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Abstract Cellulose nanofibers (CNFs) were
included in dissolving microneedle (MN) arrays to
increase needle stiffness and control the dissolving
rate and transdermal delivery rate. A metallic MN
master was fabricated to build pyramidal needles in
a 15x15 array using a pre-fabricated silicone mold
as a template. The dissolving MNs with different
CNF contents were replicated by casting the poly-
meric mixtures on the molds. X-ray diffraction study
revealed that CNFs were included in the MN arrays
with maintaining its crystalline structure. The com-
pressive strength test showed that the addition of
CNFs increased the stiffness of the needles, and the
needles underwent the elastic deformation, the failure
of the tip, and the elastic deformation of stem. The
skin-piercing capability of the MNs was enhanced by
including CNFs in the MN arrays. Once the needles
penetrated into the skin, the depth was almost the
same, regardless of CNF content. As CNF content
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increased, the release rate of a water-soluble cargo
loaded in the MNs, the dissolution rate of the MNs,
and the in vitro transdermal delivery rate of the cargo
decreased, possibly because CNFs would form net-
works within the MNs through physical entanglement
and/or hydrogen bonding.
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Introduction

Microneedles (MNs) are structures with tiny needles
built on the substrate that are developed for dermal
and transdermal delivery of drugs (Mittapally et al.
2018; Ye et al. 2018; Yin et al. 2018; Waghule et al.
2019). The structures are fabricated using microelec-
tronics and micromachinery techniques so that the
diameter is in the order of microns and the length is
hundreds of micrometers. MNs can pierce the stratum
corneum in a non-invasive manner without pain to
deliver drugs effectively into the skin for both local
and systemic effects. MNs with different geometries
have been fabricated as solid and hollow types using
various materials from polymers to metals (Sharma
et al. 2019). MNs deliver drugs into the skin in four
ways (Prausnitz 2004; van der Maaden et al. 2012;
Benson et al. 2019). “Poke and flow” is a deliv-
ery way where hollow MNs are applied to the skin,
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and drugs are allowed to flow into the skin. “Poke
and patch” is a way where drugs are applied on the
pierced skin after MNs are removed. In the “Poke
and release” delivery method, porous and dissolving
MNs are applied to the skin, and drugs are allowed to
release into the skin. “Coat and poke” is an approach
where MNs are coated with drugs before applying
them to the skin. The latter three approaches can be
accomplished by solid MNs.

Studies suggest that a variety of drugs, such as
parathyroid hormone, insulin, influenza vaccine,
lidocaine, dyclonine, rabies vaccine, and naltrexone,
can be loaded in the MNs for dermal and transder-
mal delivery in humans (Daddona et al. 2011; van
der Maaden et al. 2012; Koutsonanos et al. 2013;
Quinn et al. 2014). However, the optimization of the
MN type is of utmost importance for its practical use.
Moreover, hollow, solid, geometry, material, density,
and length should also be chosen or designed care-
fully for the high therapeutic efficacy of drugs loaded
in MNs (Prausnitz 2004; Lee et al. 2008; van der
Maaden et al. 2012). In addition, one of the require-
ments of MNs to be used for dermal and transdermal
delivery is that they should be mechanically strong
enough to pierce the skin without breaking down
(Park et al. 2005; Sullivan et al. 2008). Otherwise,
MNs could hardly pierce the skin to administer the
required dose in a reproducible way.

It was reported that the force required to penetrate
human skin is 0.08 N/needle (Davis et al. 2004). Jiang
and Lillehoj (2020) successfully developed a hollow
MN array made from polymerized SU-8 photoresist
on a flexible polyethylene terephthalate (PET) sub-
strate for blood-free diagnostic testing. They observed
that in the force—displacement test of the microneedle
arrays under mechanical compression, some defor-
mation of the microneedles occurred around 0.2 N/
needle, much higher than the criterion for human skin
perforation (i.e. 0.08 N/needle) and the microneedles
could penetrate cadaver porcine skin successfully.
Another proposed criterion for the skin perforation
was that needles with below a 12:1 aspect ratio of
length-to-equivalent diameter and more than 3 GPa of
Young’s modulus should be used for reducing sudden
failure by buckling and for successfully inserting the
needle into the skin (Park and Prausnitz 2010).

In a previous study, an array of dissolving MNs
containing magnesium ascorbyl phosphate (MAP)
was prepared in order to investigate the effect of the
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MAP content on the compressive strength of the
needles, the in vitro toxicity, and the in vitro skin
permeation of MAP (Kim et al. 2021). A marked
increase in the stiffness of the needles was observed
without an appreciable decrease in the failure load
when MAP was included in the MN array at the
content of 7.5%. At all the MAP contents tested
(i.e., 7.5, 14, and 24.5%), there was no severe tox-
icity once the concentration of the constituents of
the MN arrays was less than 100 pl/ml. These MNs
could promote skin permeation effectively, whereas
MAP could hardly permeate the skin when applied
as a solution.

