-
frost glass slides. The tissue sections were imaged by CLSM to
visualize the MB penetration and diffusion of the model drug
inside the skin.

2.10. FEA of MBs Insertion
A 3D planer symmetric finite element model was generated

using the ANSYS (Canonsburg, PA, USA) explicit dynamics
module to evaluate the MBs insertion mechanics into the skin.
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Table 2. Material parameters of the MB and the multilayered human
skin model used in ANSYS explicit dynamics.

Parameter Microblade  Stratum Dermis Hypodermis
corneum

Mathematical model Linear Linear Hyperelastic:  Linear elastic
elastic elastic Ogden 1st order

Thickness [mm] - 0.026 2 1.1

Young Modulus [MPa] 2100 28.4 - 0.1

Poisson ratio 0.48 0.49 0.49 0.48

Density [kg mm~?] 1.01E-6 13E6 12E6 971E7

Hyperelastic - - 0.0568, 13.3 -

coefficients MUT,

AT [MPa]

Incompressibility - - 0.0745 -

factor [MPa™|

Failure criteria [MPa] - 20 7 -

Refs. 38] 39,40] [40,41] [40]

Skin models comprised three layers, SC, dermis, and hypo-
dermis, with 26 um, 2 mm, and 1.1 mm thicknesses, respec-
tively. An Ogden (first-order) model with uniaxial test data was
applied for the dermis layer, while SC and hypodermis were
assumed to respond following a linear elastic model. Quadri-
lateral meshing with specific bias types, with factors of 3 to 4,
was used to increase the number of elements near the MB—skin
interfaces. FEA models calculated the insertion forces required
to penetrate all MB types into the skin with a constant velocity
of 4.5 m s! during insertion. Additionally, the FEA model cal-
culated the penetration depth of all MBs with an initial velocity
of 4.5 m s7}, which was reduced upon insertion into the mul-
tilayered skin model. The material erosion method was used
to enable MBs penetration into the skin model. The erosion
algorithm eliminated the elements that reached the material
failure point while retaining their inertia effect. Table 2 sum-
marizes the parameters used for the MBs and the multilayered
skin models.

2.11. 3D Modeling of Drug Diffusion into Skin

A 3D simulation using COMSOL Multiphysics (COMSOL
Multiphysics, COMSOL AB, Sweden) was used to model
the diffusion of the fluorescein model drug into the skin. A
two-layered skin model (SC and dermis) with negative cavity
volumes representing fully penetrated individual MBs were
initially created in SolidWorks. The 3D model was then
imported to COMSOL Multiphysics to perform a series of
time-dependent numerical simulations. The diffusion model
incorporated nonconvection mass transport based on the
time-dependent concentration of the model drug. The con-
centration decay function for the model drug was derived
according to the Fick’s second law of nonsteady-state diffusion
(Equation (1))

ac_ (oc
5ol 0

2201115 (6 of 16)
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aC . . aC .
where = is the concentration rate and E™ is the concentra-
X

tion gradient. Thus, the concentration Cy on the MB surface
was described by the decay function in Equation (2)1

Cpy =Co+(C. —Co)(1+erf(2xﬁ]] 2)

where C, (mol m™) is the initial concentration of the model
drug within the skin, C; (mol m~3) is the MB initial surface
concentration, D (m? s7!) is the diffusion coefficient, ¢ is the
time (s), and x is the skin thickness at the location of pen-
etration (m). Based on the simulation setup, no initial drug
concentration pre-existed in the skin (Cy = 0), and a no flux
condition was assumed for the skin boundaries. The dermal-
subcutaneous junction (the boundary between the dermis
layer and the subcutaneous fat layer beneath) was set to act
as the sink condition of the model. A fluorescein model drug
with an initial concentration of 2.66 (mol m™3), along with
diffusion coefficients of 3.97E-16 and 5.8E-10 m? s7!, was
used for the SC and dermis layers.'** The simulation cal-
culated the average concentrations (mol m~) of the model
drug near the tip of the MB and at the bottom of the dermis
layer (subcutaneous layer junction) within 20 min. Addition-
ally, the concentration gradient of the model drug was cal-
culated through the skin from the near tip to the end of the
dermis layer.

