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One Step Fabrication of Hollow and Highly Flexible

Polydimethylsiloxane Microneedles
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ABSTRACT

n this study, the hollow and highly flexible polydimethylsiloxane microneedles were fabri-

cated in a one step and simple design. For this purpose, a commercial dermastamping de-
vice (Dermastamp® 140 DRS) was used as a mold to obtain highly flexible PDMS micronee-
dles containing channels. With the proposed design, microneedles with a total height of 1500
Hm, 1500 # m center-to-center spacing and 150 # m channel diameter was successfully
fabricated. These data are all compatible with the dimensions and the geometry of the mold
used. Then, a syringe adapter was fabricated with a 3D printer and combined with the hollow
PDMS microneedle patch for the high-throughput production of alginate beads. After the
adapter and the hollow PDMS microneedle patch combination was placed into the syringe
pump, the mostly spherical alginate beads with a mean diameter of 2.0 + 0.3 mm was pro-
duced. To sum up, the proposed design and fabrication scheme first offer a novel and simple
strategy for the fabrication of hollow polymeric microneedles. Moreover, this system has the
potential to be used not only for the high-throughput microfluidic fabrication of polymeric
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beads, but also in controlled drug delivery systems and cell encapsulation studies.
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INTRODUCTION

Transdermal drug delivery systems offer an attractive
and minimally invasive route where drug administra-
tion through oral or nasal ways is ineffective [1]. Con-
ventional drug delivery system involves the injection
of drugs into the skin via hypodermic needles with
a length and diameter ranges of 8 — 50 mm and 0.05
— 2.7 mm ID, respectively [2]. However, hypodermic
needle-mediated drug administration causes pain in
patients and it is difficult to self-administration. In
addition, there is a risk of blood-related contaminati-
onifre-used and accidental stinging [3]. To overcome
these limitations, microneedle technology has been
invented as a drug delivery system that can be ad-
ministered painlessly and minimally invasively and
is as effective as hypodermic needles. Microneedles
are within the length of between 150 to 1500 um and
they can be used with the maximum patient com-
fort without inducing hypodermic needle associated
problems [4]. Microneedles can be broadly classified
into four categories: solid, coated, dissolving and hol-
low microneedles. Apart from the others, only hollow
microneedles contain high-volume reservoirs in their
structure, so that drugs can be sent to the body in a
more controlled and desired dose than others. More-

over, thanks to the hollow structure and high reser-
voir capacity, they can also be used to extract blood
and interstitial fluid for monitoring purposes [5-7],
microfluidics applications [8, 9] and alginate bead
encapsulated cell extrusion [10]. To date, there is no
study has been found in the literature on the high-
throughput production of polymeric beads using hol-
low microneedles.

Polymeric hollow microneedles were generally
fabricated via lithography, etching, micromolding and
additive manufacturing [11]. Due to the complexity of
the fabrication methods used, hollow microneedles are
accepted as the most difficult type of microneedle to
manufacture. For example, a photomask is required and
expensive devices are used in the lithographic fabrica-
tion. In addition, fabrication in this technique includes
multiple successive steps such as deposition of a poly-
meric matrix onto a substrate, patterning via lithog-
raphic methods using a photomask and removal of un-
crosslinked polymer resin [12, 13]. On the other hand,
etching processing requires photomasking of a polyme-
ric substrate and then, holes were created via plasma [14]
or deep reactive ion [15] etchings. Besides, micromolds
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are mainly used as replicas for the casting of polymeric solu-
tion or melts [16] or combined with other techniques given
above [17, 18]. As mentioned earlier, this technique also in-
volves laborious processes such as micromold preparation
and subsequent integration with other techniques. In most
of the studies done with additive manufacturing technology,
stereolithography-based printing method is often adapted
into the fabrication processes of hollow microneedles [9, 19,
20]. However, the materials used in this technique are limi-
ted to the biocompatible light-crosslinkable resins. For all
these reasons, there is a great need for one-step, simple and
inexpensive ways for the fabrication of hollow microneedles.

