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In the current study hollow microneedles (HMNs) were fabricated by means of vat polymerization method for the
transdermal delivery of insulin. Two geometries of HMNs were designed in a Computer Aided Design (CAD)
software namely, curved pyramid and syringe-like and fabricated with Liquid Crystal Display (LCD) method.
Dimensions were determined and quality features were imaged with scanning electron microscopy (SEM).

Volumetric characterization of HMNs and microchannels was performed by microfocus computed tomography
(uCT) whereas mechanical characterization and skin penetration tests of the two geometries were carried out
both experimentally and by Finite Element Analysis (FEA) simulation. Diffusion studies of insulin across full
thickness human skin were performed in vitro using Franz diffusion cells. Insulin samples were analyzed with
liquid chromatography-mass spectrometry (LC-MS). The results show that the transport might be affected by the

shape of the microneedles.

1. Introduction

Diabetes mellitus is an endocrine pancreatic disorder which impairs
glucose metabolism resulting in increased glucose blood levels. In many
cases insulin replacement therapy is mandatory for managing the dis-
order and improving tissue glucose uptake. Insulin administration takes
place exclusively through parenteral route [1,2]. This restriction results
from the peptide’s nature, which makes the specific and other protein
drugs vulnerable to enzymatic degradation and extreme pH conditions
of oral route [3]. Hence, insulin delivery in the current clinical praxis is
performed with syringe equipment, which is associated with pain, pa-
tient anxiety and non-compliance to therapeutic treatment [4]. To deal
with this issue, scientific research has focused on alternative methods
with the aim of making delivery of macromolecular drugs more patient
friendly. These methods enhance transdermal delivery and include use
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of liposomes [5], nanoparticles [6], jet injectors [7] and electrical
assisted methods such as sonophoresis [8], electroporation [9] and
iontophoresis [10]. Additionally, use of microneedles (MNs) has been
under intensive research over the last two decades. MNs are miniature
devices containing micron sized needles (<1000 pm) which facilitate
transdermal delivery causing perforation of stratum corneum (SC) when
applied on skin. Subsequently, pharmaceutical cargo is released in the
deeper layers of skin until it reaches systemic circulation. Compared
with other enhancing technics, MNs provide a more efficient drug
pathway due to the large pores created after application. Moreover, they
enable self-administration and minimize pain sensation, while
improving thermostability of drug formulations [11,12]. Among the
different types of microneedles, HMNs have been used for insulin
administration [13-17]. 3D printing of HMNs has been conducted
mainly by means of Two Photon Polymerization (2-TPP) [18-24], which
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is one of the most accurate but also expensive methods in 3D-printing
technology [25]. In addition, HMNs have been manufactured using
stereolithography (SLA) [26,27], while Miller et al. fabricated HMNs
with the aid of a digital micromirror device system intending to trans-
dermal electrochemical sensing [28]. HMN fabrication using Fused
Deposition Modelling and Selective Laser p-Melting have also been
referred [29,30]. Recently, during 2021, the first research concerning
stereolithographic 3D printing of HMNs and in vivo insulin delivery was
published by Economidou et al. [31] The same research team had pre-
viously demonstrated in vivo insulin delivery to diabetic rats using SLA
printed microneedles, inkjet printed with insulin formulations [32].

In the current study, HMNs differing in shape (curved pyramid vs
syringe-like), were manufactured by Liquid Crystal Display (LCD) vat
polymerization and evaluated as a mean for the transdermal delivery of
insulin in vitro. Vat polymerization methods (VPMs such as TPP, SLA and
Digital Light Processing or DLP) offer the high accuracy needed for
complicated microstructures such as HMNs. Among VPMs, LCD, an
unexploited printing method in pharmaceutical technology, is distin-
guished due to the fact that satisfying resolutions (50 pm at vertical
direction) are combined with low costs, favoring thus large scale pro-
duction of high complexity objects [33]. LCD method prints typically
faster than stereolithography (SLA) which has been recently used for
HMN fabrication, as each layer is flashed and subsequently polymerized
at once and not as a single point. Additionally, LCD method includes
curing process in the printing procedure, while in SLA curing process is
conducted with extra equipment as a post printing procedure. Moreover,
in LCD method the resin tank is continuously illuminated with LED
sources, while LCD screen determines the sites of polymerization and the
final quality product according to the number of pixels included. Quality
product can be easily improved replacing LCD screen with an upgraded
version, extending laboratory life of LCD 3D-printers.

After fabrication procedure, LCD printed HMNs were assessed for
their structural characteristics by means of SEM and X-ray pCT. The
mechanical strength of the microneedles was also assessed, while skin
penetration studies across human skin ex vivo were conducted. Finally,
permeation studies of insulin across human skin in vitro were performed
using Franz cells followed by quantification of insulin by means of LC-
MS, whereas the effect of geometry of HMNs on insulin delivery was
evaluated. The present research contributes to pharmaceutical science,
as insulin is delivered in vitro across full-thickness human skin, which
poses a more realistic biological barrier over commonly used animal
tissues. In addition, LCD method has not been used by other research
groups whereas transdermal insulin delivery with use of 3D printed
HMN:s is sparsely referred in literature [31,34].

