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Dissolvable Base Scaffolds Allow Tissue Penetration of
High-Aspect-Ratio Flexible Microneedles

Satoshi Yagi, Shota Yamagiwa, Yoshihiro Kubota, Hirohito Sawahata, Rika Numano,

Tatsuya Imashioya, Hideo Oi, Makoto Ishida, and Takeshi Kawano*

Microscale-diameter, high-density needle array devices fabri-
cated by microelectromechanical systems (MEMS) technology
offer high spatiotemporal resolution electrophysiological record-
ings and stimulations,2 drug delivery,®l and optogenetics
on a large number of neurons in a tissue. Thus, MEMS-based
microneedles have been used in numerous studies, including
rodent-, monkey-, as well as human brains,>® providing a fun-
damental understanding of these neuronal systems. Although
such MEMS devices are powerful tools in neuroscience, the
needle penetration-induced tissue/neuron damage remains
problematic,’=! particularly in chronic and future medical
applications.>®) One way to reduce the penetration damage is
miniaturization of the needle diameter (or cross sectional area);
low-invasive tissue penetrations have been demonstrated using
needles <10 pm diameter (e.g., =8.5 pm diameter needle).!"!
In addition, to address the mechanical mismatch between the
penetrating needle and the brain/tissue, a needle with a flexible
property is essential.'"12l Future needle-device technology must
combine these two features to expand neuroscience applications.

Vapor-liquid-solid (VLS)-grown silicon-needle array!'*-1®l ig
a way to address the aforementioned technological issues of
microneedles. Compared to conventional MEMS-based nee-
dles, VLS silicon needles realize nano- to microscale needle
diameters and a flexible property in silicon with a microscale
diameter (Young's modulus of 188 GPa for <111> silicon).
Although low-invasive tissue penetrations and in vivo neuronal
action potential recordings have been confirmed using <7 pm
diameter, 210 pm long VLS-needle arrays,'”:® the tissue pen-
etration capability of longer microneedles (>210 pm) must be
investigated. However, increasing the needle length decreases
the needle stiffness, which may cause the needle to buckle or
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fracture prior to penetration (Figure 1a). For example, 400 pm
long silicon needles buckle in gelatin penetration tests.'”) To
approach deep cell layers in a cortex, microneedles should be
longer than 400 pm (e.g., =400 pm for the cortical layer IV in
mouse brain and the cortical layer IT in human brain).

To realize tissue penetration using high-aspect-ratio flex-
ible microneedles, we propose an approach that “temporarily”
enhances needle stiffness by embedding its base with a stiff film
(hereafter referred to as a base scaffold), which dissolves upon
contact with a biological tissue (e.g., brain). Although biocom-
patible silkl?*2!] and polyethylene glycol (PEG)!'?! are candidates
for dissolvable materials, this study uses silk, which is prepared
by simply dropping a silk solution over the needle’s substrate
and allowing it to dry for about a day. Compared to coating
the entire needle with a dissolvable material,?% the advantage
of our approach is that the base scaffold does not increase the
diameter (or cross sectional area) of the needle (e.g., <5 pm in
diameter) in a tissue, reducing needle-induced tissue/neuron
damage. Another advantage of the base scaffold without coating
the needle is that the amount of the scaffold material dif-
fused within the tissue is reduced. The silk scaffold dissolves
and the amount of the silk solution diffuses over the surface
of the tissue, but the silk solution is diluted and washed away
by a solution (e.g., saline). Herein, we evaluate the effect of a
silk-base scaffold on needle stiffness and the penetration capa-
bilities using mouse brain. Both bending and tissue penetration
tests indicate that the proposed base scaffold improves the pen-
etration capability of high-aspect-ratio flexible microneedles.

We demonstrate tissue penetrations of microneedles using a
base scaffold of silk fibroin. Silk fibroin is a candidate dissolv-
able material because it is biocompatible, water soluble with
programmable rates, and easy-to-use, especially for coatings of
vertically assembled microneedle arrays. The dissolution speed
of the silk fibroin in contact with water is on the order of the
50% in volume per 10 min.[?!l

Increasing the aspect ratio of a needle reduces the longitu-
dinal stiffness of the needle itself, resulting in buckling or frac-
turing of the needle prior to penetration (Figure 1b). The buck-
ling load of a needle with a column shape can be expressed as