2.12. Statistical Analysis

Experimental and simulation results were presented as the
mean * standard deviation (n = 3). Error bars were expressed
as the standard deviations from the mean. For statistical
comparisons, one-way analysis of variance (ANOVA) was
used for insertion and penetration characteristics of all MBs
(Types 1-5), and the p-value was set at < 0.05 for statistical
significance. The statistical calculations were conducted using
Office 365 Microsoft Excel (Microsoft Corporation, Redmond,
WA, USA).

3. Results

3.1. Fabrication of MBs

Five types of complex master MBs were printed directly from
CAD models using 2PP with submicron resolution. Figure 4a
shows an MB replicated from its master fabricated using 2PP
technique. Thermoplastic replicas of the masters were fabri-
cated from the negative PDMS molds using soft embossing
process with high spatial resolution. The negative PDMS
molds of the masters were used for >20 cycles without any
defect or impacting the overall quality and fidelity of the rep-
licas. Replicated MBs had 849.29 + 3.1 um (mean £ SD; n = 5)
overall height with =5.63% overall shrinkage from the masters.
Figure 4b—f shows the SEM images of the MB replicas, and
Figure 4g shows a typical tip of the MB Type 2 with a tip size of
less than 5 pm.
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Figure 4. a) Comparison of the i) master MB fabricated by 2PP versus ii) MB replica fabricated by soft embossing. SEM images of the MB replicas
b) Type 1, ) Type 2, d) Type 3, e) Type 4, f) Type 5, and g) tip sharpness of the MB Type 2.

3.2. Mechanical Compression Testing of MBs

Compression tests were conducted at compression speeds of
1 and 25 um s7! to evaluate the insertion damage, initial stiff-
ness, and failure points of each MB when a compressive force
was applied along the vertical axis of the MB. Figure 5a—e
shows the SEM images of the MBs after compression tests,
where failure is defined by the deformation occurring close
to the MB’s tip by bending. Initial stiffness in the compres-
sion test can be defined as the slope in the linear region of
the force—displacement graph, and failure points are the
first occurrence of a sudden drop in the force-displacement
graph, which leads to permanent deformation of the MB.
Figure 5f,g shows the force—displacement graphs of the MBs

Adv. Mater. Interfaces 2022, 9, 2201115 2201115 (7 Of16)

compression tests for 1 and 25 pm s compression speeds.
At the compression speed of 1 um s, the initial stiffness
varied across MB Types 1-5 with values of 11.12, 13.22, 17.03,
8.78, and 2.71 N mm™!, respectively. The trend remained the
same for the 25 um s™! compression speed; however, due to
the effects of strain rate on viscoelastic material response, the
stiffness values increased to 22.10, 24.30, 29.98, 19.56, and
9.06 N mm~! for Types 1-5, respectively. In both experiments,
MB Type 3 showed the highest stiffness, whereas MBs Types 4
and 5 had the lowest stiffness. Effects of strain rate were also
observed on failure points when the compression test speed
increased from 1 to 25 um s~.. For instance, the failure point
increased from 1.71 N at 1 um s7' to 5.43 N at 25 um s/ test
speed for MB Type 3.
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Figure 5. SEM images of MBs after mechanical compression tests for a) MB Type 1, b) MB Type 2, c) MB Type 3, d) MB Type 4, and e) MB Type 5
(scale bar = 200 pum). Force—displacement graphs of compression tests at f) 1 um s~ speed and g) at 25 um s™' speed for Types 1-5 of MBs. h) Theo-
retical representation of the critical failure bending load at different locations (x) from the MB tip based on varying MB tip angles (30° < o <60 °) with

a constant side angle (8= 80°).
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As evident from Figure 5a—e, bending is the primary mode
of failure for MBs. In addition to experimental data, theoretical
analysis can give an in-depth understanding of the effects of
various factors on the overall MB mechanical integrity. During
MB insertion, the skin elastic behavior and irregular topology
impose axial and lateral loads on the microstructure that may
result in different failure scenarios. The mathematical models
assist in predicting the influence of geometrical parameters
on MB bending, which is one of the most probable causes of
MB failure. Assuming an MB acts as a cantilever beam with a
point load perpendicular to the neutral axis, the varying second
moment of inertia I,y is determined in terms of the distance
from the MB tip (x). The Euler-Bernoulli beam theory pre-
dicts a decrease in bending stress when moving toward the MB
base. The critical bending load (Fpending) can be calculated using
Equation (3)

oy

T tan (O an’ (B) &)
an (o) tan” (B)