In this study, cellulose nanofibers (CNFs) were
included in dissolving MN arrays to increase the
stiffness of the needles and to control the dissolv-
ing rate and the transdermal delivery rate. CNFs are
nanostructured cellulose fibrils that are in abundant,
naturally occurring biomass. The lengths of CNFs
are on the order of micrometers, and their diameter
is about 10-100 nm. CNFs contain both crystalline
and amorphous cellulose domains (Tejado et al.
2012; Dufresne 2017). Owing to the axial rigid-
ity (Kiziltas et al. 2016; Wang et al. 2018), CNFs
are thought to enhance the stiffness of a dissolving
polymeric MNs. In addition, CNFs would be able to
form networks through physical entanglement and/
or hydrogen bonding among its strands, leading to
the formation of stiff MNs. The MN arrays were
fabricated by casting the mixture aqueous solution
of CNF, a polysaccharide (i.e., hyaluronic acid), a
protein (i.e., collagen), and sugar (i.e., trehalose)
on a silicone mold and drying it at room tempera-
ture. The compressive strength of the needles was
measured at varying CNF content. The mechanical
properties of the needles, including Yong’s modu-
lus and tip failure strength, were compared with
the previously reported data to appreciate whether
they fell within the criteria for skin penetration. The
release profiles of a fluorescence dye (i.e., calcein)
loaded in the MN arrays were investigated using
phosphate-buffered saline (PBS; 10 mM, pH 7.4) as
a release medium. The in vitro skin permeation of
the dye loaded in the MN arrays was observed using
a diffusion cell and an artificial skin. The skin-pen-
etrating capability of the needles was estimated by
observing the needles penetrated into the skin on a
fluorescence microscope and counting the number
of pierced holes on the skin.
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Table 1 The mass and CNF HA

b ¢ each Collagen Trehalose Total solid content Dw
the mass percent of eac (/%) (&%) (e/%) (g/%) (/%) (ml)
component contained in
Isnlﬁ;rf SS%%);S (SJBS’I/NQ S/MNO  0/0 0.3 /48.8 0.3/48.8 0.015/24  0.615/100 10

: > and S/MNI 00233  0.2903/47.6  02903/47.6 0.01452.4  0.615/100 10
MN3) for the preparation
of MN arrays (MNO, MNT, S/MN2  0.1/16 0.2512/41 0.2512/41 0.0126/2 0.615/100 10
MN?2, and MN3) S/MN3  02/32.5  0.2024/32.9  0.2024/329 0.0101/1.6  0.615/100 10

Experimental section
Materials

Hyaluronic acid (HA) was purchased from SK Bio-
land Co., Ltd. (Cheonan, Korea). Collagen peptide
(Collagen) was purchased from CNA Biotech., Co.,
Ltd. (Chungbuk, Korea). Trehalose, calcein, and PBS
were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Pristine cellulose nanofibers (CNFs) pre-
pared by a supermass colloider were purchased from
Cellulose-Lab (Canada). The width is 30-80 nm, the
length is>100 pm, the surface functional group is
hydroxyl, and the surface is almost electrostatically
neutral (Fularz et al. 2022). A silicone rubber solu-
tion (poly(dimethylsiloxane) (PDMS), ELASTOSILR
RT623 A), a silicone hardening agent (a cross-linker,
ELASTOSILR RT623 B), and a silicone oil (a sof-
tening agent, AK35(C)) were obtained from Wacker
Chemicals Korea Inc. Strat-M® Membrane (Trans-
dermal Diffusion Test Model, 25 mm) was purchased
from Millipore (Billerica, MA, USA) as an artificial
skin. It is a synthetic, non-animal-based model for
transdermal diffusion testing that is claimed to be
predictive of diffusion in human skin (Ossowicz-Rup-
niewska et al 2021).

Fabrication of master and mold

A metal master was fabricated by a micromachin-
ery technique (EHWA Diamond Ltd, Korea) (Xu
et al. 2013). A silicone rubber solution (PDMS,
ELASTOSILR RT623 (A)), a silicone hardening
agent (a cross-linker, ELASTOSILR RT623 (B)),
and a silicone oil (a softening agent, AK35 (C))
were mixed in a mass ratio of 9:1:3. The micronee-
dle (MN) master was placed in the center of a Petri
dish (35 mm in diameter), the silicone mixture solu-
tion was poured into the dish until the master was
completely immersed, then the dish containing the

master and the silicone mixture solution was stored
at an oven thermostated at 60 °C for 4 h for the
solidification of silicone solution. The PDMS mold
was peeled off the dish and the master.

Preparation of MN arrays

CNFs were dispersed in 10 ml of distilled water,
and then HA, collagen, and trehalose were co-dis-
solved in the CNF suspension to prepare MN arrays
incorporating CNFs. The mass and the mass percent
of each component contained in mixture solutions
to prepare MN arrays were summarized in Table 1.
S/MNO was a mixture solution without CNFs. S/
MNI1, S/MN2, and S/MN3 were mixture solutions
whose CNF concentrations were different from one
another while total solid concentrations were the
same. 0.7 g each of mixture solutions was evenly
applied onto the surface of a MN mold and was cen-
trifuged at 4,500 rpm (3736 g) for 3 min on a centri-
fuge (rotor 13, NB-550, N-BIOTEK, Korea) to fill
the pyramidal pore of the mold with the solution.
The molded mixture solution on the mold was dried
in a desiccator for two days to form a MN array,
which was subsequently detached from the mold
carefully. The MN arrays prepared from a mixture
solution of S/MNQO, 1, 2, and 3 were called MNO, 1,
2, and 3, respectively.

