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Immediate separation of microneedle tips from
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We have developed an insertion-responsive microneedle (IRMN) system that enables prompt drug delivery
through the skin without attaching a skin patch. This system consists of square pyramidal hyaluronic acid
(HA) microneedle tips and polycaprolactone (PCL) base arrays. During skin insertion, HA tips can be
immediately separated from PCL base arrays due to the relatively weak adhesion strength between HA
and PCL. Two base designs using truncated square pyramid stands, one without a wall (no-walled stand,
NWS) and another with a wall on one side of the stand (single-walled stand, SWS), were prepared to
study the effect of base geometry on the mechanical behavior of IRMNs. Ex vivo skin insertion tests
showed successful separation of the tips from the base array upon insertion, regardless of the presence
of a wall on the stand. However, only IRMNs-SWS were deeply embedded within the skin. Mechanical
testing results demonstrated that the presence of a wall on the base enhanced the mechanical stability
of the IRMNs. The wall also provided adequate adhesion between the tips and base, preventing the tips

from breaking during insertion, while allowing the needle tip to separate upon removal. Histological
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and released fluorescent dyes within the skin. Our results suggest that the IRMN system is promising for

DOI 10.1039/c8ra02334d the rapid and accurate delivery of various molecules through the skin, while improving user convenience
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1. Introduction

Microneedle (MN) systems provide minimally invasive
approaches to transdermal drug delivery and have been widely
studied over the last two decades. From the original solid MNs,
which served as a pretreatment before topical drug applica-
tion,'® drug-coated MNs have been developed to transport
therapeutic agents into the skin during MN application.*™*
However, achieving precise and uniform drug coatings on three-
dimensional microstructures is technically demanding, and the
amount of drug that can be coated on MNs is limited due to
their small surface area. Furthermore, drug-coated solid MNs
leave biohazardous sharp waste after use, which could raise
concerns about the reuse and safe disposal of MNs. The
shortcomings of coated MNs have been addressed by con-
structing them from biocompatible polymers. For example,
dissolving MNs, which are made of water-soluble polymers,
have been shown to significantly improve drug loading capacity
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by eliminating the need to attach microneedles to the skin.

by incorporating drugs within the microneedle matrix and
eliminate the risk of sharp waste, because the MNs dissolve
away upon contact with bodily fluids in the skin."*** Although
dissolving MNs have been successfully used to deliver various
molecules,">" they still require firm and secure attachment to
the skin with additional patches for a certain period of time to
release the substances encapsulated in MNs, which could cause
user inconvenience and skin irritation.*

To overcome the aforementioned limitations, tip-separable
MNs have been proposed,”?* which have drug-containing
microneedle tips mounted on supporting shafts. Once MNs
are inserted in the skin, the “arrowhead” tips facilitate
mechanical interlocking with the tissue, leading to the tips
becoming embedded in the skin. These MNs showed reliable
and deep skin penetration and improved drug delivery effi-
ciency with relatively short application times in comparison
with conventional MNs. For example, Chen et al>* have
demonstrated separable MNs composed of chitosan tips and
polylactic acid (PLA) shafts. Upon insertion, the needle tips were
successfully separated from the shaft array and embedded in
the skin for sustained release of antigens encapsulated in the
tips, demonstrating the possibility of inducing improved
immune responses.

This journal is © The Royal Society of Chemistry 2018
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In this study, we present a new separable dissolving MN
system, named insertion-responsive microneedles (IRMNs),
which utilize the adhesion strength between the microneedle
tips and bases as a separation mechanism. The IRMN concept is
illustrated in Fig. 1. This study aimed to develop a MN system
that exhibits secure insertion of drug-loaded dissolving tips into
the skin, while allowing immediate tip separation within 1 s of
needle insertion. This new system should have: (i) sufficient
mechanical strength to penetrate the stratum corneum without
losing structural integrity; (ii) immediate tip-base separation
triggered by skin insertion only; and (iii) mechanical stability to
prevent inappropriate tip separation during storage or trans-
port. To achieve these features, we designed a microneedle base
geometry to control adhesion between the tip and the base and
investigated the separation principle during skin insertion by
analyzing the mechanical characteristics of the IRMNs. The
skin penetration and drug delivery capability of the IRMNs were
also demonstrated using pig cadaver skin.