In this study, a one-step, simple method that can
enable the use of many different polymers is proposed for
the fabrication of hollow microneedles. For this purpose, a
commercially available and height adjustable microneedle
device containing a bundle of 140 stainless-steel needles,
Dermastamp® 140 DRS, was used as the mold for the fab-
rication of hollow PDMS microneedles. The fabrication
process started with i) preparation of PDMS and its curing
agent preparation, ii) placing the Dermastamp” into the vis-
cous PDMS solution, iii) obtaining solid form hollow mic-
roneedles by curing PDMS. Then, these microneedles were
characterized by optical and scanning electron microscopes
in terms of needle morphology, height and needle spacings.
In the last part of the study, these developed microneedles
were integrated into a syringe system and their usability in
the high-throughput production of alginate beads was de-
monstrated as an example application.

MATERIALS AND METHODS
Materials

In order to prepare hollow microneedles, polydimethy-
Isiloxane (PDMS) was purchased from Dow Corning
Corporation, USA (Sylgard 184 silicone elastomer kit).
For the fabrication of alginate beads, alginic acid sodium
salt was received from Sigma (Germany) whereas calci-
um chloride (CaCl,) and methylene blue were supplied
from Merck (Germany) and Fluka (Germany), respecti-
vely. The distilled water was used for the preparation of
alginate and methylene blue solutions.

One Step Fabrication of Hollow PDMS
Microneedles

A commercially available microneedle device (Dermas-
tamp® 140 DRS, Larcoboleno, South Korea) was used as
a mold for the fabrication of hollow PDMS microneedles.
Fig. 1a shows the detailed representation of the device
and its apparatus. Dermastamp® 140 DRS is composed of
140 medical grade stainless- steel needles and the depth
of the needles can be easily adjusted between 0.2 — 3.0
mm by its roller stick (Fig. 1a, i). It involves a tight-fitting
plastic lid placed on the needle bundle in order to ad-

just the needle height. The diameter of the holes in the
lower part of the plastic lid, where the needles enter, is
750 pm, and the diameter of the holes in the upper part,
where they exit, is 400 pm (Fig. 1a, ii). The diameter of
each needle is 150 pm, the length is 5 mm and the spacing
between needles is 1.58 mm. After the needle bundle is
locked by the plastic lid, a gap of 600 pm in the lower part
and 250 pum in the upper part is formed between the solid
stainless-steel needles and the holes in the plastic part
(Fig. 1b). PDMS silicon base and its curing agent were
mixed with a weight ratio of 10:1 and 8 g of PDMS was
poured into a glass Petri dish (4 cm in diameter). The air
bubbles were then degassed in a vacuum chamber and
Dermastamp® device with needle heights set to 1 mm was
immersed upside-down into the PDMS containing Petri
dish (Fig. 1c). After the PDMS was cured at 80°C for 2
h in the spaces between the solid needles and the holes
in the plastic part, the Dermastamp® was removed from
the Petri dish. Then, the plastic lid was disassembled and
hollow PDMS microneedles formed on the base of the
solid needle bundle was carefully taken with a tweezer.
The size, length and morphology of the hollow PDMS
microneedles were photographed via digital microscope
(High Cloud, China). Moreover, their detailed characteri-
zation was also carried out via scanning electron micros-
cope (SEM, Tescan GAIA3, Czech Republic).

Figure 1. Fabrication steps of the hollow PDMS microneedles; (a)
i: height adjustable commercially available microneedle device —
Dermastamp® 140 DRS, ii: top and bottom photographs of the plastic lid;
the diameter of the holes in the upper part is 400 um, while the diameter
of the lower parts is 750 um, (b) the scheme representing the plastic
lid tightly fits over the needle bundles; the area marked in red shows
the wall thickness of the plastic lid, which determines the length of the
microneedles and (c) the schematical representation of the thermally
PDMS curing in the presence of Dermastamp® device.