Scanning electron microscopy

Each of the MN arrays was placed on a metal stub
and sputtered with gold for the surface coating.
Then, the surface topologies of the MN arrays were
investigated on a scanning electron microscope
(SEM, S-4800, Hitachi, located at the Central Labo-
ratory of Kangwon National University).
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X-ray diffraction spectroscopy

The crystalline structure of MNO, MN1, MN2, MN3,
and CNFs were examined by X-ray diffraction (XRD)
on a XRD diffractometer (X’Pert PRO MPD). X-ray
sources were Cu Kal radiation (A=1.5506 A) and Cu
Koa2 radiation (A=1.5444 10\), and the ratio of Ka2/
Kol was 0.5. 2 0 range was 5—45°, scan range 5, scan
step size 0.0131303, divergence slit 1.52 nm, and
generator voltage 40 kV.

Measurement of compressive strength

The compressive force profile versus strain was inves-
tigated to understand the mechanical strength of MNs
against the compressive force which was applied on
MN array. Each MN arrays was cut into a square
patch containing 15X 15 needles and placed on the
center of the load cell (UMN-KI10, Dacell, Korea)
of a universal testing machine (TO-100-IC, Testone
Co., Korea). Force imposed on the MN arrays was
recorded up to a maximum force of 1.078 N while
the load cell was moving up to an upper stationary
plate at a constant rate of 0.2 mm/min. The compres-
sive force profiles were obtained by plotting the force
imposed on the MN array versus strain. The compres-
sive forces at a displacement (ca. 30 pm) where the
needles exhibiting the highest Young’s modulus (i.e.
MN?2) began to undergo their tip failure were statisti-
cally analyzed by Student’s t test, and the statistical
significance was evaluated at p <0.001, p<0.05, and
p<0.1. The SEM micrographs of MN arrays were
taken using the same method described above after
they were subjected to a compressive strength test.

Skin-piercing capability of MNs

Each MN arrays was separately placed at the center
of an artificial skin (Start-M®Membrane, Transder-
mal Diffusion Test Model, 25 mm) with the needles
facing the skin surface. The surface of MN array was
pressed for 5 s using a disc plate (1.5 cm in diame-
ter) so that 14.7 N of compressive force was evenly
applied on the surface of MN array. After the MN
array was removed from the skin, 100 pl of trypan
blue was spread on the skin to visualize perforated
holes more clearly, and the dyed skin was dried at
room temperature for 12 h. The micrograph of the
perforated skin was taken using a portable microscope
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(ViTiny UM12, Oasis Scientific Inc, USA). The per-
foration degree (%) was defined as the percent of the
number of the perforated holes based on the number
of MNs (Cha et al. 2014; Jeong et al. 2018).

Skin-penetrating capability of MNs

Each of the calcein-loaded MN arrays was sepa-
rately placed at the center of an artificial skin (Start-
M®Membrane, Transdermal Diffusion Test Model,
25 mm) with the needles facing the skin surface. The
surface of the MN array was pressed using a disc
plate (1.5 cm in diameter) so that 14.7 N of compres-
sive force was evenly applied on the surface of the
MN array. The MN array-attached skin was cut along
the row of the needles, and the cross-sections were
observed on an optical microscope and a fluorescence
microscope (DMi8, Leica, Germany).

Release of fluorescence dye from MN array

Each of the MN arrays containing calcein was
immersed in 5 ml of PBS (10 mM, pH 7.4) contained
in a Petri dish (35 mm in diameter), capped with a
lid, and stored in an oven thermostated at 32 °C.
Then, 2 ml of medium was taken at pre-determined
time points for 120 min to determine the fluorescence
intensity of calcein at 515 nm using the excitation
wavelength of 495 nm on a fluorescence spectropho-
tometer (F2500, Hitachi, Japan). The medium was
transferred back to the Petri dish to keep the vol-
ume of release medium constant. The release % was
defined as the percent of the amount of dye released
based on the initial amount of dye loaded in a MN
array. In parallel, the photographs of MN arrays in the
buffer solution (32 °C) were taken at a given time to
observe the dissolving property.

In vitro skin permeation

Each MN arrays was placed in the center of an arti-
ficial skin (Start-M®Membrane, Transdermal Diffu-
sion Test Model, 25 mm), and 14.7 N of compressive
force was evenly applied on the array so the needles
could pierce the skin. The MN array-attached skin
was mounted onto a Franz diffusion cell (0.636 cm? in
surface area). The receptor cell was filled with 5 ml of
PBS (10 mM, pH 7.4) and thermostated at 32 °C. In
parallel, 0.7 ml of calcein solution (0.1 mM, in PBS
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(10 mM, pH 7.4)) was applied to the skin as a con-
trol compared to the MN array. Then, 2 ml of recep-
tor solution was taken at a given time for 24 h, and
the fluorescence intensity was determined at 515 nm
with being excited at 495 nm on a fluorescence spec-
trophotometer (F2500, Hitachi, Japan). After meas-
uring the fluorescence intensity, it was put back into
the receptor cell to keep the volume of the receptor
solution constant. The amount of dye was calculated
using a calibration curve. The skin permeation degree
of dye was expressed as the cumulative amount of
dye permeated through the unit area of the skin.

Results and discussion
Fabrication of master and mold

Figure 1 shows the photomicrograph of a tung-
sten MN master. Pyramidal needles were built on
the square base (1.5 cm X 1.5 cm) in 15X 15 array,
being equally spaced by 700 pm. The base width and
the height of each metallic needle were 300 pm and
600 pm, respectively. Figure 2 shows the photomicro-
graph of a PDMS mold. On the top view photomicro-
graph (Fig. 2a), a 15x 15 array of square holes was
shown whose dimensions were almost the same as the
base width of the needles of the master (i.e., 300 pm).
On the cross-sectional view photomicrograph
(Fig. 2b), conical holes were shown whose width and
depth were close to the base width (i.e., 300 pm) and
the height (i.e., 600 pm) of the needles of the master.
Since the dimension of the holes was almost the same
as that of the needles of the master, it could be said
that the silicone solution was evenly spread and dis-
tributed throughout the Petri dish containing the mas-
ter and the mold was successfully fabricated.

