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Abstract

We present a setup for directed loading of standard microneedle arrays for transdermal drug delivery with the respective
therapeutic agent. The necessity to dose medical drugs according to their particular utilization requires an exact volumetric
measure of the particular drug, which is usually provided as a liquid. This is achieved by arranging a metallic plate above
the array featuring a set of holes aligned with the microneedles underneath. The plate is coated with a superhydrophobic
layer. To initiate the filling, droplets are deposited on said holes, where the volume needs to be above the desired load for an
individual needle, but the exact dosage is not required. Evaporation of these sessile droplets, after some time, leads to the
falling of the droplets through the microfluidic plate, delivering an exact amount of liquid drug to the needles underneath.
The proposed setup is easy to implement and parallelize, assisting in the task of accurate and high throughput coating of

microneedle-based transdermal drug delivery devices.
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1 Introduction

Transdermal drug delivery systems utilizing microneedle
arrays provide a minimally invasive option to deliver drugs
in a sustained and at a controlled rate, with the advantage
of patient-friendly application and potential for self-admin-
istration (Prausnitz and Langer 2008; Lee et al. 2018). The
microneedles of few hundred microns height feature distinct
advantages compared to traditional means of drug deliv-
ery such as oral ingestion and hypodermic injection (Patil
2017). Usually, a lower dosage is required for micronee-
dle patches, compared to oral ingestion, as digestion and
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first-pass metabolism are circumvented (Lee et al. 2018).
Also, hypodermic injection requires penetration into sub-
cutaneous tissue using a needle (usually done by a trained
administrator), causing pain and therefore reducing patient’s
compliance (Alkilani et al. 2015).

Different approaches concerning the design of micronee-
dle arrays have been reported in literature. Most common
variants are solid, dissolving and hollow microneedles
(Larrafieta et al. 2016). When utilizing solid or dissolving
microneedles, the surface of the needles has to be coated
with an exact dose of the drug.

In this contribution, we propose an efficient method for
precise dosage of homogenous liquids employing a super-
hydrophobic perforated plate, which can be potentially used
for coating of microneedle arrays. Figure 1 shows the prin-
ciple of operation in combination with solid microneedles.
A rough amount of the liquid to dose is placed on the holes
of the plate (Fig. 1a). The droplets resting on the holes then
gradually evaporate (Fig. 1b), until they are small enough to
be dragged through the hole due to gravitational forces and
coat the microneedles underneath (Fig. 1¢). Then, the needle
patch is placed on the skin (Fig. 1d), thereby penetrating
the epidermis (Fig. le), and leaving behind the drug after
removing the needle patch subsequently (Fig. 1f).
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Fig.1 Schematic use as medical coating system for microneedles

Exact drug dosage using a dip-coating process depends
on the particular conditions, of, e.g., exposure time of the
needles to the solution, surface tension matching between
needle material and liquid, liquid material properties and
structure of the needles. If the conditions are not met suffi-
ciently well, the dip-coating process results in patchy cover-
age of the needles (Gill and Prausnitz 2007). Since dosing
with the proposed setup is spatially and temporally separated
from the actual coating of the needles, meeting the right
conditions is easier.

Other techniques, like the electrohydrodynamic atomiza-
tion (EHDA) process or ink-jet printing can produce con-
trolled coating thicknesses, but special equipment is required
(Haj-Ahmad et al. 2015). Also gas jet- or spray drying
methods have been considered (Chen et al. 2011; McGrath
et al. 2011). The proposed method is easy to implement and
highly parallelizable, potentially enabling small-scale and
mass production.

2 Experimental setup

Figure 2 shows the experimental setup of the proposed coat-
ing method, featuring three stages of the coating process,
compared to Fig. la—c. The top stage contains the droplet
dispenser, which was fabricated by 3D printing (Stratasys™
Objet 30 Pro), for roughly dispensing droplets of the liquid
on the dosing plane by means of a 3 X 3 dispenser needle
array. The top side features small wells for each needle,
where the liquid can be placed.

The second stage features the perforated dosage plate,
etched from nickel silver (also known as German nickel),
with a 3 x3 array of holes that was coated with the com-
mercially available impregnation spray NeverWet™. Wet
etching of the holes was preferred over drilling, since it
avoids drilling specific problems like possible mechanical
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Fig.2 a—c Photograph of the setup. d Exploded view schematic of
the setup

deformations and burrs around the circumference of the
hole. As our application requires an even dosage plate sur-
face, it can be expected that the etched holes are more suita-
ble than drilled ones. After coating, a contact angle between
the plane and water of about §,=154° has been measured
(Trols et al. 2016), classifying it as superhydrophobic (Wang
and Jiang 2007). Due to the structure of this hydrophobic
layer, a droplet rests on it in a suspended Cassie—Baxter state
on top of the rough plane surface (Marmur 2003). The con-
tact angle hysteresis on these surfaces is relatively small and
droplets can easily roll off (Zang et al. 2013).