2mEl 1Y
FBuckle = 7;—2 o< E(T) (1)
nd?
=" @)

where Fp,qq is the buckling load, E is Young’'s modulus, ! is the
needle length, I is the cross-sectional second-order moment,
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Figure 1. Concept for tissue penetration of a high-aspect-ratio, flexible needle using a dissolvable base scaffold. a) Schematics showing that increasing
the needle length reduces the needle stiffness, resulting in buckling prior to tissue penetration. SEM image showing a buckled silicon microneedle with
a compressing force. b) Buckling-load—needle-length curve for a silicon microneedle. Curve is from buckling tests on 2 pm diameter VLS-grown silicon
needles and a theoretical model. Graph, which also includes the experimentally measured penetration force for gelatin (6.5 wt% in water), shows two
regimes: a needle with a buckling force that exceeds the penetration force results in penetration (blue) and a needle with a buckling force lower than

that of the penetration force results in buckling prior to penetration (red).

c) Procedure for tissue penetration of a high-aspect-ratio flexible microneedle

using a dissolvable base scaffold. Embedding the needle base with a stiff base scaffold film (thickness, x) “temporarily” increases the buckling force
of the needle (length, l), but the film dissolves upon contact with a biological tissue (e.g., brain).

and d is the needle diameter. The buckling load is proportional
to 1/1%, indicating that increasing the needle length decreases
the buckling force itself. When the buckling force is less than
the required penetration force, the needle buckles before
the tissue is punched. Thus, the stiffness of high-aspect-ratio
microneedles is essential to achieve the tissue penetration.

A silk film, which covers the base of the needle, acts as a
mechanical support for the needle base and decreases the
length of the flexible portion of the microneedle (Figure 1c),
and the buckling force can be expressed as

1 2
FBuckle,scaffold o< E(—) (3)
l—x

where x is the thickness of the silk film. Equation (1) indicates
that the buckling load of the silk-embedded needle is propor-
tional to 1/(I-x)’, which increases the buckling force com-
pared to that without the silk scaffold [Equation (1)].
High-aspect-ratio flexible silicon microneedles buckle before
needle penetration.l'” Vertical <111> silicon microneedles
(Young’s modulus of 188 GPa) were prepared on a (111) sil-
icon substrate by gold (Au)-catalyzed VLS growth of silicon.??!
Figure 1b includes the buckling-load—needle-length curve
obtained via experimental buckling tests on 2 pm diameter
VLS-grown silicon needles using a tungsten needle (diameter
>> 2 pm) and a theoretical model (Figure S1, Supporting

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Information). In addition, the experimentally measured pen-
etration force (45-100 uN) for a mechanical tissue phantom of
gelatin (6.5 wt% in water) is shown, suggesting that 2 pm diam-
eter silicon needles longer than =250 pm buckle prior to gelatin
penetration. Because the actual brain stiffness depends on the
sample (e.g., age dependence for rat brain),’*l we used a tissue
phantom of gelatin (6.5 wt% in water), which is slightly stiffer
than brain tissue.

To form the silk-film scaffold at the needles’ base, a silk
solution (silk protein extract, Matsuda Farm) was dropped
over the silicon-needle substrate followed by crystallization
of the silk solution in air within one day (Figure 2a,b). Due
to the growth yield of the vertically aligned high-aspect-ratio
needles, the array (lower picture in Figure 2a) consists of a
site without needles and needles with different growth direc-
tions. By eliminating the irregular needles, all the results in
this work are discussed using vertically aligned high-aspect-
ratio needles. The actual silicon needle used in tissue penetra-
tion was encapsulated with a biocompatible material of par-
ylene (1 pm thick) prior to silk formation. Because the surface
tension and contraction stress of the silk solution cause the
needles to bend, the silk was crystallized/dried with the sur-
face of the needle substrate facing down. This crystallization/
drying process reduces the forces/stresses due to the force of
gravity, causing the needle not to bend (Figure S2, Supporting
Information).
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Figure 2. Silk film-base scaffold for high-aspect-ratio flexible VLS-grown silicon microneedles. a) SEM images of an individual silicon microneedle with
a 550 ym length and =5 pm diameter (upper panels) and a device chip consisting of an array with 5 x 5 needle sites (bottom). b) Schematics of the
steps for the silk-base scaffold film. Silk solution is dropped over the silicon-needle substrate followed by crystallization of the silk solution in air within
1 d. ¢) Silk film thickness is controlled by the silk density. Plots are taken from the 5 mm x 5 mm dipping area a) with a constant amount of the silk
solution of 37.5 mm>. Dashed line represents the average value from five measurement points. d) SEM images showing the silk-embedded silicon
microneedles: 120 pym long needles with the 90 pm thick silk film (left), 420 pm long needles with the 200 ym thick silk film (center), and a 650 pm

long needle with the 180 um thick silk film (right).

e) Bending tests of silicon microneedles. Displacement—load characteristics for 420 pm long, 2 ym

tip-diameter silicon needles without the silk-film scaffold (top) and with the =200 pm thick silk-film scaffold (bottom).