K ‘bending =

where 0, is the yield stress, L is the MB length, oz and f3 repre-
sent the MB angles from either side (see Figure 1). The model
predicts that the critical Fyeqding is directly proportional to L and
0y, while inversely proportional to ¢ and . According to this
model, L and 3 parameters have the most influential effect on
determining the critical Fyepging. For a constant value of = 80°,
Figure 5h shows the critical Fyenging at different locations from
the MB tip for side angles ranging from 30° < or < 60°.

3.3. Penetration and Delivery of Fluorescein into Skin

The penetration and drug delivery capabilities of the MBs were
determined by measuring the penetration depth of fluores-
cein solution within the skin layers. A series of insertion tests
(n = 15) were conducted on the porcine cadaver skin using the
custom-made applicator with an impact velocity of 4.5 m s7! for
all MB designs. To determine the depth of dye penetration, the
Z-stacks imaging was conducted from the top surface of the
MB-treated porcine skin with 10 um intervals over 15 min for
each test. Figure 6a shows the penetration and diffusion images
of the fluorescein solution after insertion of an MB Type 1 to
the tissue sample, taken from the top of the skin surface to
=230 um underneath the skin. The depth of penetration of each
MB was determined based on the mean * standard deviation
(Figure 6b). In addition, fractional penetration length (FPL:
percentage of MB penetrated length/overall MB length) was
determined using the data from the Z-stack images. The results
indicated that all Types 1-5 of MBs successfully penetrated the
skin’s SC layer having FPLs of 24.5 £ 5.32%, 23.78 £ 3.46%,
16.25 £ 4.3%, 26.59 * 3.11%, 28.58 + 7.28% (mean * SD; n = 3),
respectively (Figure 6¢). According to the data (shown in
Figures 6b,c), the Type 3 MB had the least penetration at
138 + 36.51 um with FPL of 16.25 + 4.3%, and MB Types
4 and 5 had the furthest penetration achieving depths of
224.73 £ 26.42 um (FPL: 26.59 * 3.11%) and 242.63 + 61.76 pm
(FPL: 28.58 + 728%).

In another experiment, the Type 1 MB was inserted in the
abdominal porcine tissues using the applicator with impact
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velocities of 1.5, 3, and 4.5 m s™! to investigate the effect
of impact velocity on penetration. The results show that
increasing the impact velocity significantly increased the
depth of penetration of this MB from 172 um for 1.5 m s7!
impact velocity to 196 and 254 pum for 3 and 4.5 m s~ impact
velocities. This is equivalent to =45% increase in the overall
penetration depth from 1.5 to 4.5 m s7' impact velocities
(Figure 7a). Figure 7b shows the diffusion pattern of the fluo-
rescein solution in the skin after applying an MB Type 1 at
4.5 m s7! impact velocity. As can be seen from Figure 7b,
the 3D image resembled the MB’s overall shape within the
tissue. Histology studies for MB Type 2 also showed the skin
penetration and diffusion pattern of the model drug deep
into the skin epidermal layer (Figure 7c).