Preparation of MN arrays

Figure 3 shows the SEM micrograph of MNO, MNI1,
MN?2, and MN3. The top view micrograph of each
MN arrays showed pyramidal needles as squares due
to their four base sides. They exhibited four white
lines within the squares due to another four inclined
sides, and they were arrayed in the same pattern as
the needles of the master. The side view micrograph
of each MN arrays showed that the needles were pyr-
amid-shaped, with a base width of about 300 pm. The

Fig. 1 Photomicrograph of a tungsten MN master

shape and the dimension of replicated needles were
almost the same as those of the needles of the mas-
ter, indicating that the MN arrays were successfully
duplicated from their master. The marked difference
in the appearance among the MN arrays was the sur-
face was rougher as CNF content was higher. CNFs
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Fig. 2 Photomicrograph
of a PDMS mold. 15x 15
array of square holes were
shown on top view photo-
micrograph (a). Conical
holes were shown on cross-
sectional view photomicro-
graph (b)

were included in MNO, MN1, MN2, and MN3 so that
the content was 0, 3.3, 16, and 33%, respectively.

Since HA, collagen, and trehalose were readily
dissolved in water, the mixture solution (i.e., S/MNOQ)
would be homogeneous at a molecular level. Hence,
it would be able to produce a smooth surface if water
was evaporated after being cast. On the other hand,
CNFs are not single molecules but a bundle of cel-
lulose molecules with the length in several hundred
micrometers and the diameter of about 30-80 nm.
Owing to such a large dimension, the mixture solu-
tions containing CNFs (i.e., S/MN1, S/MN2, S/MN3)
would hardly produce a smooth surface upon casting
and drying, even if the fibers were well-dispersed in
an aqueous solution. The strands of CNFs would be
entangled due to their long length and they would
form clusters, giving rise to a casting film with a
rough surface.

X-ray diffraction spectroscopy

Figure 4 shows the XRD spectrum of MNO, MNI,
MN2, MN3, and CNFs. In the spectrum of CNFs,
diffraction peaks corresponding to the (110) plane,
the (200) plane, and the (004) plane of cellulose
crystalline structure were found at 20 of 15.8°, 22.6
°, and 34.4 °, respectively (Chen et al. 2011; Kumar
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et al. 2020). In the spectrum of MNO, no character-
istic peaks were found, indicating that the MN array
was amorphous. In fact, hyaluronic acid and colla-
gen (the major components of MNO) are known to
be almost amorphous polymers (Kozlov and Burdy-
gina 1983; Zaupa et al. 2010). No characteristic peaks
were found either in the spectrum of MNI1, possibly
because the content of CNFs (3.3%) was too small to
be detected. In the spectrum of MN2, the characteris-
tic peak was found at 26 of 22.2°, due to the diffrac-
tion from the (200) plane of the crystalline structure
of CNFs. In the spectrum of MN3, the characteris-
tic peak at 20 of 22.5° was more prominent and the
peaks at 20 of 15.7° and 34.5°, signals from the (110)
and (004) planes of crystalline CNFs, respectively.
Thus, the results obtained by XRD suggested that the
diffraction intensity became stronger as the content of
CNFs increased and that CNFs was included in the
MN arrays with maintaining its crystalline structure.

Measurement of compressive strength

Figure 5 shows the compressive force profiles of
MNO, MN1, MN2, and MN3. In the compressive
force profile of MNO, the compressive force obtained
immediately after the MN array came in contact
with the stationary plate was about 0.1078 N. It was
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Fig. 3 SEM micrograph of MNO (a), MN1 (b), MN2 (c), and MN3 (d)

observed that the compressive force of MN array
increased linearly up to 0.4018 N when the strain
increased to 125 pm. Further, the compressive force
of the MN array was almost constant when the strain
ranged between 125 and 200 pm, and increased again
with increasing strain. The first strain of 0-125 pm
was thought to be the elastic deformation of needles
because the compressive force increased with strain
almost linear. The second strain of 125-200 pm
would be due to the needle failure because no sig-
nificant force was required to cause such a marked

strain. Accordingly, the dimension of needle failure
seemed to be about 200 pm. It is known that poly-
meric materials under a compressive force exhibit
elastic properties in a low strain range, and they
undergo failure when the strain increases to a certain
degree (i.e., yield point) (Ebewele 2000; Ward and
Sweeney 2012). It could be suggested that the failure
load of MNO was found to be about 0.4018 N because
the elastic deformation was terminated around that
value. The third strain observed after 200 pm of strain
occurred would be an elastic deformation because the

@ Springer
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Fig. 4 XRD spectrum of MNO (a), MN1 (b), MN2 (c), MN3
(d), and CNF (e). In the spectrum of CNF, MN2, and MN3,
diffraction peaks corresponding to the (110) plane, the (200)
plane, and the (004) plane of cellulose crystalline structure
were found at 20 of 15.8°, 22.6°, and 34.4°, respectively

compressive force was proportional to the strain. The
thicker stem under the fractured tip would still be able
to be compressed in an elastic manner.