The thickness of the crystallized silk film depends on the silk
density in solution. Herein, the silk solution of 37.5 mm? for
5 mm x 5 mm dipping area was used to investigate the silk-
thickness—silk-density curve (Figure 2c). The thicknesses of the
silk scaffold, which ranged from =90 to =200 pm, were pre-
pared for 120, 420, and 650 pm long needles, while the needles’
bases were embedded in the silk scaffold (Figure 2d). The silk
at the needle base is tapered due to the surface tension between
the silk and the needle (parylene for the outer shell of the sil-
icon needle). To completely coat the needle with silk, increasing
the silk density can increase the thickness of the silk scaffold
(Figure 2c); we have confirmed that the entire =200 pm long
needle can be coated without bending the needle.
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The needle bending tests confirmed the increased stiffness of
the silk-embedded silicon microneedles. The displacement—load
characteristics of the needle were measured by a force measure-
ment system (FMT-120, Kleindiek Nanotechnik, Reutlingen,
Germany) inside a scanning electron microscope (SEM)
chamber. Figure 2e shows the displacement-load curves taken
from 420 pm long, 2 pm tip-diameter silicon needles without
and with the silk-film scaffold, respectively. The thickness of
silk at the needle’s base is =200 pm, indicating that a =220 pm
long needle section is exposed from the silk. The stiffness of
the silicon needle without a silk-film scaffold is 2.30 N m?, but
increases to 3.59 N m™ for a silk-embedded silicon needle. The
improved stiffness is given by 3.59 (N m™)/2.30 (N m™) = 156%,
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which is similar to the simulated value (Figure S3, Supporting
Information). The stiffness of the silk-embedded needle is con-
sistent with that of a 220 pm long silicon needle with the same
diameter (2 pm tip diameter), indicating that bending is mainly
due to the needle section exposed from the silk-film scaffold.
The penetration capability of the silk-embedded silicon
microneedle was confirmed using mouse brain. For the animal
experiments, we used a 5 x 5 needle array (needle interval =
1 mm) on a 5 mm x 5 mm silicon substrate (Figure 2a), which
die size allows the needle array to manipulate and penetrate
the brain of a mouse. Herein, the length and diameter of the
silicon needle were 650 and 5 pm, respectively, and the thick-
ness of the silk film at the needle base was 260 pm (390 pm
long needle section exposed from the silk). The penetration
of the silk-embedded microneedle was conducted using the
whole brain extracted from a mouse (27 g weight), which was
euthanized by cervical dislocation. After removing the dura,
the microneedle array penetrated into the somatosensory
area (barrel area, 2—4 mm lateral and 0-2 mm caudal from
bregma) in the right hemisphere of the brain. The position of
the needle array was controlled by an x—y-z remote manipu-
lator system, while the instantaneous penetration was observed
using a microscope (VH-Z100, Keyence, Osaka, Japan). During
the manipulation of the needle toward the brain, the needle
without the silk-scaffold buckles (=6 s in Figure 3a, and Movie
S1 in the Supporting Information), and the needle did not pen-
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AN Length 650 um
Diameter 5 ym
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etrate into the brain (6-12 s in Figure 3a). On the other hand,
the needle with the silk-scaffold punched the surface of the
brain (10-20 s in Figure 3b, and Movie S2, Supporting Informa-
tion), the silk-base scaffold made contact with the brain surface
(=50 s in Figure 3b), and the needle penetrated into the brain
without the needle buckling. After coming into contact with the
brain surface (=50 s in Figure 3b), the silk dissolved, exposing
the entire needle section. In this scheme, >80 vol% silk film
dissolved after >15 min.