2. Materials and methods
2.1 Materials

Hyaluronic acid (HA, average M,, 832 000) was purchased from
SK Bioland (Cheonan, South Korea) and polydimethylsiloxane
(PDMS, Sylgard 184) was purchased from Dow Corning
(Midland, MI, USA). Polycaprolactone (PCL; average M,,
80 000), Tween 80, gentian violet, and fluorescein sodium salt
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Fabrication of IRMNSs

2.2.1 Fabrication of PDMS molds. Master structures for
IRMNs and base arrays with two different stand geometries
were fabricated using a micro-milling process described else-
where.”* The IRMN master structure comprised 57 square
pyramids (base width, 270 um; height, 600 um; center-to-center,
1070 um). The base array master structures comprised 57
truncated square pyramids (top width, 270 um; bottom width,
370 um; height, 200 pm) with or without a wall (height, 200 um;
thickness, 50 um) on a circular disk base (height, 2.2 mm;
diameter, 10 mm). A PDMS prepolymer solution (base/curing
agent, 10 : 1 w/w) was prepared and poured over the master
structures. PDMS was cured at room temperature overnight,
and the inverse-replica PDMS molds were separated from the
master structures.

2.2.2 Preparation of HA matrix and integration of HA
microneedles and PCL base arrays. Hyaluronic acid (HA) gel
solution was prepared by dissolving HA powder in distilled
water (10%, w/v) and adding 0.3% (w/v) Tween 80 and 0.3%
(w/v) gentian violet. The HA gel solution was vortex-stirred for
10 min and centrifuged at 1912 x g for 2 h to remove bubbles.
The HA gel solution (5 g) was placed onto the PDMS mold of
the IRMNs and 30 N of compressive force was applied for 5 s
using a metal press to fill the cavities. Residual HA gel on the
mold was scraped away using a razor blade. These filling and
pressing processes were repeated three times to completely
fill the mold, and the HA-filled PDMS mold was then dried at
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room temperature for 10 min. A base array was prepared by
casting molten PCL pellets onto the PDMS mold in a vacuum
oven under 70 kPa for 30 min at 80 °C. After cooling to room
temperature, the solidified PCL base array was peeled from
the mold. The PCL base array was then reheated at 70 °C on
a hot plate for 30 s, aligned with the HA-filled PDMS mold
under a microscope, and compressed using a metal press.
After cooling to room temperature for 10 min, the integrated
HA-PCL IRMNs were gently peeled from the PDMS mold and
dried in a desiccator for 30 min. The fabrication process is
shown in Fig. 2. The samples were examined using an optical
microscope (Nikon Eclipse 80i, Tokyo, Japan) and by scan-
ning electron microscopy (SEM; JSM-7001F microscope, JEOL
Ltd., Tokyo, Japan).

2.3 Mechanical characterization of IRMNs

2.3.1 Measurement of separation force of HA microneedle
tip from PCL base by lateral force: transverse compression test.
The force required for mechanical separation of the HA
microneedle tip from the PCL base was measured under
a transverse compression loading using a zwickiLine materials
testing machine (Z5.0TN, Zwick/Roell, Germany). A single IRMN
was attached perpendicularly to a side-wall of an ABS block,
which was fixed to the stainless steel stage of the machine. A
slide glass was carefully aligned with the needle tips using a USB
digital microscope (Digibird Opt-500, Digibird, South Korea)
and glued to a top probe of the testing machine. The probe was
displaced at a rate of 3 mm min ', and the fracture force was
determined when the HA microneedle tip was separated from
the PCL base. We compared IRMNs with no-walled stand
(IRMN-NWS) and with a single-walled stand (IRMN-SWS). The
fracture force of IRMN-SWS was measured in two different
configurations, namely, the wall facing up and the wall facing
down.