The superhydrophobic surface is required to ensure that
the droplets evaporate in a so-called constant contact angle
(CCA) mode, meaning that the contact angle remains con-
stant, while the contact radius decreases during evaporation
(Berthier 2013). This is the preferred mode, as the drop-
lets can pass through the hole once the contact radius is
small enough. Dash and Garimella pointed out that even
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on a hydrophobic surface (e.g., PTFE coating, §,~120°), a
droplet evaporates initially in a, for our purposes unwanted,
constant contact radius (CCR) mode, due to contact line
pinning resulting from contact angle hysteresis (Dash and
Garimella 2013). Using a superhydrophobic surface, contact
angle hysteresis can be minimized; therefore, no contact line
pinning interfering with the evaporation process in a pure
CCA mode was observed (Dash and Garimella 2014).

The microneedle array would be placed at the bottom of
the third stage (only represented by the base plate in Fig. 2).
The dispenser frame, dosage plane frame and base plate
were 3D-printed with an Ultimaker™ 3 Extended printer.
The height adjustment screws are used to cancel out any
tilting of the plane, ensuring perfect balance due to the very
low roll-off angle of the droplets. Figure 2a shows the fully
assembled device; Fig. 2b, ¢ show detailed images of the
dispenser needles and the superhydrophobic perforated
microfluidic plate. The dispenser needle array gets posi-
tioned exactly above the hole array. Figure 2c shows the
water droplets resting on top of the holes. Figure 2d shows
an exploded view of all components of the transdermal drug
delivery coating system.

3 Results

The dosing process can be broken down into two steps. First,
a rough dosage step by the dispenser takes place, followed
by an exact dosage step governed by the hole geometry after
the liquid evaporates. The whole procedure, from dispens-
ing to droplet release is shown in Fig. 3, recorded with a
Photron™ SA4 Fastcam high-speed camera @ 500 fps. In
the shown example, the hole diameter was d=1.9 mm. The
liquid used in all experiments was deionized (DI) water.

Figure 3a shows a water droplet flowing along the needle-
like structure of the dispenser stage. In Fig. 3b, the droplet
finally detaches from the tip of the needle and subsequently
lands on the hole of the dosage stage. A video of the dis-
pensing process can be found in the supplementary material.
Figure 3c, d show the evaporation of the DI water in CCA
mode until the droplet’s dimensions match the hole diameter
(Fig. 3e). Subsequently, the droplet moves through the plane
in Fig. 3f, coating the needles of an underlying microneedle
patch. A video of the droplet passing through a hole can be
found in the supplementary material.

To demonstrate the process of exact and parallelizable
dosage of a certain amount of liquid, weight measurements
were performed using a A&DTM HR-250 AZ high precision
weight scale, which provides sufficient accuracy for meas-
uring the mass of a droplet passing through a hole in the
region of d~ 1.3 mm. Droplets passing through holes down
to a diameter of 700 um were observed, but results are not
presented due to limitations of the measurement setup, as
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Fig.3 Sequence of the operational principle. a, b Fast dispensation
on the perforated plate. ¢, d Evaporation. e, f Application with geom-
etry determined dosage of the liquid

the expected mass of these droplets is below 1 mg, and the
standard deviation of the used scale is 0.1 mg.

As long as the hole diameter is large compared to the
plate height (here 100 um), capillary forces are negligible.
The moment the droplet passes the hole, the radii of curva-
ture on top and bottom are equal (see Fig. 3e), and no forces
due to a Laplacian pressure difference act on the droplet.
Therefore, the droplets can pass through the hole, solely
under the influence of the gravitational force.

If the dimensions of the hole are in the range of the plate
height, the hole through the plate embodies a capillary. Here,
droplets that enter the capillary will stick inside, as surface
tension forces are much higher than the gravitational forces
due to the small droplet masses. It can be expected that the
proposed setup works even at smaller hole diameters, if the
plate thickness can be decreased, given that the superhy-
drophobic coating is able to coat the inside of the holes.
Otherwise, the inside of the holes would be hydrophilic,
and droplets can stick inside the capillary. To this end, the
setup in its current state is limited to hole diameters of about
700 pm.