3.4. FEA of MB Insertion into Skin

The explicit dynamic module of ANSYS was used for FEA
simulations (Video S1, Supporting Information). The skin was
modeled as a multilayered model with a planner symmetry
region combined with hyperelastic and linear elastic material
properties. The boundary conditions of the model are indicated
according to Figure 8a. The force of insertion and the penetra-
tion depth of MBs were calculated and plotted against their
displacement into the skin model. The results indicated an
increase in the force peaking at insertion before a drop as the
skin was punctured. Figure 8b shows that the forces of inser-
tion for Types 1-5 MBs were 0.1, 0.17, 0.52, 0.085, and 0.092 N.
The Type 3 MB had the highest insertion force among all MBs,
indicating that approximately five times more force is required
to insert this design of the MB into the skin in comparison to
the other designs. Figure 8c shows the insertion force of each
MB design. In addition, penetration depth was determined
during the FEA simulations of the MBs. Although the FEA
results indicated a similar pattern to experiments, the results
for penetration depth were smaller in FEA models. For Types
1-5 MBs, these penetration depths were 167.36, 155.70, 65.61,
198.74, and 169.18 um, respectively. Results for MB penetration
indicated that the Type 4 MB had the maximum penetration
depth of 198.74 pm with FPL of 22.08%. Similar to the experi-
ments, the Type 3 MB had a minimum penetration of 65.61 pm
with FPL of 73%. Figure 8d shows the values of penetration
depth obtained for five MB designs after insertion into the mul-
tilayered skin model.

3.5. Drug Diffusion Modeling

COMSOL Multiphysics was used to simulate the diffusion of
fluorescein as a drug through the multilayered skin model.
Figure 9a shows the overall setup of the 3D model used for
diffusion simulation of the model drug. This setup consisted
of a two-layered skin model with no flux condition around the
skin, a time-dependent MB concentration as described by Equa-
tion (2), and the data collection paths (1-3) (Figure 9a). The ini-
tial concentration of the drug in the skin model was assumed to
be zero. Based on the simulation results, the concentration of
the model drug significantly increased around the penetration
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Figure 6. a) Fluorescein solution diffusion underneath the porcine skin surface after application of a Type 1 MB with an impact velocity of 4.5 m s™
illustrated from the skin surface to the deepest detectable fluorescein dye using confocal Z-stacks technique, b) penetration depth of five MB designs
after insertion into the porcine abdominal skin with 4.5 m s impact velocity, the data are expressed as mean £ SD (n =3, p < 0.1; one-way ANOVA).
c) Cross-sectional view of the tissues showing the maximum detectable penetration of Types 1-5 MBs, applied at a constant impact velocity of 4.5 m s,
having FPLs of 24.5 + 5.32%, 23.78 + 3.46%, 16.25 £ 4.3%, 26.59 + 3.11%, 28.58 * 7.28% (mean + SD; n = 3), respectively.
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Figure 7. a) Cross-sectional view of the tissues showing the maximum detectable penetration of Type 1 MB, applied at impact velocities of 1.5, 3, and
4.5m s7". b) 3D confocal image showing the penetration and diffusion of fluorescein dye underneath the skin’s epidermal layer. c) The histology section
for Type 2 MB illustrates skin penetration and the diffusion of fluorescein as a model drug deep into the skin’s epidermal layer.

region in the first 5 min; however, the diffusion rate started to
slow significantly after the first 12 min (Figure 9b) (Video S2,
Supporting Information). The results from the simula-
tion are presented as concentration profiles and streamlines
(Figures 9¢,d), demonstrating that the diffusion flux depends
on the MB geometry. By increasing the tip angle from 90° to
180° (MB Types 1-3) the concentration gradient shifted toward
the dermal-subcutaneous junction. Concentration gradients for
eccentric MB Types 4 and 5 appeared to generate a nonuniform
drug distribution (Figure 9d). After 20 min, for MB Types 1-5,
a concentration of 1.07, 1.15, 1.37, 1.05, and 1.06 mol m™> was
achieved near the tip of each MB. Thus, the maximum concen-
tration of 1.37 mol m~> was noted for MB Type 3, while MB
Types 1, 4, and 5 had the least concentration of =1.05 mol m~.
At the near subcutaneous layer, concentrations of 0.49, 0.51,
0.57, 0.5, 0.5 mol m~3 were observed for MB Types 1-5. Again,
for MB Types 1, 4, and 5, which have a similar tip shape and
angle, a lower drug concentration was observed near the

Adv. Mater. Interfaces 2022, 9, 2201115 2201115 (M 0f16)

subcutaneous layer. Figure 9e shows the average fluorescein
concentration at the two locations (near MB tip and subcuta-
neous layer) for each MB, and Figure 9f shows the fluorescein
concentration gradient across the skin thickness.