Fabrication of Alginate Beads via Hollow PDMS
Microneedles

Sodium alginate was dissolved in distilled water at a
concentration of 1% (w/v). On the other hand, methylene
blue was also prepared with a concentration of 10 M in
distilled water in order to enhance the macroscopic visi-
bility of the prepared alginate beads. Then, a few drops
of methylene blue solution were transferred to alginate
solution under constant shaking. A syringe adapter was
designed and fabricated in order to test the usability of
the hollow PDMS microneedles in the production of al-
ginate beads. A bolt and nut type adapter was designed
using AutoCad software (USA). Fig. 2a shows the 3-D
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models of the adapter parts and their actual dimensi-
ons. Then, 3-D design was converted to .stl file available
to 3-D printer (hamarad 3D printer, Turkey) and adap-
ter parts were successfully printed using polylactic acid
(PLA) filament. Using this design, microneedle patch can
both be placed inside by its locking system or sticked to
outside of the adapter. Fig. 2b shows the adapter tightly
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Figure 2. (a) Three-dimensional (3-D) design and (b) the final assembly
of the syringe adapter used in the fabrication of microneedle-assisted
alginate beads.

fitting to a syringe.
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After the adapter was tightly inserted into the syringe,
the hollow PDMS microneedle patch was carefully sticked
around the outer hole of the adapter using a glue. Alginate
solution containing methylene blue was transferred to the
microneedle carrying syringe system and then this system
was placed in a syringe pump (New Era Pump Systems,
USA). The syringe pump was then fixed vertically on a
plastic box. Afterwards, a 1.5 M of calcium chloride (CaCl,)
solution of was prepared and filled into a Petri dish. The al-
ginate solution was extruded dropwise through a calcium
chloride coagulation bath at a rate of 5 mL/min. The algina-
te beads were then imaged with an optical microscope (Oly-
mpus IX71, Japan), and the mean diameter and diameter
distribution were calculated using these images with Image]J
software (NIH, USA).

RESULTS AND DISCUSSION

One Step Fabrication of hollow PDMS
Microneedles

From the hollow microneedle fabrication perspective, va-
rious methods have been proposed in the literature for
the fabrication of hollow microneedles in a simple and
low-step manner. In some studies, hollow microneedles
were prepared by first obtaining a master mold which is
the replica of the final structure [17, 21, 22]. Then, poly-
mer solutions or melts casted into the master mold form
the hollow microneedles in desired macro/micro struc-
tures. However, the preparation of the master mold requ-
ires complex and laborious processes that make hollow
microneedle fabrication difficult. Other studies invol-
ve approaches such as expensive laser systems both for
rapid prototyping [23, 24] or hole opening [13], or post-
lithography etchings [14, 25].

The fabrication scheme of the hollow PDMS microne-
edles used in this study is shown in Fig. 3. Herein, a relatively
cheap Dermstamp device (~ $12) containing spaces betwe-
en needle bundle and the plastic lid was used as a mold (Fig.

3a). After the Dermastamp device was immersed upside-
down into the viscous PDMS solution, the spaces were filled
with PDMS (Fig. 3b). Cured PDMS is not adhesive to most
metallic or polymeric surfaces [26], and surfaces in contact
with PDMS in our mold are metallic (stainless steel needle
bundle) and polymeric (plastic lid - base holding the bund-
le) material. As a result, cured hollow PDMS microneedles
were simply removed from the mold using a twizzer (Fig. 3d).
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Figure 3. Schematic representation of the hollow PDMS microneedle
fabrication. (a) Immersion of the Dermastamp® device into the viscous
PDMS solution, (b) filling the cavities of the mold with PDMS, (c)
removal of the plastic lid after PDMS was cured and (d) hollow PDMS
microneedles formed.