2.3.2 Measurement of separation force of HA microneedle
tip from PCL base by axial force: axial compression test. We
evaluated the force needed to mechanically separate the HA tip
from the PCL base under axial compression using a single
IRMN-NWS and single IRMN-SWS. A top surface of 12 mm-thick
poly(methyl methacrylate) (PMMA, Handeulplatec Co. Ltd,
South Korea) block was spread-coated with 500 um-thick PDMS
and fixed to the stainless steel stage of the machine. A single
IRMN was attached to a top probe of the machine, and the
probe was displaced toward the PDMS-PMMA block at a rate of
3 mm min~ " until a preset displacement of 1 mm was reached.
The force-displacement curve was recorded and the separation
force determined.

2.3.3 Measurement of adhesion force between HA
microneedle tip and PCL base: axial pull test. To evaluate the
adhesion force between the HA microneedle tip and the PCL
base, an axial pull test was performed on a single IRMN-NWS
and single IRMN-SWS. Hand-moldable multipurpose repair
epoxy putty (AXIA, Alteco Korea Inc., Pyungtaek, South Korea)
was mixed and placed on the stainless steel stage of the
machine. A single IRMN was attached to a top probe of the
machine, and the probe was displaced toward the epoxy block

RSC Adv., 2018, 8, 17786-17796 | 17787
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Fig.1 Concept of insertion-responsive microneedles (IRMNs). (a) IRMN is applied onto the skin. (b) When penetrating the stratum corneum layer,
external forces are exerted on the microneedle tip. (c) Separation of the tip from the stand occurs immediately. (d) The tip is thrust into the skin.
(e) The tip remains embedded within the skin and only the PCL base is removed. (f) The HA tip is lodged and dissolves within the skin.

at a rate of 3 mm min~ " until the needle tip was buried in the

epoxy. The needle tip was held in position for 5 min at room
temperature to allow the epoxy to harden, forming a strong
bond between the tip and the epoxy. The probe was then raised
at a rate of 1 mm min~", and the force was recorded until tip
separation occurred.

17788 | RSC Aadv., 2018, 8, 17786-17796

2.4 Ex vivo porcine skin insertion test

To examine the penetration and separation capability of the
IRMNSs, skin insertion tests were performed on ex vivo pig skin.
Full-thickness porcine cadaver skin (CRONEX Co., Ltd., Hwa-
seong, South Korea) was cut into a 2 x 2 cm patch, and the skin

This journal is © The Royal Society of Chemistry 2018
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PCL base array with
single-walled stand (SWS)

¥

PCL base array

TSAMA

HA-filled PDMS mold

IRMNs-SWS

Illustration of fabrication process of insertion-responsive microneedles (IRMNs). (a) PDMS mold was prepared from the master structure.

(b) HA gel solution was placed onto the PDMS mold and compressed by a metal press to fill the cavities. (c) The filling and pressing processes
were repeated three times, and the residual HA gel on the mold was scraped away. (d) PCL base arrays with no-walled stands (NWSs) and single-
walled stand (SWSs) were prepared by casting. (e) PCL base arrays were aligned and compressed onto the HA-filled PDMS mold. (f and g) After
drying at room temperature for 10 min, the IRMNs-NWS and IRMNs-SWS were gently peeled from the mold.

patch was stretched out and securely fixed on a flat surface.
IRMN-NWS and IRMN-SWS were mounted on a top probe of the
materials testing machine, displaced toward the porcine skin at
a rate of 3 mm min~' to a maximum force of 40 N, held in

This journal is © The Royal Society of Chemistry 2018

position for 10 s, and returned to their original position. The
success rate of IRMN insertion and separation was examined by
observing the skin penetration sites under an optical
microscope.