4, Discussion

In this study, complex microstructures were created directly
from CAD drawing using the 2PP technique and replicated
using PDMS micromolding and soft embossing methods.
These fabrication methods allow the production of complex
MBs with good repeatability and high mechanical strength,
which are not achievable by other micro-manufacturing
processes. 2PP is the most versatile method for manufac-
turing microstructures, especially MNs and MBs.®l Our pre-
vious studies demonstrated the fabrication of complex MN
arrays using 2PP techniques.*38! Similar to MNs, MBs need
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Figure 8. a) Boundary conditions and quadrilateral bias meshing used for FEA of the MBs, showing SC, dermis, and hypodermis layers. b) Calculation
of peak insertion force before MBs pierce the SC layer of the skin model. c) Bar chart showing the insertion force achieved from the simulation of
the MBs during insertion into the skin model with a velocity of 4.5 m s™. The data are expressed as mean £ SD (n =3, p < 0.001; one-way ANOVA).
d) Penetration depth was achieved from the simulation of the MBs during insertion into the skin model with a velocity of 4.5 m s7'. The data are pre-
sented as mean + SD (n =3, p < 0.001; one-way ANOVA).
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Figure 9. a) The simulation setup for the diffusion model consists of time-dependent concentration, no flux boundary condition, and measurement
lines for data collection. Model drug concentrations on lines 1 and 3 are averaged at different time intervals, while line 2 represents the concentration
gradient through the skin underneath the penetration region. b) Concentration profile for MB Type 1 at different time intervals 0, 4, 8, 12, 16, and 20 min.
c) Fluorescein concentration profile of all five MBs at 20 min. d) Color-coded concentration gradient streamlines showing the diffusion of the model
drug after 20 min across the skin thickness for five MBs. e) Average fluorescein concentration (mol m=3) versus time (min) at two locations (near MB
tip and at subcutaneous layer). f) Concentration (mol m~3) versus arc length (mm) extended from MB tip to subcutaneous layer.
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sufficient strength to safely and reliably insert into the skin.*!
To improve the MB integrity and reduce the 2PP fabrication
time, a series of process optimizations were conducted on the
main printing parameters such as laser power, scanning speed,
slicing distance, scaffolding method, and block size to select the
most optimum set of parameters,334! and print rigid micro-
structures with high durability. PDMS micromolding is a well-
known technique to replicate microstructure. In this study, we
used PDMS mold for soft embossing of a complete microflu-
idic device, including MB structure with open fluidic channels
and reservoirs in a single embossing step. The reservoirs and
fluidic channels are integrated into the design of the MBs to
store and enable the transfer of fluids in and out of the skin.
PDMS molds produced from master MBs were reused for sev-
eral cycles without damage (>20). The axial force applied during
the soft embossing process was carefully controlled to enable
fabrication of high-precision replicas while avoiding micro-
cracks to the PDMS mold. The maximum allowable pressure
on the mold was adjusted based on the microstructures’ geo-
metrical complexity and the volume of thermoplastic materials
required per replication cycle. Our previous study used lower
pressure to replicate MN arrays,¥ which indicates the depend-
ence of the applied force on the design geometries and the
mold structure.

Axial compression tests were conducted at 1 and 25 um s!
compression speeds to evaluate the mechanical strength of the
MBs. The data indicate an increase in mechanical strength upon
the increase in the compression speed, i.e., faster insertion of
MBs into the skin decreases the chances of early failure of MBs.
During the tests, bending failures were observed (Figure 5),
deemed the critical limitation to successful MB insertion.*’]