To expand the in vivo applications, the penetration capa-
bility of the silk-embedded needle was also confirmed using
the mouse brain in vivo (Figure 4). The stiffness/pressure of
the mouse brain in the skull is higher than that of the afore-
mentioned extracted whole brain (Figure 3). The significant
difference in the needle penetration between the whole brain
and the brain in vivo is the pulsatile motion of the brain. The
in vivo brain penetrations of the microneedles were demon-
strated using a mouse (25 g weight), which was deeply anesthe-
tized with urethane (50 pL of 30% solution/10 g body weight).
In addition to needle penetration, the drug/chemical delivery
capability of the needle was confirmed by injecting nanopar-
ticles during needle penetration. Due to the surface energy
between the particle (polystyrene) and the needle (parylene),
particles spread over the brain surface can be trapped with the
needles and then delivered into the brain upon needle penetra-
tion.2* After removing the dura, polystyrene particles [Merck

12 sec
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= 0 sec 3 sec

Substrate{”
(Silicon) |
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Thickness
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Silicon needle

Silk film Length 650 um
Diameter 5 pm
Brain Brain
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Figure 3. Penetration capability of the silicon microneedle with and without the silk-base scaffold film using the whole brain extracted from a mouse.
a) Schematic and picture panels showing a silicon microneedle without the silk film for brain penetration. Needle buckles prior to penetration of the
mouse brain (=6 s) (Movie S1, Supporting Information). b) Schematic and picture panels showing a silk-embedded silicon microneedle during needle
penetration into mouse brain (Movie S2, Supporting Information). Needle penetrates the brain without buckling. Silk film dissolves after contact with
the brain (=50 s). Length and diameter of the used silicon needles in (a) and (b) are 650 and 5 pm, respectively. Silk-film thickness at the needle base
is 260 pm b). Position of the silicon needles within a 5 mm x 5 mm substrate is controlled by an x—y-z remote manipulator system.
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Figure 4. Penetration of silk-embedded silicon microneedles and injections of particles into in vivo mouse brain. a) Schematics for particle injections
via the silicon microneedle. b) Photograph of the set up for the in vivo mouse brain experiments. 5 mm x 5 mm silicon-needle-array substrate is
positioned over the brain by an x-y—z remote manipulator system. c) Panels depicting a silicon needle during needle penetration and particle injection
(Movie S3, Supporting Information). Pictures include needle contact with the brain (=30 s), needle penetration (30-60 s), and silk contact and the
dissolution (=80 s). Length and diameter of the silicon needle are 650 and 5 pm, respectively, and the thickness of the silk film at the needle base is
260 pm. d) Schematic and confocal microscope images of the particles injected into the brain. Particle emissions are observed in the brain between

a =270 ym depth and the surface.

F1-XC050, modified with COOH, excitation wavelength = 470,
480, and 490 nm, emission wavelength = 525 and 560 nm, par-
ticle diameter = 506 nm = (standard deviation = 6 nm)] for the
injection were spread over the brain surface.

Similar to the aforementioned whole brain penetration,
the microneedle array penetrated into the somatosensory area
(barrel area, 2—4 mm lateral and 0-2 mm caudal from bregma)
in the right hemisphere of the brain in vivo. Although the pul-
satile motion of the brain occurs during penetration, the silk-
embedded needles allow the brain to be penetrated without
fracturing the needle (Figure 4c, and Movie S3, Supporting
Information). Particle injections (or needle penetrations) were
conducted more than six times on the somatosensory area of
the brain. The particle injection (or needle penetration) sites in
the brain were determined by confirming particle emission in
confocal microscope observations (Laser Confocal Microscopy
Al, Nikon, Laser excitation wavelength = 488 nm, emission
filter = 595/50 nm for signal detection from deep particles).
The confocal microscope observations confirm that the particle
emission sites are consistent with the areas where micronee-
dles penetrate. The particle emissions are observed in the
brain between the surface and a depth of =270 pm (Figure 4d).
Although the microneedles allow particles to be injected into
the brain, the depths of the injected particles are shallower than
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the length of the microneedles (650 pm long). The results sug-
gest that the particles are released from the microneedles before
the needles are fully inserted due to the higher surface energy
at the particle/tissue (brain) interface than that of the particle/
microneedle.?*! Because light scattering of both excitations and
emissions in brain tissue limits the imaging depth in confocal
microscopy, further analysis is necessary to discuss the depth of
the injected nanoparticles (e.g., preparation of brain slices, two-
photon microscope observations of injected nanoparticles, and
preparation of transparent brain tissuel2>2l).