In the compressive force profile of MN1, compres-
sive force increased up to 0.4116 N almost linearly
while the strain increased to 82 pm, it was almost
constant in strain range of 82—168 pm, and thereaf-
ter it increased again with increasing strain. The fail-
ure load of MN1 was about 0.4116 N, close to that
of MNO. A notable difference was the compressive
force in the elastic deformation region of the tip of
MN1 increased more rapidly than that of MNO. This
suggests that MN1 was more stiff and brittle than
MNO. Even if CNF was contained in MN1 as low as
3.3%, it seemed to provide stiffness to the needles. As
described previously, CNF is a bundle of cellulose
molecules, and it contains crystalline domains in its
structure. Owing to the crystalline domain, CNFs are
stiff and would increase the stiffness of the needles.
Furthermore, since CNF strands are long (in order of
micrometers) enough to be physically entangled, they
would undergo a long-range interaction. The hydro-
gen bonding among CNF strands would also enhance
the long-range interaction. In this circumstance, CNF
strands would be able to form networks and endow
the needles with stiff property.

The compressive force profile of MN2 resembled
that of MN1. An obvious difference was that the
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Fig. 5 Compressive force profiles of MNO (black), MNI1
(red), MN2 (blue), and MN3 (green). The first elastic strain is
due to the elastic deformation of needle tip, the second non-
elastic plateau strain is because of the needle tip failure, and
the third elastic strain is attributed to the elastic deformation
of the thicker stem under the fractured tip. Considering the
curve slope in the first elastic region, the stiffness seemed to be
greater in the order of MN2>MN3>MN1 >MNO. The exper-
iment was repeated 3 times. The statistical significance evalu-
ated at a displacement (ca. 30 pm) where the needles exhibit-
ing the highest Young’s modulus (i.e. MN2) began to undergo
their tip failure was as follows. MNO (black) vs MNI1 (red):
p<0.05, MNO (black) versus MN2 (blue): p <0.001, and MNO
(black) vs MN3 (green): p<0.01

slope in the first elastic deformation region was much
higher than that of MN1. The CNF content of MN2
was 16% and it was about three times higher than that
of MN1. Owing to the higher CNF content, the stiff-
ness of CNFs was thought to be more reflected on the
mechanical property of MN2. In addition, the higher
CNF content would enable CNF networks to be
formed more readily and give rise to the production
of more stiff needles. Unlike MN1, MN2 exhibited a
small but obvious increase in the compressive force
between the tip failure and the second elastic defor-
mation. This suggested that the tip failure occurred in
a stepwise manner.

Increment in the compressive force between
the tip failure and the second elastic deformation
became more prominent for MN3. The CNF con-
tent of MN3 was 33% which was about 10 times
higher than that of MN1. Considering the surface
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of MN array was rougher as the CNF content was
higher, CNFs seemed to be clustered into their
own domain, possibly due to an extensive physical
entanglement, especially when its content was high
(e.g., 33%). The mass ratio of CNF/HA/collagen
was about 1:1:1 when the CNF content was 33%. At
such a high content, CNF would hardly form a net-
work of homogenously dispersed strands but form
its own domain. In this circumstance, MN3 would
exhibit heterogeneous mechanical properties. This
could account for why the compressive force in the
second deformation region (the tip failure region)
increased in a stepwise manner.

The slope of the compressive force profile in the
first elastic deformation region of MN3 was lower
than that of MN2. The formation of CNF domains
was thought to be less favorable in enhancing the
stiffness of needles than the formation of a network
of homogenously dispersed CNFs, which might
be obtained at a moderate CNF content. By taking
advantage of the compressive force and the displace-
ment at failure, Young’s modulus of the single nee-
dle tip of MNO, MN1, MN2, and MN3 were calcu-
lated to be 0.286 MPa, 0.446 MPa, 1.202 MPa, and
0.649 MPa, respectively. The Young’s moduli were
those of the MN tips, not those of the whole MNss.
After the tip failed, the stem still underwent elastic
deformation without failure (Fig. 5). Since the needle
was pyramidal, the average cross-sectional area of the
needle was used as the area to which the compressive
force was applied. Since 225 (15X 15) needles were
subjected to the compressive force, the force applied
to the single needle tip at failure of MNO, MNI,
MN2, and MN3 were calculated to be 1.786x 10> N,
1.830x 107 N, 1.742x 107 N, and 1.786x 107 N,
respectively, and they were used for the calculation of
Young’s modulus.

Figure 6 shows the SEM micrograph of MNO,
MNI1, MN2, and MN3 after subjected to compres-
sive strength test. All the MN arrays exhibited bent
tips but intact stems. The length of tip bending on the
SEM micrograph was estimated to be 124-166 pm,
and it was in good agreement with the length of tip
bending evaluated in the compressive strength test
(i.e., strain where the second elastic began to take
place, 123-170 pm). The maximum strain (i.e.,
300 pm) for the compressive strength test was more
than two times higher than the length of tip bending,
but the needle stem below the fractured tip remained

intact. This suggested that the needle stem underwent
an elastic deformation.

Skin-piercing capability of MNs

Figure 7 shows the micrographs of perforated skins
after the application of MNO, MN1, MN2, and MN3.
Perforated holes were clearly found on the skins and
they were formed due to the penetration of MNs into
the skin. After removed from the skin, all the nee-
dles remained intact and no needle debris was found
on the skin. The perforation degree by MNO, MNI1,
MN2, and MN3 was 81.8, 97.8, 98.7, and 96.4%,
respectively. The skin-piercing capability of the MN
arrays with CNF (i.e., MN1, MN2, and MN3) was
higher than that of the MN array without CNFs (i.e.,
MNO).