2. Materials and methods
2.1. Materials

NextDent Ortho Rigid resin (NextDent B.V., Netherlands) was pur-
chased from Dentalcom Papazoglou S.A. (Greece). Absolute ethanol
(>98%, GC), Pluronic F-127, disodium hydrogen phosphate dodecahy-
drate (NagHPO4-12H50), potassium dihydrogen phosphate (KHPO4),
sodium chloride (NaCl), potassium chloride (KCl), disodium hydrogen
phosphate dihydrate (NaaHPO4-2H50), citrate acid monohydrate (MW
210Da) and human insulin (MW 5808Da) were purchased from Sigma
Aldrich (St Louis MO, USA). Methanol (LC-MS grade) was obtained by
VWR chemicals (Vienna, Austria), while formic acid (99-100%) was
supplied by Sigma-Aldrich (St. Louis, MO, USA). High-purity water
(18.2 MQ cm resistivity) was produced by a B30 water purification
system (Adrona SIA, Riga, Latvia).

2.2. Design and fabrication

HMN arrays (6 x 6) were designed with two different geometries
namely curved pyramid and syringe-like, using a SolidWorks CAD

Journal of Drug Delivery Science and Technology xxx (xxxx) xxx

software (Dassault Systemes, SolidWorks Corporation, Waltham, MA,
USA). Height was set around 1000 pm, while interspacing was 2000 pm
(center to center distance). The whole patch was a 15 x 15 mm square
surface. 3D-printing was conducted with Phrozen Shuffle 2018 3D
printer, which polymerizes utilizing a LED light source. Resin NextDent
Ortho Rigid, a biocompatible resin (Class IIa) was used as printing ma-
terial. Final printing parameters were adjusted with ChiTuBox 64 slicing
software. Printing angle varied depending on geometry; for curved
pyramid was 52.63°, whereas for syringe-like was 36.25°, with the aim
of making the HMN surface containing the channel projection, parallel
to the building platform. Curing time was set at 70s for the first 12 layers
(burn-in layers) and 8s for the rest whereas printing resolution was 100
pm for the burn-in layers and 30 pm for the rest of the part.

Reservoirs suitable for HMN attachment were fabricated with the
upper internal square perimeter slightly larger than HMNs’ (15.2 x 15.2
mm). Reservoirs resembled a funnel shaped inner space, which inscribes
all microchannels of the array on the one side allowing tube fitting on
the other side. 3D printed fabricated HMN arrays and reservoirs were
immersed in isopropyl alcohol solution for 3min under ultrasonic
application (Hielscher UP200s, Teltow, Germany). Amplitude of ultra-
sonic processor was 35%, whereas pulse around 40%. Next, printlets
were immersed in a clean alcoholic solution for another 2 min and
finally they were dried in an air circulated oven (Binder FD56, Tutt-
linger, Germany) for 20 min at 25 °C.

2.3. Scanning electron microscopy (SEM) studies

The structural features and the dimensions of HMN arrays were
determined by of SEM studies. HMNs were inserted in a charge reduc-
tion sample holder and visualized with a Desktop Phenom ProX scan-
ning electron microscope (ThermoFischer, USA).

2.4. X-ray uCT studies

2.4.1. Equipment & acquisition

Volumetric characterisation of the printed product was conducted by
means of pCT. Samples were imaged using an in house designed X-ray
histology (www.xrayhistology.org) pCT scanner build on the back of a
Nikon XTH225ST system. The experiments took place at the p-VIS/
Biomedical Imaging Unit joined facilities at the University hospital
Southampton. Imaging conditions were selected so that a minimum of
10% transmission of the incoming X-ray beam was maintained at all
exposure angles during the 360° rotation of the specimen. The scans
were conducted at a peak voltage of 80 kVp and a power of 8.8 W
(current: 110 pA) using a tungsten (W) target. The 2850 x 2850 pixels
detector was used un-binned, and the source-to-detector and source-to-
object distances were set to 1132.1 mm and 68 mm respectively,
resulting in a pixel size of 9 pm (geometric magnification:16.65).

Imaging parameters were as follows: 3001 projections were taken
over the 360° rotation, with 4 frames per projection being averaged to
improve the signal to noise ratio. Exposure time of each projection was
177 ms and the detector’s gain was set to 30 dB.

2.4.2. Reconstruction, visualization and analysis

After CT acquisition, the data were reconstructed into 32-bit volume
files by means of Nikon’s own reconstruction software, which uses a
filtered-back projection algorithm. The reconstructed 32-bit raw image
volumes were then converted to 8-bit volumes for visualization and
quantification. Volume segmentation and quantification was conducted
in Dragonfly (v. 2021.1.0.977; Object Research Systems (ORS) Inc,
Montreal CA). The analysis was focused on the central 16 (4 x 4) needles
of the patch to ensure that no edge-imaging artefacts would interfere
with the analysis.

For the analysis each volume was “split” in two along the Z-axis,
resulting into two sub-volumes: one containing the protruding needles
and the other one their lumen. This allowed us to conduct the most
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relevant analysis for each of these two features. Following thresholding-
based segmentation, each needle and each lumen was analyzed inde-
pendently and the following measured were calculated: Volume (mm?),
Volume/Surface Area (mm), Maximum Location Z (mm) - Maximum
Location Z (mm), Aspect Ratio and Minimum Ferret Diameter (mm).
Interpretation of these measures is discussed below in more detail.