The controllability of the dissolution speed is an important
characteristic of the silk scaffold in the proposed scheme. As
demonstrated in the needle penetration into mouse brain,
>80 vol% silk film dissolves after 15 min, which is sufficient to
expose the needle from the brain-contacted silk (260 pm thick)
and allow the needle to penetrate the brain. However, the time
required to dissolve the silk scaffold depends on the application.
Although we demonstrated the same silk composition for a dis-
solution speed (80 vol% dissolved for 15 min), the dissolution
time can be increased to days or weeks using water or methanol-
treated silk films.2"?’] As previously mentioned, PEG is another
candidate for the base scaffold material, which is also dissolv-
able and biocompatible. Additionally, changing the molecular
weight of PEG should alter the dissolution speed of PEG.
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The silk-embedded silicon microneedles penetrate mouse
brain, confirming that the silk scaffold increases the needle’s
stiffness, enabling needle penetration. To prevent the needle
tip from slipping on the tissue surface, it is important that the
needle penetration is perpendicular to the surface of the target
tissue. A needle slip induces movement of the needle tip from
the initial point, decreasing the buckling force of the needle,
which is given as

2
1
FBuckle,scaffold ~<E [m] (4)

where K is the column effective length factor. If slipping the
needle tip over the brain is negligible, then the buckling force of
the needle can be discussed with a model where one end is fixed
(needle end with silk) and the other end is pinned (and in contact
with the brain surface), representing K = 0.699 in Equation (4).
We confirmed the pinned needle tip in the buckling observation
with a cantilever and the needle penetration into whole mouse
brain (SEM image in Figure 1a and pictures in Figure 3a).

Once the needle tip slips/moves over the brain, the buckling
load decreases with K = 2, which is represented by a model
where one end is fixed (needle end with silk) and the other
end moves freely (the free end slips/moves over the brain). In
actual needle penetrations, brain and other biological tissues
have hemispherical shapes, making perpendicular needle pen-
etration difficult, especially when using a needle array with an
interval (e.g., 1 mm needle interval for an 5 x 5 mm die size
as shown in Figure 2a) and/or the brain/tissue with a curva-
ture radius such as a mouse brain as demonstrated in our pen-
etrations (Figures 3 and 4). Although both mouse brains have
a small curvature hemispherical shape and the microneedles
are not manipulated perpendicularly to the brain surfaces, the
proposed silk-base scaffold realizes microneedles with a suffi-
cient stiffness for penetration. In the future, a nanoscale needle
tip may improve the effectiveness of needle penetration.?*281 A
nanoscale tipped microneedle can punch and be fixed onto the
brain surface before the needle penetrates without decreasing
the buckling force of the needle itself [K = 0.5 in Equation (4)].

As a step toward future applications, including electrophysi-
ological recordings and stimulations, drug delivery, and optoge-
netics, here we demonstrate >500 pm long silk-embedded
flexible needle penetrations using mouse brain. Compared to
conventional needles with larger diameters, our <5 pm diam-
eter needles have the potential to reduce the invasiveness and
provide safer tissue penetration. However, microneedles must
possess numerous functionalities for diverse applications.
Microfabrication processes are promising in this regard. Elec-
trical recording microneedles can be fabricated by 3D needle
metallization and insulation.l'”'8 For neural stimulation appli-
cations, we have developed a low-impedance and high-charge-
injecting electrode material composed of layer-by-layer assem-
bled iridium oxide/platinum black, which can be deposited
at the electrode site.?l In addition, the particle delivery into
mouse brain as demonstrated here is applicable to numerous
drug/chemical delivery applications by simply modifying these
particles with chemicals/molecules. We have developed tube-
like microscale needles for drug delivery®¥ and optogenetic
applications.’!32 The proposed silk scaffold can be used to

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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improve the penetration capability of these microtubes with a
high-aspect-ratio and flexible property.

We propose employing a dissolvable silk-base scaffold to
enhance the stiffness of the high-aspect-ratio flexible micronee-
dles, discuss the effect of the scaffold on the increased stiffness
of the silicon microneedles by bending tests, and demonstrate
the penetration capabilities using whole mouse brain and the
mouse brain in vivo. Compared to the other methodologies,
such as coating the entire needle with a dissolvable mate-
rial, the proposed base scaffold does not increase the needle
diameter, providing low invasive tissue penetrations of flex-
ible microscale-diameter needles. Although the effect of silk-
base scaffold is demonstrated using silicon microneedles, this
approach is applicable to numerous other high-aspect-ratio
flexible needles, including in vivo/in vitro electrophysiological
stimulation- and recording-electrodes, drug/chemical delivery
pipettes, and optogenetic fibers. This approach should reduce
the invasiveness and provide safer tissue penetration compared
to conventional approaches.

Experimental Section

Animal Experiments: All experimental procedures using mice and
animal care were approved by the animal experiments committee of
Toyohashi University of Technology.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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