It was reported that several factors, including the
diameter, the geometry, the mechanical property of
needles, and the applied compressive force, affected
the skin-piercing capability of the MNs (Gittard et al.,
2013). The diameter, the geometry, and the applied
force were the same among the MN arrays tested,
they could be excluded from the factors affecting the
skin-piercing capability. As long as the needle failure
load was higher than the compressive force applied to
the MN array, the stiffness of the needle was thought
to be one of major factors affecting the skin-piercing
capability. As the stiffness of the needle is higher, it
would absorb the applied force less and transfer the
force to the skin more efficiently. In fact, the needles
of the MN array containing CNFs (i.e., MN1, MN2,
and MN3) were stiffer than those of the MN array
without CNFs (i.e., MNO) (Fig. 5).

According to a previous work, it was recom-
mended that needles with below 12:1 aspect ratio of
length-to-equivalent diameter and more than 3 GPa of
Young’s modulus should be used for reducing sudden
failure by buckling and for successful insertion of the
needle into human cadaver skin (Park and Prausnitz
2010). The height of the needle of present study was
600 pm, the average cross-section area was calculated
to be 30,000 pmz, the equivalent diameter was calcu-
lated to be 97 um, thus the aspect ratio of the needle
was estimated to be about 6:1, which falls within the
proposed criterion (i.e. less than 12:1). The Young’s
modulus of the tip of single needle containing CNFs
was 0.446-1.202 MPa and the values were less than
the proposed criterion (i.e. greater than 3 GPa).
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Fig. 6 SEM micrograph of MNO (a), MN1 (b), MN2 (c),
and MN3 (d) after subjected to compressive strength test.
The force applied to the single needle tip at failure of MNO,

Nevertheless, under present experimental condition,
the skin perforation degrees by the MNs incorporat-
ing CNFs (e.g. MN1, MN2, and MN3) were found to
be almost 100% and all the needles remained intact
after removed from the skin. The criteria for success-
fully inserting the needle into the skin might change,
depending on the needle geometry and the skin origin
(human, animal, artificial). In addition, the Young’s
moduli calculated in this study were those of the tips
of the needles, not those of the whole needles. After

@ Springer

MN1, MN2, and MN3 were 1.786x 107 N, 1.830x 107 N,
1.742x 1073 N, and 1.786 x 10~ N, respectively

the tips were failed, the stems were still subjected to
the elastic deformation without failure (Fig. 5).

On the other hand, the force required to penetrate
human skin was reported to be 0.08 N/needle (Davis
et al. 2004). In the present study, the force imposed
on the single needle at tip failure was measured to
be 0.0017 to 0.0018 N, far lower than the required
force (0.08 N/needle). Thus, the MNs was theoreti-
cally likely to undergo their tip failure during skin
penetration. However, the yield strengths calculated
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Fig. 7 Photomicrograph
of perforated skins after
the application of MNO
(a), MN1 (b), MN2 (c) and
MN3 (d)

Fig. 8 Black and white
micrograph (a), fluores-
cence micrographs (b), and
combined micrograph (c)
of cross-section of MNO-
attached skin

in the present study were those of the tips of the
needles, not those of the whole needles. After the
tips failed, the stems underwent elastic deformation
without failure (Fig. 5). Since our MNs could effi-
ciently penetrate the artificial skin without fracture
(Fig. 7), it could be said the MN strength was strong
enough to perforate the skin.

Skin penetrating capability of MNs

Figure 8 shows the black and white micrograph, the
fluorescence micrograph, and the combined micro-
graph of the cross-section of MNO-attached skin. On
the black and white micrograph, about one-third of
the MNs penetrated into the skin. Due to the incom-
plete penetration, the space between the skin and the
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Fig. 9 Release profile of calcein loaded in MNO (@), MN1
(V), MN2 (A), and MN3 (H). Each data point was obtained
by 3 times repeated experiments

MN base was observed to be white. On the fluores-
cence micrograph, the MN array was yellowish-
green and the bottom part of a pyramidal needle was
found not to penetrate into the skin. On the combined
micrograph, the skin was observed to be black and
the MN array was yellowish-green. It also exhibited
that about one-third of the needle penetrated into the
skin and the rest remained out of the skin. The skin
penetrating capability of MN arrays containing CNFs
(i.e. MN1 ~ 3) was not markedly different from that of
MNO (not shown here). The pyramidal needles under-
went an elastic deformation after their tips were rup-
tured (Fig. 5) thus the compressive force applied on
the MN arrays would be absorbed by the elastic stems
of the needles and not transferred to the skin effec-
tively. This could account for why the MNs could not
penetrate into the skin completely.