In this study, we demonstrated the successful insertion
of MBs into the dermal layer with our customized applicator
equipped with variable impact velocities. All the MB replicas
(n = 22) successfully penetrated the skin with no breakage or
separation, leaving no residue on the skin (Figure S4, Sup-
porting Information). Enhancing the MB penetration can
improve the drug delivery and sampling for diagnostics,[*84
while reducing the fabrication costs associated with partial
penetrations. As opposed to manual applications, using an
applicator will assure the patient or carer that enough force
has been applied to insert the MBs into the skin. In addition,
increasing the impact velocity (and hence the strain rate) has
remarkably improved the penetration.[*> Qur results showed
that increasing impact velocity from 1.5 to 4.5 m s~ resulted in
up to 45% increase in the overall FPL. According to the data,
reducing the MB angle and introducing eccentricity in the
design also improved the MBs’ FPL. For a constant MB height
and base size, the effects of eccentricity can be interpreted as
a reduction in the MB angle as eccentricity increases from
the center toward the sides. The effect of impact application
on MN penetration has also been demonstrated in the litera-
ture.*®51521 Maaden et al. showed 40% lower MN array penetra-
tion efficiency and reproducibility when manual insertion was
used over an impact insertion.’3l In another study, Meliga et al.
showed that by increasing the impact velocity from =0.25 to
2 m st a profound penetration depth enhancement from =20%
to 60% was achieved.”” In addition, through a series of simula-
tions in ANSYS explicit dynamics, the insertion force required
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to penetrate the skin for various MB designs was calculated.
Insertion forces varied between 0.085 and 0.52 N depending on
the MB overall geometrical shapes. These insertion force data
were in accordance with the experimental results.

The diffusion pattern from the simulation of the drug model
was comparable with the permeability studies using confocal
imaging, with a steep decline in the concentration and diffu-
sion flux over time. This diffusion pattern can be described
based on the Fick’s first law of diffusion (Equation (4))

_p%
J=-D% “

where | is the diffusion flux (mol m™ s7%), D is the drug dif
fusivity (m? s7) in skin, and o€ (mol m™) is the concentra-
tion gradient. The rate of decrease in the concentration over
time aa—f<0 (Equation 2), reduced both g_C and the diffu-

x
sion flux (]). At equal penetration depths, MB Types 2 and 3
showed the highest diffusion compared to other counterparts.
The simulation data showed a 27.3% higher drug concentration
near the MB Type 3 tip which was the highest concentration
among concentric MBs. At the subcutaneous junction, this
increase in concentration was less noticeable (177%). Uni-
formity and homogeneity of concentration are important fac-
tors in therapeutic drug delivery,> whereas in the current
study introducing eccentricity to MBs Types 4 and 5 led to an
uneven distribution of the model drug. Al-Qallaf et al. also pre-
viously reported the effects of MN nonsymmetrical features on
drug distribution behavior.®¥ Moreover, using fluorescein as a
drug model with a molecular weight (MW) of 376.27 gr mol™
can possess similar diffusivity compared to other FDA-
approved drugs for transdermal delivery, such as Fentanyl (MW:
336.47 gr mol™), Oxybutynin (MW: 35749 gr mol™!), Donepezil
(MW: 379.49 gr mol™') with comparable molecular weights.°!

5. Conclusion

Microdevices such as MN and MB arrays are becoming prom-
ising means of drug delivery and sampling. In this research,
a scalable manufacturing process®® was used to fabricate MBs
offering single integrated designs, which may reduce the fabri-
cation cost and time while promoting safe and effective inser-
tion into the skin subjects. MBs are a new design of MNs for
transdermal drug delivery. Different geometries of MB were
designed and fabricated using 2PP. Master MBs were then
reproduced using micromolding and embossing processes.
Experiments were conducted to test the penetration capa-
bilities by mounting MBs on prototype impact applicators
and placing porcine abdomen cadaver skin on an adjustable
stretching mechanism.””! MB insertion simulations were car-
ried out on a combination of hyperelastic and linear elastic
multilayered skin models for individual MB designs to deter-
mine the insertion force and penetration capabilities. All
MBs successfully penetrated through the skin SC layer, and
a reduction in blade angle for concentric models and intro-
duction of eccentricity to the MB overall shape was found to
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increase the penetration. The simulation of model drug diffu-
sion conducted across all MBs indicated a steep decline in the
diffusion flux over time for solid MBs. While increasing the
tip angle improved the concentration, eccentricity resulted in
nonuniform concentration distribution. In terms of penetra-
tion, approximately a 45% increase was observed in penetra-
tion depth upon increasing the impact velocity by a factor of
three. The results demonstrate the functional capabilities and
potential for future applications of MBs for transdermal drug
delivery.
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