The morphology of the hollow PDMS microneedles
was investigated with a digital microscope and an SEM in
detail as shown in Fig. 4a and b. Due to the mold geometry,
hollow PDMS microneedles with tapered flange and cylin-
der tip like morphology was successfully produced (Fig. 4a
and b; left column). Each microneedle had a total height of
1500 um with a 1150 pum flange and 350 um tip. The inner
diameter of each channel passing through the microneedles
are 150 pm similar to the diameter of the stainless-steel ne-
edles used as channel mold (Fig. 4a and b; middle column).
Center-to-center spacing between each needle is calculated
as 1500 pum (Fig. 4a and b; right column). These data are
all compatible with the dimensions and the geometry of
the mold used. Microneedles should have certain design
parameters such as tip height, channel diameter or center-
to-center spacing according to the application area used. In
the case of drug delivery applications, microneedle height
becomes a critical factor for pain management. Gill et al.
showed that microneedles between 480 to 1450 pum height
can reduce pain score 18 to 3-fold compared to 26 G needle
in a human study [27]. If microneedles are to be used in blo-
od sampling from the skin, their length must be at least 1450
um to reach the deeper layer of the dermis [28]. Moreover,
the channel diameters of the hollow microneedles for blood
analysis should be at least 40 um in order to provide good
capillary penetration [29]. Hollow microneedles are frequ-
ently used for infusion of drugs into the skin at a certain
flow rate and amount through their channels [30]. There-
fore, drug infusion rate and amount are directly correlated
with the channel diameter and the number of microneed-
les per row. With the fabrication method developed in this
study, the microneedle height, channel diameter or number
of microneedles per row can be easily adjusted by changing
the mold properties such as wall thickness of the plastic lid,
the diameter of the metal needles, or the number of metal
needles in a bundle.
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Figure 4. Overview, top and bottom images of the hollow PDMS
microneedle patch captured by (a) digital microscope and (b) scanning
electron microscope.

Fig. 5 shows the flexibility of the PDMS microneedles.
As shown in Fig. 5a, b and ¢, hollow PDMS microneedle
patches were bended in different axes in order to prove the
flexibility of both patch base and microneedles, respectively.
In both bending directions, patch base and microneedles
returned to their initial state without any shape or mecha-
nical deformation. The flexibility of the hollow PDMS patch
is shown in detail in the supplementary movie (Movie S1.
Flexibility of PDMS microneedles). Flexible PDMS materi-
als have long been used for sensing, monitoring and mic-
rofluidics applications in the biomedical field due to their
low cost, elastomeric structure, biocompatibility and ease
of molding [31-33]. Therefore, hollow PDMS microneedle
system developed in this study can be adapted to many bio-
medical applications with its easy one-step fabrication and
high flexibility.

[ Final State

(a) [[nitial State_| [ Bending State |

Figure 5. The photographs showing the flexibility of the hollow PDMS
microneedle patch. The microneedle patch was all bended in the z — x
plane but photographed from looking at (a) y and (b), (c) x axis.

Fabrication of Alginate Beads via Hollow PDMS
Microneedles — An Application

Alginate is a natural polysaccharide extracted from
brown algae. Thanks to their highly biocompatible, bi-

odegradable and ease of fabrication properties, alginate
beads are widely used as controlled drug delivery [34-36]
and cell encapsulation vehicles [37, 38] and tissue engine-
ering scaffolds [39]. Here in this work, the hollow PDMS
microneedle system was used for the high-throughput
fabrication of the alginate beads as an example study
(Movie S2. Fabrication of alginate beads). The hollow
PDMS microneedle patch was first connected to an adap-
ter and glued to a syringe (Fig. 6a). The device was then
placed to a syringe pump and alginate solution was extru-
ded to calcium chloride solution (gelling agent) through
hollow PDMS microneedles (Fig. 6b). Via this device, al-
ginate beads with a mean diameter of 2.0 + 0.3 mm was
successfully produced (Figure 6¢). The alginate beads had
mostly spherical morphology with relatively narrow size
distribution.

(a)

Figure 6. The photographs showing the hollow PDMS microneedle-
assisted fabrication and final morphology of alginate beads; (a) before,
(b) during fluid flow inside the microneedle channels and (c) optical
microscopy images of the alginate beads.

CONCLUSION
In this study, a highly versatile hollow PDMS microneedle

system was produced via one step fabrication method. In
this way, an alternative model has been developed to the
production difficulties encountered in hollow microne-
edle fabrication. These microneedles were composed of
PDMS which makes them highly flexible. Here, they are
used for high-throughput fabrication of alginate beads as
an example study. Moreover, with this system, polyme-
ric beads of different diameters and production rates can
be easily produced simply by changing the microneedle
diameter, number per row or solution flow rate. In ad-
dition, considering the originality of fabrication method
developed and the microneedle system produced with it,
this device can also be used in controlled drug delivery
applications and cell encapsulation studies.
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