2.5. Contact angle goniometry studies

Microneedles were coated with 5% w/v solution of Pluronic F-127 to
ensure free passage of the aqueous solution of the macromolecule.
Briefly, microneedles were immersed into an ethanolic solution of the
polymer for 30min and subsequently dried for 5-10min into an oven at
50 °C (Binder FD56, Tuttlinger, Germany). This was repeated four times,
aiming to enhance the hydrophilic character of the microchannel walls.

In order to determine the successful addition of the polymer, goni-
ometry studies were carried out using the drop shape method. First,
films 15 mm x 15 mm were 3D-printed with printing angles being the
same with those used at microneedle printings (36.25°, 52.63°). Films
were coated with polymer according to the procedure described above.
A triplet of coated films was further water rinsed (1 mL ultrapure, Milli-
Q) to investigate if polymer is removed. Next, contact angles were
measured by CAM200 (KSV) at 25 °C. For this a microdroplet was
formed with the aid of a needle-gastight syringe- (Hammilton) -
pumping system (KSV) on the surface of coated and uncoated substrates.
Microdroplets were formed at several points of each 3D-printed film to
examine possible heterogeneities within the films. Measurements were
taken at all available samples. Measurements were taken every 5 s in
order to examine possible gradual wetting behavior and lasted until an
equilibrium contact angle was reached. For the present samples equi-
librium was reached at times below 20 s. Given the structured surface of
the material preliminary measurements were also performed in order to
observe possible pinning of the water droplet on several points of the
structured surface that would affect the wetting behavior. These mea-
surements were performed both by gradually increasing the water
droplet and observing the time dependence of the contact line as well as
observing the position of the contact line as a function of time during
evaporation. No pinning was observed in any of the examined material
at the scale of examination. One-Attension software (version 1.8 Biolin
Scientific) was used for contact angle determination and drop shape
analysis.

2.6. Mechanical characterization

Mechanical characterization was conducted using a tensile test ma-
chine equipped with a 500 N load cell (M500-50AT Testometric Com-
pany, Rochdale, UK). HMNs were mounted on a steel plate with double
sided adhesive tape. A metal rod located above the steel plate, was
programmed to descend at the rate of 0.5 mm/min causing compression
failure of HMN arrays with forces up to 650 N. This procedure was
repeated for at least 3 HMN arrays per geometry. Prior and after
experiment, SEM images were acquired and examined for possible al-
terations of HMNs.

2.7. Skin penetration test

Skin samples were obtained from female donors (average age 51 + 4
years old) who had been subjected to cosmetic surgery operation.
Samples were immediately transferred to laboratory and pinned on
Styrofoam. Fatty tissue was removed using scalpels. Skin samples were
immediately used in experimental procedures after being cleaned with
water impregnated cotton. Samples were obtained from at least three
different donors. Skin penetration test was carried out with the tensile
machine used for compression test. First, a 500 pm thickness dental wax
sheet was placed on a wooden substrate and skin samples were trans-
ferred and stretched on top of them with dermis side down [35]. The
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skin assembly was next placed on the steel plate of the tensile machine.
HMN arrays of both geometries were fastened on the metal rod with
double sided adhesive tape, facing skin samples. The rod was adjusted to
descend at 0.5 mm/min, so that HMNs be applied on stratum corneum
pressing the underlying skin layers with forces up to 5 N and 10 N,
depending on the geometrical configuration of the HMNs. After loading,
these ultimate forces were kept constant for 1min. A force-displacement
curve was recorded and at the end of the experiment skin samples were
inspected with optical microscope to locate the microneedle created
perforation sites. Experimental procedure was conducted in duplicate
per geometry.

2.8. Skin visualization studies

Skin samples were heated for 2min at 60 °C and epidermis layers
were removed using blunt forceps. Epidermis samples were placed on
PBS soaked filter paper which was previously placed on cork dishes.
HMN treatment followed as referred at permeability studies. Epidermis
was fixed with 10% formaldehyde solution for 10 min. Subsequently,
epidermis samples were placed in alcoholic solutions of increasing
concentrations namely 50, 70, 96 and 100%, for 30min in each case.
After all, samples were taken at dehydrated condition and attached on
metal stubs using carbon tape. A 90 nm gold layer was coated with a
sputter coater (Quorum, UK). Finally, samples were inserted in SEM
microscope and thoroughly inspected.

2.9. Diffusion studies

2.9.1. Insulin stability and absorption studies

Aliquots of 4 mL of 20 U/mL insulin solution (citrate-phosphate
buffer) was kept at 37 °C for 60 min. At 60 min a volume of 1 mL was
collected and further analyzed by LC-MS. Any absorption of insulin to
microneedles was evaluated by mounting 3D printed films of 1 cm?
surface between side-by-side Franz cells using dental wax. Franz cells
were filled with 3 mL of 20 U/mL insulin solution which were in contact
with the 3D printed films. At 2 min, aliquots of 1 mL were taken and
analyzed. All experiments were carried out in triplicate.

2.9.2. Invitro permeation studies

Permeation studies were conducted using vertical Franz diffusion
cells and human insulin. HMN devices (HMNs of different geometries
assembled with reservoirs) were manually pressed against skin samples
for at least 30s exerting periodically soothe vibrating moves. Skin
samples had been placed on a dental wax covered wooden substrate,
according to skin penetration procedure. Subsequently, skin tissues
along with HMN devices were transferred on Franz receptors and donors
were fastened. Franz receptors contained Phosphate Buffer Saline (PBS),
pH 7.4.