RSC Adv., 2018, 8, 17786-17796 | 17789
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(a) SEM images of an IRMN with a no-walled stand (left), a single-walled stand (middle), and an IRMN with a single-walled stand (right).
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Scale bars represent 100 um. (b) Schematic description showing the dimensions of each structure.

Skin penetration and drug delivery characteristics were
further studied by histological examination. For clear visuali-
zation, fluorescein sodium salt was used as a model drug and
incorporated into the HA tips of IRMNS (0.1% w/v). The porcine
skin insertion test was performed as described above. The
microneedle-treated skin region was then excised and
embedded in optimal cutting temperature (OCT) compound
(Tissue-Tek, Sakura Finetek, CA, USA). The skin sample was
frozen in liquid nitrogen and sliced into 10 um-thick sections
using a cryostat microtome (Microm HM 550P, Thermo Scien-
tific, Rockford, IL, USA) and placed on glass slides. The samples
were imaged using an inverted fluorescence microscope (Nikon
Eclipse 80i, Tokyo, Japan).

3. Results and discussion
3.1 Geometry of insertion-responsive microneedles

Polycaprolactone (PCL) base arrays with different geometries
were prepared as shown in Fig. 3. One base was a truncated
square pyramid without a wall (no-walled stand, NWS), while

17790 | RSC Adv., 2018, 8, 17786-17796

the other had a wall on one side of a truncated square pyramid
(single-walled stand, SWS). The base dimensions were as
follows: top width, 270 pm; bottom width, 370 pm; and height,
200 pm. For the SWS, the wall thickness and height were 200
um and 50 pm, respectively. Pyramidal microneedles tips were
constructed of hyaluronic acid (HA), a component widely
distributed in body fluids and tissues, and had a base width of
270 um and height of 600 um. They were successfully inte-
grated with the base array. The IRMN array comprised 57
microneedles in an area of 0.75 cm”.

3.2 Mechanical properties of insertion-responsive
microneedles

3.2.1 Transverse compression test: tip separation by lateral
force. To examine the contribution of the walled structure to the
separation force of the microneedle tips under lateral force, the
IRMN-NWS and IRMN-SWS systems were compared. As shown
in Fig. 4, 0.003 N was required to separate the tips from the base
array for IRMN-NWS, indicating that the tip could be separated

This journal is © The Royal Society of Chemistry 2018
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Fig. 4
arrangement of IRMN under lateral stress.

from the base even by very low external stress. For IRMN-SWS,
the separation force depended on the direction of the lateral
force exerted to the wall. When the force was applied from the
back of the wall (IRMN-SWS (down)), the separation force was
0.11 N, which was 2.2 times greater than that when force was
applied from the front of the wall (IRMN-SWS (up)) and 36 times
greater than that of IRMN-NWS. On average, the IRMN-SWS
showed the separation force 27 times greater than that of the
IRMN-NWS, demonstrating that the separation force of the
microneedle tip was significantly increased by adding
a protruding structure to the base array. The additional wall
structure not only enhanced the adhesion strength between the
tips and base by increasing the interfacial area between the two

This journal is © The Royal Society of Chemistry 2018

SWS (up) SWS (down)

(a) Schematic illustration of the transverse compression test setup. (b) Force of microneedle tip separation related to the type and

structures, but also served as a support to effectively endure
stress resulting from the lateral force. These results demon-
strated that the IRMN-SWS had sufficient mechanical stability
to prevent undesired separation due to the lateral force applied
externally during transport or storage. In contrast, the IRMN-
NWS was too fragile and readily broken. Therefore, the wall
structure was crucial for controlling the separation force that
triggered proper separation.