Release of fluorescence dye from MN array

Figure 9 shows the release profile of calcein loaded
in MNO, MN1, MN2, and MN3. The release degree
of dye loaded in MNO increased fast to 86% for the
initial 20 min, followed by a slow increase to 98%
during the remaining period. The other arrays also
exhibited a saturated release profile. Such a saturated
release profile was reported when a water-soluble
cargo was loaded in a matrix type of vehicle (Gurny
et al. 1982). Since the release rate (i.e., the slope of
the release curve) decreased with time-lapse, the
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release mechanism kinetics seemed to follow 1
order release. The initial release rates were calcu-
lated to be 0.996, 0.946, 0.772, and 0.518 mg/min/ml
for MNO, MN1, MN2, and MN3, respectively. This
indicated that the release rate decreased as the CNF
content increased, especially in the early stage. For
example, the release degree in 10 min of dye loaded
MNO, MN1, MN2, and MN3 were about 80, 75, 63,
and 42%, respectively. The difference in the release
degree became small as the time-lapse increased,
and all the MN arrays exhibited an extensive release
degree in the later stage (i.e., more than 90% in
120 min).

MNO was composed of only water-soluble poly-
mers thus it would be readily dissolved in aqueous
solution and release its payload fast because the dis-
solution would govern the release rate. Whereas,
MNI1, MN2, and MN3 contained water-insoluble
fibers (i.e. CNFs) in their water-soluble polymeric
matrix. As described previously, the strands of CNFs
would be able to form networks within the MN array
owing to their physical entanglement and/or hydrogen
bonding among the strands. Thus, the MN array con-
taining CNFs would be less readily dissolved in aque-
ous solution. In this circumstance, the release would
be controlled by not only the dissolution of the matrix
but also by the diffusion of dye in the matrix. This
may account for why the release rate decreased as the
CNF content increased. However, the release degree
was more than 90% in 120 min even though the MN
array containing CNFs were not fully dissolved and
disintegrated. The arrays could easily become swelled
and loosened in tens of minutes possibly due to the
dissolving out of the water-soluble polymers (i.e., HA
and collagen). Thus, the payload (i.e. calcein) was
able to be readily leached out of the swelled and loos-
ened arrays.

Figure 10 shows the photographs of MNO and
MN3 in the buffer solution (32 ‘C) when time-lapse
was 10 min and 24 h. MNO lost its integrity at 10 min,
possibly because HA and collagen (the major compo-
nents of the MN array) would be readily dissolved in
an aqueous solution. Whereas MN3 maintained most
of its shape at 10 min, possibly because CNFs would
form water-insoluble networks within the MN array.
Thus, MN3 would release its payload mainly by a dif-
fusion mechanism in the early stages, which would
be a reason why the release degree in the early stage
of dye loaded in the MN arrays containing CNFs
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Fig. 10 Photomicrograph
of MNO (a’) and MN3

(b’) in the buffer solution
(32 °C) when time lapse
was 10 min (a) and 24 h (b)

was much lower than that of dye loaded in the MN
array without CNFs (Fig. 9). However, at a prolonged
time-lapse (i.e., at 24 h), MNO was completely disin-
tegrated, and MN3 was not completely disintegrated
but seemed to be loose and swelled due to the leach-
ing out of the water-soluble polymers (i.e., HA and
collagen). In this circumstance, both MNO and MN3
would release their payload by a dissolution mecha-
nism. This could account for why the difference in the
release degree among the MN arrays became small as
the time lapse increased, and all the MN arrays exhib-
ited an extensive release degree in the later stage of
release.

In vitro skin permeation

Figure 11 shows the cumulative amount of calcein
permeated through the skin for 24 h when MNO,
MNI1, MN2, MN3, and the dye solution were applied
to the skin. The cumulative amount of calcein per-
meated through the skin for 24 h was negligible
when the solution was applied to the skin. Calcein is

60

—O— calcein solution
50 - | —@— MNO
—v— MN1
—a— MN2

40 F | =R MN3

Cumulative amount of calcein penetrated (#8/mL)

30 F
20 +
10 |
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Fig. 11 Cumulative amount of calcein permeated through skin
for 24 h when MNO (@), MN1 (V¥), MN2 (A ), MN3 (M), and
dye solution (O) were applied onto skin. Each data point was
obtained by 3 times repeated experiments
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water-soluble and would hardly be partitioned into
the skin due to its high polarity. On the other hand,
the cumulative amount of dye loaded in the MN array
markedly increased with time-lapse. The permeation
took place very slowly for the first 5 h and fast dur-
ing the remaining period. It took hours for the skin
to be fully wetted with receptor solution and equili-
brated with it, so the MN would be wetted a little
or dissolved very slowly in the early stage of skin
permeation experiment due to the small amount
of absorbed solution. In this circumstance, the dye
would be released out of the needles mainly by dif-
fusion, accounting for why the skin permeation took
place so slowly in the early stage. Once the skin was
fully wetted with receptor solution, the amount of
absorbed solution would be enough for the needles
to be readily dissolved. Accordingly, the dye would
be released mainly by the dissolution of the needles,
accounting for why the skin permeation occurred
relatively fast in the late stage. The degree of skin
permeation was greater in the order of dye loaded in
MNO>MNI1 >MN2>MN3. For example, the cumu-
lative amount in 24 h of dye permeated through the
skin was 57, 52, 41, and 12 pg/ml, respectively, when
the dye was loaded in MNO, MN1, MN2, and MN3.
The MN arrays prepared in the present study would
deliver the water-soluble compound through the skin
in a “poke and release” way because it was a dis-
solving or a semi-dissolving type of needle. “Poke”-
related factors affecting the skin permeation would
be the skin-piercing degree and the skin penetration
depth of needles. “Release”-related factors would
be the diffusion rate of a payload in the needles and
the dissolving rate of the needles. The skin-piercing
capability of the MN arrays containing CNFs (i.e.,
MNI1 ~3) was a little higher than that of the MN array
containing no CNFs (i.e., MNO). Thus, the former
MN arrays would be more favorable in enhancing
the skin permeation of the payload only if the skin-
piercing capability is concerned. Regardless of the
type of MN array, the needles could not thoroughly
pierce the skin and could only partially penetrate into
the skin even though the length of the MNs (about
600 pm) was two times longer than the thickness of
the skin (about 300 pm), possibly because the needles
were elastic and would absorb the compressive force
applied on the MN array. Theoretically, as the MNs
were stiffer, they would absorb less compressive force
and could deeply penetrate into the skin. However,