Next, using a Watson-Marlow 205CA pump, insulin solution (1 mL,
20 IU/mL in citrate-phosphate buffer) was pumped at a flow rate of 0.5
mL/min through HMN devices, according to the set-up being presented
in Fig. 1. HMN devices were accompanied with pump tubing from the
beginning of the experiment. After HMN device-Franz cell set up, tubing
related to Watson-Marlow pump. At the end of the administration, pump
and HMN devices were removed, and donors were covered with paraf-
ilm. At 60 min, sample aliquots of 1 mL were collected from the re-
ceptors and then analyzed by liquid chromatography-mass spectrometry
(LC-MS).

2.10. Peptide quantification by LC-MS

Method validation and insulin sample analyses were performed
using an Acquity UPLC binary solvent system (Waters) coupled to a TDQ
triple quadrupole MS/MS (Waters). Chromatographic separations were
achieved on a Poroshell EC-C18 120 (50 x 4.6 mm, 2.7 pm, Agilent
Technologies) thermostated at 40 °C. The autosampler temperature was
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3D printed assembly of the microfluidic device

Franz Cell :
I
—— ]

Fig. 1. Capture of a HMN loaded Franz cell along with the pump used in diffusion studies. At the left side, a detailed schematic showing how the whole set

up performs.

set at 10 °C. The mobile phase consisted of water (A) and methanol (B)
both acidified with 0.1% v/v formic acid. The flow rate and the injection
volume were set at 0.5 mL/min and 5 pL, respectively. At the beginning
of the gradient elution, the composition was 10% B and kept constant for
1 min and was linearly increased to 90% B in 3 min and then was altered
to the initial ratio of 10% B at 3.5 min and kept constant up to 6 min for
column equilibration. The mobile phase from the first 2 min of each
analysis was diverted to the waste in order to protect the MS ionization
source from the early eluting matrix components. Between injections the
autosampler was sequentially rinsed with 1000 pL of HoO/CH3OH, 80/
20 v/v and HoO/CH30H, 20/80 v/v to remove any sample residuals.

Precursor ion full scan spectra of the studied protein was acquired in
positive ionization mode (m/z range 50-1800) using a direct infusion of
an insulin solution (1 pg/mL in 0.1% FA) using a syringe pump operating
at a flow rate of 5 pL/min. Stable and reproducible response was
observed in (+) mode corresponding to its protonated ion [M+5H]°*
(1162.2 m/2); thus, it was used as quantitation ion. The electrospray
source block and the desolvation temperatures were 120 and 400 °C,
respectively. The capillary and the cone voltage were 3 kV and 30 V,
respectively. Nitrogen was utilized as both desolvation and nebulizing
gas operated at 600 and 50 L min~!. A dwell time of 25 ms was used. The
operation of the LC-MS system and the data acquisition were carried out
using MassLynx v. 4.1 software.

A linear calibration curve was constructed using six calibration levels
in the range of 0.10-5.2 pg/mL. A weighted factor of 1/X was selected to
minimize the deviation of the back-calculated values (residuals) from
the theoretical concentrations. The correlation coefficient (r) of 0.9902
demonstrating satisfactory linearity in the studied concentration range.
The lower quantifiable concentration of 0.1 pg/mL was taken as LLOQ
and the % RSD of three replicate injections of standard solution was less
than 2.0%.

2.11. Statistical analysis

The results for the diffusion studies are presented as mean + standard
deviation of three experiments. Statistical differences were tested using
unpaired Student t-test (p < 0.05).

3. Results and discussion
3.1. Design and fabrication of HMNs

HMNs were designed in CAD modeling with a height of 1000 pm for
curved pyramid and syringe-like configurations. The microneedles’
interspacing was set at 2000 pm (center to center distance) and the
whole patch was a 15 x 15 mm square. The designs of the 3D printed

HMNs of both geometries are presented in Fig. 2. Curved pyramid ge-
ometry was previously optimized in a previous work [36] and as such,
array surface was kept constant and interspacing (center to center dis-
tance) was reduced at 2000 pm resulting to a 6 x 6 HMN array. This
alteration aims to a reduction of insertion force and thus to an easier
perforation of stratum corneum [37]. Syringe-like geometry was intro-
duced for comparison reasons. Insertion forces and permeability values
were compared, and conclusions were made on the suitability of the two
geometries for drug administration. Interspacing and array surface
designed values were common for both geometries. Some parameters
namely layer height and curing time, were experimentally optimized.
3D printing angles were different for the two designs. The determination
of the 3D printing angle follows the logic that the HMN surface con-
taining the channel projection must be parallel to the building platform.
In this way clogging of microchannels is prevented [38]. Hence, 3D
printing angle of curved pyramid geometry was 52.63°, while for
syringe-like printing angle was 36.25°. The reservoirs used were com-
mon for both the curved pyramid and syringe-like HMNs. HMNs and
reservoirs were not simultaneously 3D printed resulting in order to
avoid a severe increase of 3D printing time. Therefore, reservoirs were
separately 3D printed with a 100 pm layer resolution compared to the
highly detailed HMNs. The dimensions of the final device were 16 x 16
x 18 mm (length x width x height).