3.2.2 Axial compression test: tip separation by longitudinal
force. A compressive force was applied to the microneedle tip in
the vertical direction (Fig. 5(a)), and the separation force of the
tip was observed at the moment of separation from the base. For
the IRMN-NWS and IRMN-SWS systems, the separation force

RSC Adv., 2018, 8, 17786-17796 | 17791
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Fig. 5 (a) Schematic illustration of the axial compression test setup. (b) Force of microneedle tip separation related to the type of IRMN under
axial stress.

was measured as 0.06 N and 0.56 N, respectively, as shown in
Fig. 5(b). For the IRMN-NWS, the tip was readily broken during
the initial insertion process due to the low separation force. In
contrast, for the IRMN-SWS, the separation force was high
enough to protect the tip from separation under forces from
various directions before or during initial penetration into the
skin layer. The separation force by axial compression of the
single microneedle tip of IRMN-SWS was 0.56 N, which was
equivalent to 32 N for 57 microneedle tips. Therefore, in the ex
vivo porcine skin insertion test, the application of a preload of
40 N was sufficient to induce successful separation (i.e., 40 N of

17792 | RSC Adv., 2018, 8, 17786-17796

reaction force was exerted on the microneedles during skin
insertion). These results showed that separation could occur
only when the external force exerted on the tips during skin
insertion exceeded a threshold, which was determined by the
tip-base interface design. Furthermore, the wall played a crucial
role in achieving successful tip separation only by the force
generated during skin insertion.

3.2.3 Axial pull test: adhesion force between tip and base.
To measure the adhesion force between the HA tip and the PCL
base, an axial pull test was performed. For the test, the tip was
securely fixed on the surface with epoxy and pulled vertically

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Schematic illustration of axial pull test setup. (b) Force of microneedle tip separation related to the type of IRMN under axial pulling.

upwards (Fig. 6(a)). The adhesion strength of the IRMN-SWS
(mean: 0.043 N, n = 3) was around three times higher than
that of the IRMN-NWS (mean: 0.014 N, n = 3) (Fig. 6(b)). As
described previously, the contact area between the tip and the
base was increased in the IRMN-SWS, resulting in a larger
separation force. The increase in separation force through
pulling was less than that by transverse and axial compression
because the wall structure did not take advantage of mechanical
resistance against external forces when pulled along the vertical
axis. Both types of IRMN were able to induce separation with
very little force (less than 0.05 N) in the pulling direction.

This journal is © The Royal Society of Chemistry 2018

Therefore, our compression and pull tests suggested that the
tips could be separated by a compressive force during insertion
and remain in the skin upon removal of the base by pulling.

3.3 Ex vivo porcine skin insertion test

To evaluate the separation and penetration capabilities of
IRMNSs, the porcine skin insertion test was performed using
IRMNs-NWS and IRMNs-SWS. During skin insertion, both types
of IRMNs were successfully separated from the base array,
regardless of the stand geometry. After insertion and removal of
the IRMNs, the HA tips of IRMNs-SWS were deeply embedded

RSC Adv., 2018, 8, 17786-17796 | 17793
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Fig. 7 Insertion test of IRMNs into porcine skin. (a) Optical microscopic images of porcine skin after insertion and removal of different types of

IRMNs: IRMNs-NWS (left), IRMNs-SWS (middle), and IRMNs-DWS (right). (b) Success rate of separation and penetration of IRMNSs after insertion

into porcine skin according to the different type of base stand.

into the porcine skin (Fig. 7(a) - middle). However, in the case of
IRMNs-NWS, most HA tips were not fully inserted into the skin
and a high proportion of the tips were lying on the skin surface
(Fig. 7(a) - left), indicating that they were not able to penetrate
the stratum corneum layer. During IRMN insertion into the
skin, external forces in the vertical and horizontal directions
were exerted on the microneedle tips, eventually leading to
separation of the tips from the base array. To test the potential
of IRMNs with a multi-walled stand, we also prepared IRMNs
with a double-walled stand (DWS) and repeated the porcine skin
insertion test. As shown in Fig. 7(a) - right, stained spots were
observed after insertion of IRMNs-DWS into the skin, indicating
that IRMNs-DWS successfully penetrated the skin. However,
only 42% of the microneedle tips were embedded in the skin,
with the remaining tips not separated from the base array after

17794 | RSC Adv., 2018, 8, 17786-17796

removal. This suggested that the DWS provided too-strong
adhesion, which decreased the tip separation efficiency.