The setup with a fully occupied 3 X 3 array of droplets
resting on the holes was put above the scale and mass was
tracked over time. Figure 4 shows the measured weight
progression for a hole diameter of d=1.9 mm at room
temperature. Each jump in mass (emphasized by the red
circles) represents a droplet landing on the scale. Due to
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Fig.4 Tracked mass progression for a hole diameter of d=1.9 mm.
The red circles indicate the moment where a droplet falls on the high
precision scale through one of the nine holes

the initial dispensing stage (see Fig. 3a—c), only an approx-
imate quantity of the liquid is placed on top of the holes
of the dosage plate. As the amount of the liquid slightly
varies between the dispensed droplets, bigger ones take
longer to evaporate until their size matches the hole diam-
eter, and to subsequently pass through the hole (Fig. 3f).
The slow decrease of mass between the mass jumps is due
to evaporation of the already dosed droplets on the scale.

Figure 5 shows the evaluation of Fig. 4 for five different
hole diameters. The x-axis shows the number of the droplet
which hits the weight first, second, and so forth. The y-axis
shows the delivered droplet mass. Evaporation between
each released droplet is eliminated by only considering the
height of the jumps in Fig. 4. The standard deviation of the
used scale is plotted using error bars, showing the limit of
the accuracy of the scale. Figure 5 shows the repeatability
of the presented concept, as the measurements with our
3% 3 dosage array provide nine statistically independent
events. The data show that the system can apply an equal
amount of liquid every time a droplet passes through the
superhydrophobic plate.

It can be seen in Fig. 3e that the droplet shape is not
perfectly spherical when the droplet passes through the
plane. Gravity assists in deforming the droplet overcom-
ing surface tension forces by pulling it through the hole,
slightly constricting the droplet around the perimeter of
the hole. The droplet mass is, therefore, higher than that
of a spherical droplet with the radius corresponding to the
hole diameter.

Figure 6 shows the measured dosed mass (red crosses) and
the expected mass of an ideal sphere (solid blue line) for rising
hole diameters (density p= 1000 kg/m?). The droplet profile
during this transition was approximated as a modified Cassini
oval, scaled for the application shown in this work. Similar
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Fig.5 Dosed droplet mass without evaporation. Points: measured
data. Solid line: mean value. Dashed lines: standard deviation. The
black error bars show the standard deviation of the scale

approximations were adopted by Fdida et al. (2010) and Ishi-
kawa and Nishinari (2018). The parametric equations read

x(f) = sin (¢) \/ a? cos (2t) + \/b* — a* sin (2r)
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Fig.6 Deviation of the dosed droplets from the ideal sphere. The
droplet’s shape during transition through the plane can be approxi-
mated as a Cassini oval (compare droplet d=1.9 mm)
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y(t) = ccos (¢) \/a2 cos (2t) + V/b* — a*sin (21) (H

with the parameter ¢ € [0, 2x]. The variables a and b are
parameters describing the shape of the Cassini oval (with
a/b€[0, 1]), whereas ¢ was introduced to match the spe-
cific shape of the droplet. If a/b =0, the shape of the droplet
matches a perfect sphere, undisturbed from gravitational
forces. The more the a/b approaches unity, the more the
droplet is constricted around the perimeter of the hole,
accounting for the gravitational pull. The depicted Cassini
oval in the inset of Fig. 6 represents the shape of a water
droplet, carried through a hole with diameter d=1.9 mm.
The volume of the solid of revolution of the parametric
curve was calculated to match the measured mean mass of
4.367 mg as the target value. The corresponding parameters
are a=0.6677x 107, b=1.1612x 10~ and ¢ =0.82.

Gravity influences the bigger droplets (resting on larger
holes) stronger; thus, the deviation from the ideal sphere
is expected to be higher. Small droplets are affected less
by gravity; therefore, the spherical approximation provides
better results.

In conclusion, for a droplet with diameter d=1.3 mm
and lower, the effects of gravity on the dosed amount are
assumed to be negligible. Like noted before, droplet mass
measurement for hole diameters below 1.3 mm was not
possible due to experimental limitations. But according to
Fig. 6, the proposed method can yield a sufficiently accurate
performance in controlled dosage generation corresponding
to typical microneedles with the height below 1 mm.

4 Conclusion

The present work shows a method for exact liquid dosage,
simply dependent on the geometry of a superhydrophobic-
coated plane. The applicability for coating microneedles
with drugs is enhanced by this highly parallelizable and
facile approach. Furthermore, the proposed platform could
also be utilized for other applications requiring exact liq-
uid dosage, e.g., potentially for liquid handling on micro-
titer plates, used for enzyme-linked immunosorbent array
(ELISA) applications (Shehab 1983).
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