Fig. 3 a - d depict SEM images of HMNs of both geometries. The
height of curved pyramid HMNs was measured to be 900 ym + 40 pm,
while lateral tip length was found to be 40-55 pm. For syringe-like
HMNSs height was 955 pm + 40 pm. Lateral tip length varied in the
same range, while tip shape was quite oblong. Both tips were sharp
enough ensuring the success of perforation process. Microchannel pro-
jected area of syringe-like HMNs was much larger compared to the
corresponding of curved HMNs, as can be estimated in Fig. 3b. LCD
printed HMNs are coarse compared to conventional non printed
microneedles, while their lateral tip length cannot be less than ~50 pm.
This is a limitation method associated with printing procedure. As a
result, skin penetration may be achieved in higher forces. Yet, insertion
forces were kept at tolerable values (see section 3.4).

Regarding the geometry that can be achieved while 3D printing
HMNss, it should be noted that the successful formation of microchannels
requires the existence of an inclined microneedle surface which contains
the ending of the channel in the form of ellipsis [38]. As a result, any
geometry that fulfills this requirement and can yield sharp tipped
microneedles is considered suitable. Two common 3D printed geome-
tries are beveled and triangular pyramid [28,31]. Of great significance is
the fact that inclined surfaces should be parallel to building platform in
order to ensure well forming of microchannels (no clogs). Table 1
summarizes some conditions under which successful printing of HMNs is
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a 3D CAD models of microfluidic device (6x6 MNs array)

Curved pyramid
configuration

Syringe-like
configuration

b 3D printing platform

Curved pyramid
configuration

3D printing
software

LCD (Liquid Crystal

Supports

Syringe-like
configuration

3D printing
software

3D printed assembly of

Display) 3D printer d the microfluidic device
3D printed @
microneedle Biocompatible
array resin
Resin tank

Illuminated area

mmm——C— | CD screen

LED sources

—
4mm

Fig. 2. (a) 3D CAD models of microfluidic device (b) 3D platforms (curved pyramid and syringe-like configurations), (c) Schematic representation of the vat
polymerization 3D printer for the fabrication of the HMN arrays and reservoirs and (d) the 3D printed microneedle arrays fitted in a reservoir adapter suitable for

drug administration.

favored or not. Hexagon, square pyramid and beveled geometry are
included. Importance of inclined surface along with printing angle is
raised [38].

NextDent Ortho Rigid printing material is a Class Ila biocompatible
resin according to the manufacturer. Hence, it complies with ISO-10993-
1 which means that printed material is not expected to exert systemic or
topical adverse effects [39]. Despite this certification, there should be
awareness as the possibility of unpolymerized monomer leaching may
exist, depending on the physicochemical properties of the resin [40]. To
encounter this possibility, a prime action is to reassure an effective
polymerization in terms of time curing [41]. In addition, alcohol rinsing
of the printed objects has been referred to improve their biocompati-
bility probably because of the massive removal of monomers [42].
Furthermore, coating addition prevents leaching because it poses a
barrier and at least adds a lag time to monomer mitigation [43].

Nevertheless, the possibility of toxicity due to monomer leaching was
experimentally assessed in a previous work of us. Briefly, PBS extracts of
3D-printed objects collected at different time-points were incubated
with human adult low-calcium keratinocytes. According to experi-
mental findings, growth inhibition may occur after a period of time; yet,
cell death is not induced. Taking into consideration that the proposed
polymer coated HMNs are purposed for a few minute drug administra-
tion, it is unlikely that cell/tissue viability will be affected [36].

3.2. uCT studies

In this study we analyzed two different configurations; curved pyr-
amid geometry patch and syringe-like geometry patch, both made of
Nextdent Ortho Rigid resin. X-ray pCT of the HMNs and their micro-
channels are illustrated in Fig. 4 a-h. The results of the analysis are
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Fig. 3. SEM micrographs: (a), (b) 3D printed curved pyramid and (c), (d) 3D printed syringe -like HMN arrays.

Table 1
Summarized results of successful or not microchannel formation. All 3D-print-
ings included 10s curing time, 400 pm/s lifting speed and 30 pum layer height.

Geometry Non-clogged microchannel 3D Printing Angles
Beveled Yes —45°

Beveled No 0°, 90°, +45°
Hexagon No 0°, 90°, +45°, —45°
square pyramid No 0°, 90°, +45°, —45°

presented in Table 2, where it can be concluded that the 3D printing
method allows for high consistency and reproducibility with respect to
needles’ length (quantified as MaxZ-MinZ). Needle length variation was
<5% across the different needles of each patch, with the curved pyramid
geometry performing better than the needle-like ones. Mean needle
length was found to be ~0.856 mm for the curved pyramid geometry
and 0.955 for the syringe-like. Volumetric reproducibility (volume)
amongst needles of the same batch showed somewhat higher variation
but still below 15%. Given that the shape variation, as assessed by both
the aspect ratio and the minimum ferret diameter of these objects, is in the
order of ~3-6% for both geometries, one could argue that the excess
variations seen in volume is due to surface finish/roughness. This is
further supported by the volume/surface area measurements where
variation is seen to be between 6 and 7%.

Reproducibility of the lumen seem to be comparable, with

volumetric variability (volume) ranging between ~ 8 and 17%. In this
context, the minimum ferret diameter (a.k.a. minimum caliper diameter)
can be used to assess the smaller internal cross-section of each lumen. It
can be used to highlight obstructions and narrowings. The average
minimum ferret diameter was ~0.6 mm for curved pyramid geometry,
while the syringe-like geometry exhibited a much greater minimum ferret
diameter of 0.9 mm. The syringe-like geometry performed better in terms
of lumen consistency. No serious obstructions or narrowings were
observed in any of the 32 needle-plus-lumen composite objects.