3.4 Delivery of fluorescent molecules into skin using IRMNs

Drug delivery characteristics were analyzed after inserting
IRMNs-SWS containing a model drug, fluorescein sodium salt,
within a HA matrix into the porcine skin. The separated tips
remained in the skin and the fluorescent molecule was
distributed up to 350 um below the skin layer, as shown in
Fig. 8. This result demonstrated that this new IRMN system
could deliver a drug encapsulated within the microneedle tips
into the skin layer successfully and immediately without
applying a microneedle patch on the skin for a certain amount
of time.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Cross-section views of the insertion sites of porcine skin applied with fluorescein-loaded IRMNs-SWS, as imaged by a fluorescence

microscope. Scale bars represent 300 um.

4. Conclusion

The IRMNSs successfully penetrated the skin, and the HA tips
were immediately separated from the PCL base by the external
force that occurred during skin insertion. The separated HA tips
remained embedded within the skin when the base was
removed, and the fluorescent substance contained in the dis-
solving HA tips was delivered through the skin. For the IRMN
with a single-walled stand (IRMN-SWS), the average separation
force by lateral loads was 0.08 N, which was 27 times greater
than that of IRMN with a no-walled stand (IRMN-NWS). This
result indicated that, compared with IRMN-NWS, IRMN-SWS
showed a markedly better mechanical stability to prevent
undesired tip separation that could occur as a result of external
stress during transport or storage. Under axial compression, the
IRMN-SWS (0.56 N) showed 9.3 times greater mechanical
resistance than the IRMN-NWS (0.06 N). Although IRMN-NWS
had a low skin penetration rate, the tips of IRMN-SWS were
successfully inserted into the skin. This result suggested that
the additional wall structure was necessary to ensure consistent
tip insertion while allowing successful tip separation using only
the force generated during skin insertion. The axial pull test
showed that both types of IRMN successfully induced separa-
tion of the tips with very little force (less than 0.05 N). Alto-
gether, our results indicate that the tips were separated from the
base during the insertion process and remained embedded
within the skin when the base was removed by pulling.

For the successful transition of this technology into practical
applications, the concept of IRMNs should be further validated
through in vivo experiments. As IRMNs could provide rapid
vaccine delivery, animal vaccination studies will be performed
to evaluate the feasibility and effectiveness of this microneedle
system. From a manufacturing viewpoint, a suitable steriliza-
tion method, such as ethylene oxide gas and gamma irradiation
processes, should be incorporated into the fabrication process,
and the influence of sterilization on the device performance
should be tested. Although IRMNs-SWS showed reliable skin
insertion under well-controlled conditions, a countermeasure
for secure needle insertion in practical situations should be
considered. For example, the use of a properly designed

This journal is © The Royal Society of Chemistry 2018

applicator would minimize user-dependent variations in needle
insertion. It would also be desirable to incorporate biocom-
patible dye into the tips of IRMNs, enabling the users to visually
check the insertion sites. Furthermore, a strategy for safe
distribution and disposal of the device needs to be considered.
Firstly, the storage stability should be evaluated in terms of
temperature, humidity, and period, and proper packaging
should be determined. Packaging should also be designed to
prevent tip-separation during transportation by effectively
absorbing the shock and vibration. Constructing the product
from materials that can be safely disposed after use is highly
desirable, and will be particularly important for use in resource-
poor settings.

In conclusion, this new microneedle system could signifi-
cantly reduce or eliminate the problems associated with
applying microneedle skin patches, such as skin erythema and
itching. Furthermore, the new system could greatly enhance
user convenience by allowing easy and instantaneous drug
delivery.
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