@ Springer

the size of the pierced holes formed on the skin was
almost the same (Fig. 7), suggesting almost similar
skin penetration depth. The factors affecting the dif-
fusion rate of a payload in the needles would be the
compactness and the polarity of the MN array and
the interaction between the payload and the MN array
(e.g., electrostatic and hydrogen bonding). The MN
arrays were dissolved or disintegrated if they were
immersed in an aqueous solution during a prolonged
time period (e.g., 24 h, Fig. 10). Thus, in long-term
skin permeation, the factors affecting the diffusion
would be negligible and the dissolution would domi-
nate the release of the payload from the needles and
seemed to be a major factor affecting the skin perme-
ation. In fact, the MN array without CNFs (i.e. MNO)
that exhibited the highest skin permeation was readily
solubilized and the MN array containing the highest
CNF content (i.e. MN3) that showed the lowest skin
permeation was not readily disintegrated. In conclu-
sion, the skin permeation of a cargo loaded in the dis-
solving MN array was controlled by adjusting CNF
content thus the dissolving rate.

For practical use, the needles penetrated into the
skin should be soluble because the MN array is aim-
ing at either dermal or transdermal delivery but the
base needs to be insoluble to maintain the array integ-
rity. Even if the base is soluble, it would not matter
because it can hardly be dissolved if the body fluid
of the skin surface (e.g. epidermal water and sweat)
is little. In fact, however, MN arrays studied in pre-
sent work are a continuous array, they provide an
occlusive condition when applied to the skin, and
prevent the epidermal water loss, causing an excess
skin water content. Sweat would also be accumulated
under the occlusive condition. Due to the high humid-
ity under a MN array, not only the needles but also
the base would be solubilized and release its cargo,
thus the amount of a payload permeated through
the skin would be higher than obtained with a dry
skin. The release of a payload from the base also
needs to be taken into an account when a MN array
is designed for dermal/transdermal delivery in case
excess moisture is developed under the MN array. If
sweat is secreted in excess due to an exercise, etc.,
it would be able to dissolve the MN array partly and
even disintegrate it. In order to retard the dissolution
and prevent the disintegration, additives including
CNFs may be required to be included in the array. By
the way, the dose obtained the microneedle matrix
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would not markedly change regardless of whether
the skin is wet. A payload released from the needles
can easily be absorbed by a skin because it hardly
encounters the absorption barrier served by the stra-
tum corneum once the needles have penetrated into
the skin. Whereas, a payload released from the base
would suffer from a low skin absorption due to the
absorption barrier of the stratum corneum. The skin
permeation amount would be mainly dominated by a
payload released from the needles but not by a pay-
load released from the base. Thus, the dose would not
fluctuate markedly under variable skin conditions.
On the other hand, a constant dose can be achieved
by preventing the release of a payload from the base.
One of methods to prevent the release from the base
and deliver a consistent dose would be to layer over
an impermeable membrane onto the base surface.
Another method would be to build microneedles on
an insoluble base by filling the pores of the mold with
soluble materials for the formation of microneedles
then layering over them with insoluble materials.
The components comprising the MN array of present
study are hyaluronic acid, collagen, trehalose, and
CNFs and all of them are known to be biocompatible,
so they would hardly do harm to human body. Insulin,
human growth hormone, antisense for gene therapy,
mRNA vaccines, epidermal growth factor, botulinum
toxin, etc. can be delivered dermally or transdermally
using the MN array developed in this study.

Conclusions

Dissolving MN arrays of different CNF contents (0,
3.3, 16, and 33%) were fabricated by casting the mix-
ture solutions of CNF, HA, collagen, and trehalose on
the surface of PDMS molds and drying them at room
temperature. The base width (ca. 300 pm) and the
height (ca. 600 pm) of the polymeric needles of MN
arrays were the same as those of the metallic needles
of a master, confirmed on a SEM microscope. In the
compressive strength test, the needles were found to
become more stiff upon including CNFs in MN array.
The elastic deformation of the tip, the failure of the
tip, and the elastic deformation of stem took place in
turn, and the stems of needles remained intact with
the tips bent. MN arrays containing CNFs exhibited a
higher skin-piercing capability than a MN array with-
out CNFs, which would be ascribed to the stronger

stiffness of needles containing CNFs. The release
rate of a water-soluble dye (i.e. calcein) from MN
arrays decreased as the CNF content increased, pos-
sibly because CNF strands would interact with one
another through physical entanglement and/or hydro-
gen bonding, form networks within the MN arrays,
and fall the dissolution rate of the needle down. The
in vitro skin permeation of the cargo loaded in MN
arrays also decreased as the CNF content increased.
The dissolution rate of the needles seemed to govern
the transdermal delivery rate. CNFs would be able to
be used as a controller for the stiffness of the needles,
the dissolving rate of the needles, thus the skin per-
meation rate of a cargo loaded in the needles.
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