3.3. Contact angle studies

Printing films at a different angles results in a different roughness on
their surface, due to the fact that slicing gives different surface areas.
Hence, contact angle angles varied according to printing angles. As seen
in Fig. 5, as printing angle increases from 36.25° to 52.63° contact angle
between water drops and substrates decreases (control 36.25° vs control
52.63°, coated at 36.25° vs coated at 52.63°). Furthermore, the addition
of the polymer on the substrates on both printing angles causes reduc-
tion of the contact angle by nearly 40°, reaching values of 22° and 15° at
equilibrium for 36.25° and 52.63° printing angles respectively. The
significant decrease of contact angle between the substrate and water
favors the flow of water-based solutions and as such, polymer addition
was successful. Moreover, water rinsed coated films (36.25°) presented
equal contact angles at equilibrium indicating similar wetting behavior
of the coated microneedles after rinsing. Therefore, any effects of rinsing
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Fig. 4. X-ray pCT of curved pyramid, syringe-like HMNs and their microchannels. Volumetric (a), (e) and semitransparent (b), (f) virtual section of a single needle
row showing the needle structure and the lumen with respect to the needle. Sub-panels (c), (d) and (g), (h) show the segmented individual needles (c), (g) and the
needle/lumen models (d), (h) used for the volumetric quantification of the structures presented in Table 2. Grid-size 0.8 mm and 0.5 mm in (c) and (g) respectively.

during the few minute drug administration should be considered
negligible as regards the wetting behavior of the microneedles. Contact
angle measurements at different positions of the same sample resulted
into contact angle differences of below 1.5°. Taking into account the
roughness of the structures surface such small differences reflect the
homogeneous structuring and coating of the surface.

3.4. Mechanical characterization

Compression tests were conducted using forces up to 416.5 N for
curved pyramid HMNs and 650 N for syringe-like HMNs, which in fact is
much greater force than this HMN arrays will experience during inser-
tion into the skin. After experiments HMN arrays were examined with
SEM, revealing the extension of the damage that has happened. As
shown in Fig. 6 a-e, both curved pyramid and syringe-like geometries
experienced an extreme stress condition at 416.5 N and 650 N, respec-
tively. Fig. 6a shows force-displacement curve, where can be seen that
syringe-like HMNs can withstand forces up to 650 N, but after that they
are more heavily damaged. As shown in Fig. 6a, fracture was observed at

416.5 N for curved pyramid microneedle array. Compression failure test
results of the curved pyramid and syringe-like HMNs in Fig. 6a reveal
that the failure strength was 12 N per HMN and 18 N per HMN,
respectively. Cracks, partial detachments and shape alterations were
observed. Whereas complete fracture of curved pyramid HMNs was not
achieved as shown in Fig. 6¢ and e, results were not the same for syringe-
like HMNSs. As seen in Fig. 6b and d, syringe-like HMNs experienced
extreme damage with several parts of microneedle walls being lost,
while one case of complete destruction was recorded. Material
compression led to a 15% height loss in curved pyramid HMN geometry.

An indirect comparison could be made between the proposed curved
pyramid HMNs and the pyramid coated microneedles manufactured by
Douroumis et al. [32]. Both kinds of microneedles have similarities
regarding their geometry and their material (similar components and
mechanical characteristics). Given these facts, it is observed that coated
pyramid microneedles [32] start to fail after applying a 457 N uniaxial
load, while in the current study failure is recorded at lower forces (416.5
N) for curved pyramid HMNs, as it has been already mentioned. This
comparison indicates that the lumen existence weakens mechanical
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Table 2

Selected metrics of curved pyramid and syringe-like 3D printed hollow microneedles.
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Geometry
Composition

curved pyramid

syringe-like

Segmented objects

Selected metrics

Volume (mm®)
Volume/Surface Area (mm)
Max Z - Min Z (mm)
Aspect Ratio

Min Feret Diameter (mm)

mean + SD* [coef.var]
Needlesn = 16

0.284 + 0.037 [13.1% ]
0.069 =+ 0.006 [5.97% ]
0.858 + 0.024 [2.83% ]
0.439 + 0.015 [3.47% ]
0.858 + 0.024 [2.83% ]

Lumenn =16

0.354 + 0.061 [17.3% ]
0.113 + 0.009 [7.67% ]
n/a

0.19 £ 0.028 [14.75% ]
0.622 + 0.068 [10.89% ]

Needles n = 16

0.45 + 0.055 [12.26% ]
0.071 =+ 0.005 [7.4% ]
0.955 + 0.039 [4.11% ]
0.433 + 0.027 [6.24% ]
0.955 + 0.039 [4.11% ]

Lumenn = 16

1.243 £+ 0.105 [8.44% ]
0.184 + 0.008 [4.11% ]
n/a

0.5 £ 0.024 [4.76% ]
0.976 + 0.026 [2.7% ]

@ SD: standard deviation.
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Fig. 5. Contact angle measurements as a function of time. Black and purple line: control films printed at 36.25° and 52.63° respectively. Red and blue line: coated
and water rinsed films printed at 36.25°. Green line: coated film printed at 52.63°. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

strength of the pyramid-like microneedles, probably due to lateral wall
thickness reduction, implying that the larger the lumen, the lower the
mechanical strength. In addition, during the manufacturing procedure
of the curved pyramid HMNs, it was observed that very large sized
microchannels led to unsuccessful printings due to lateral wall thinning.
Experimentally it was proved that 500 pm microchannel diameter does
not compromise mechanical strength significantly while microchannels
are very well formed.

On the other hand, the syringe-like configuration that has been
studied in this work can withstand a force of 650 N with a microchannel

diameter of over 500 pm, indicating the significance of the geometry of
the HMNs during the design process.

3.5. Skin penetration test

The capability of the HMNs to perforate SC, the applied forces and
the comparison between two different geometrical configurations of
HMNs have been investigated through instrumented penetration tests,
supported by FEA simulations. FEA models have been introduced in
order to improve the calculation accuracy of forces that have been
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Fig. 6. (a) Failure tests demonstrating force-displacement experimental data, (b), (c), (d) and (d) SEM imaging of the curved pyramid and syringe-like HMN

configuration after compression test.

applied during human skin penetration tests. An explicit dynamics
analysis was performed on ANSYS code in order to investigate the
insertion process of 3D printed HMN arrays into human skin. A multi-
layered skin model consisting of three layers, SC, dermis and hypoder-
mis, has been reported to be rather appropriate [44]. These works
demonstrated that the skin deformation during the insertion process, as
well as the insertion force of the microneedle for perforating the skin
surface, accurately fitted the experimental data. In the current study, the
experimental force-penetration depth data converged with the
employed FE model simulating the insertion of two different 6 x 6
HMNs into human skin. The material properties needed for the FE model
were measured for the resin used to fabricate the HMNs. The compres-
sive strength of the NextDent 3D-printed resin was determined to be 135
+ 5 MPa and the elastic modulus 1400 MPa, according compression and
nanoindentation mechanical testing techniques [45-47].

A schematic representation of the FEA model is illustrated in Fig. 7a,

where the two different configurations of HMN arrays are clearly
demonstrated, along with the boundary conditions and the three layers
of the skin. These three layers are equivalent to the main skin layers.
More specifically, the first layer represents SC and has been given a
thickness of h; = 20 pm, the second layer is equivalent to the dermis
where hy = 1.5 mm and the third layer to the hypodermis where hz =
1.0 mm. Material failure and an evolving contact surface between HMNs
and target was introduced, in order to define the insertion of the HMN
array and the surface of the skin, which is governed by large de-
formations. A material erosion algorithm was utilized to study the fail-
ure and separation of the material. The material erosion method
removes distorted elements during the solution, i.e. along the HMN
trajectory, based upon material failure and separation due to fracturing
of the surface of the skin. Since the hypodermis layer is not involved
with failure and significant deformation, it was assumed to be simulated
as elastic material, while the first two layers, SC and dermis, were
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Fig. 7. Penetration tests using the curved pyramid and syringe-like HMNs: (a) schematic representation of FEA simulation, (b) insertion force-deformation curve-
fitted by FEA along with the perforation sites on human skin and (c) stress distribution of curved pyramid and syringe-like HMNs at the last step of the simulation of

skin penetration using FEA.

modeled as hyperelastic material.

The initial values of the mechanical properties of the SC, the dermis
and the hypodermis assumed in these simulations were acquired by
previous work and literature [44,48]. The material parameters were
defined by fitting the FEA force-depth with the experimental data. Thus,

10

the identification procedure could be considered as a minimization
problem. A Neo-Hookean material model was considered very efficient
in a previous work [44], so its model parameters (C¢, K) were explored
in order to minimize the difference between the computationally
generated force-displacement curves and the experimental penetration
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test data. Therefore, the skin properties for SC were determined as C1¢ =
0.12 MPa, Ksc = 5.0 MPa, for dermis: C;9 = 1.0 MPa, Kp = 25 MPa and
an elastic behavior was considered for the equivalent hypodermis layer
with Poisson’s ratio of 0.48 and Young’s modulus of 3.8 x 10* Pa. The
insertion speed of the HMN array into the skin layers was set constant at
0.5 mm/min.

During penetration testing, the HMNs were pressed into human skin
with forces applied up to 5 N for curved pyramid HMNs and 10 N for
syringe-like HMNs. Fig. 7b demonstrates the results of penetration tests
along with superimposed skin images confirming perforation of SC.
Curved pyramid HMNs are capable of perforating human skin at 5 N.
Perforation occurred for at least 33 out of 36 HMNs. However, perfo-
ration for syringe-like geometry occurs at 10 N (at least 30 out of 36
HMN5s). This can be explained by the more refined tip area of the curved
pyramid geometry. In addition, as mentioned above, the tip of syringe-
like HMNs is quite oblong, which in fact spreads the concentrated energy
in a greater skin area. As a result, force causing perforation is doubled.
More specifically, the insertion force was calculated to be 5.03 N, i.e.
5.02/36 = 0.14 N per curved pyramid microneedle. The ultimate
insertion force for perforation of SC was calculated to be 10.07 N, i.e.
10.07/36 = 0.28 N per microneedle regarding the syringe-like config-
uration. These values are significantly below the ultimate strength of
curved pyramid and syringe-like geometries, i.e. 12 N per HMN and 18 N
per HMN, as mentioned previously in the compression failure tests.
Taking into consideration that both HMN geometries can withstand
axial forces of more than 400 N, it can be estimated that safety factor
(SF), which is defined as the ratio fracture force/insertion force, is much
greater than 1. This eliminates the risk of in-skin HMN fracturing and
ensures safe skin application. Therefore, this confirms that both curved
pyramid and syringe-like HMNs are appropriate for on-body
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applications. In addition, insertion forces of 5 N and 10 N, although
greater than other forces referred in literature, are considered satisfy-
ingly low for human tolerability. According to literature, these forces
correspond to a gentle push of HMNs on skin enabling at the same time
self-administration of drugs [49]. Hence, it is not expected that patient
compliance will be significantly affected.

The force-displacement responses for the HMN configurations are
demonstrated in Fig. 7b. The results of simulations are shown in Fig. 7b
and accurately curve-fitted the experimental force-deformation data up
to maximum forces of 5 N and 10 N. During the deformation phase, the
force exponentially increases as each of the HMNs is pressed against the
skin. The drops in the experimental force-deformation curve may be
explained by local perforation of single HMNs. Since the assumptions on
the material parameters in the FEA model returned results that fitted the
experimental data, the hyperelastic and elastic material model param-
eters of the skin were considered optimal. The simulation of the pene-
tration test revealed that the stress concentration was located at the tip
of the HMNS, as displayed by the equivalent von Mises stress results in
Fig. 7c. This demonstrates the stress contouring of the FEA simulating
the behavior of the HMN at the last step of the penetration test simu-
lation. The maximum stress experienced by the insertion process was
calculated to be 19.8 MPa and 17.2 MPa for the curved pyramid and
syringe-like configuration, respectively. There is no concern regarding
the concentration of the stress obtained at the tip area of the HMN for
both the configurations, since the ultimate compressive strength was
measured 135 + 5 MPa, as mentioned previously.

SEM imaging of stratum corneum reveals the perforation sites caused
by the HMNs. It is noted that each HMN geometry causes apertures of
specific formation. Curved pyramid HMNs led to triangular shaped,
while syringe-like HMNs led to oblong and half-ellipsoid apertures,

Fig. 8. SEM imaging of microneedle created perforation sites for (a) curved pyramid HMNs (b) syringe-like HMNs and 3D roughness reconstruction of perforation

sites for (c) curved pyramid HMNs (d) syringe-like HMNs.

11
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according to tip shape in each case. The pores created on skin surface
after microneedle application is illustrated at Fig. 8a and b for curve-
pyramid and syringe-like HMNSs respectively. The 3D roughness recon-
struction of perforation site for curved pyramid HMNs and syringe-like
HMNs are illustrated in Fig. 8c and d.

3.6. Diffusion studies

The interactions between the coated surface of the microneedles and
insulin at the timescale of 2 min (application time) are shown in Fig. 9a.
The initial insulin concentration which was determined at 1.91 x 107
mU/L, dropped to 1.87 x 107 mU/L corresponding to ca. 2% decrease
which can be considered negligible. The effect of the temperature had no
effect to the stability of insulin as shown in Fig. 9b.

The cumulative amount of insulin permeated across human skin in
vitro after 60 min is shown in Fig. 9c. The cumulative amount of insulin
permeated upon application of curved pyramide microneedles and
syringe-like microneedles was 4.3 + 1.1% and 6.0 + 2.3%, respectively.
Although there is no statistical difference (t-test, p > 0.05) between the
cumulative amount insulin permeated across the skin using different
microneedle patches the higher values obtained for the syringe-like
HMNs might be attributed to the fact that microchannel formations
are closely located to the tip enabling the transport of the macromole-
cule immediately within deeper skin. On the contrary in the case of the
curved-pyramid HMNs the lower values obtained might be a combina-
tion of two factors. Firstly, the lower volume of their lumen (0.354 mm?)
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compared to that of syringe-like microneedles (1.243 mm?) (Table 2)
with the later allowing larger volumes to reach and penetrate the skin
tissue Secondly, the microchannels in curved-pyramid microneedles are
more distant from the skin surface resulting in slower permeation of
peptide across the skin membrane. The low amount of insulin obtained
in the current study might be attributed to the fact that full thickness
skin (ca.1 mm) was used for the permeability studies. Skin permeation
studies using laboratory animals reported significantly higher values
compared to human skin [50]. Finally, the results obtained in the cur-
rent study emphasize the necessity of an applicator which will diminish
large fluctuations to transported amount of the peptide across the skin
due to handling constraints.

4. Conclusions

In the current study the structural features of two different 3D
printed 6 x 6 HMN geometries were assessed. Non-destructive 3D
(volumetric) imaging by means of pCT demonstrated that the 3D
printing method used in this study allows for high consistency and
reproducibility with respect to needles’ geometric characteristics. Both
geometries were able to withstand extreme axial forces (>400 N), while
skin penetration occurred at 5 N for curved-pyramid and at 10 N for
syringe-like geometry, resulting in high safety factor. These results
converged with the corresponding from FEA simulations. Diffusion
studies demonstrated that syringe-like HMNs were more effective upon
insulin administration compared with curved pyramid ones. Although
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syringe-like geometry penetrates skin at higher insertion force, it is
probably more suitable for macromolecular drug delivery which might
be attributed to the geometrical characteristics of the microneedles. The
relatively low amount of transported insulin across human skin in vitro
might be attributed to the selected type of skin membrane (human skin)
and the thickness of the membrane.
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