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ABSTRACT
Polymer micro- and nanostructures with various geometries, such as lines, gratings, woodpiles or dots, can be
written onto a transparent substrate by the technique of two-photon polymerization, i.e. focusing a femtosecond
laser into a liquid acrylate based resin containing a photo-initiator. The microstructures can be also employed to
mimic features found in nature for controlled wetting or liquid transport. Similar structures can be implemented
into channels of microfluidic devices to control the transport of fluids herein. In preliminary experiments, we
were able to produce microneedles ornamented with microstructures which would facilitate the transport of an
aqueous liquid to the needle tip.
Keywords: photonic structures, two-photon polymerization, directed fluid transport, microfluidics,
microneedles.
1. INTRODUCTION
Microneedles (MNs), i.e. needles having dimensions ranging from a couple of micrometres up to
2 millimetres, usually arranged in arrays covering a surface of some mm2, are an alternative for hypodermic
injections [1]. Due to their small penetration depth (up to 80% of their actual length [2]), MNs are considered
minimally invasive, penetrating into the epidermis layer of the skin without reaching and irritating the nerves,
thus without triggering pain [1]. Up until now, different geometries, as well as materials and methods have been
employed in order to produce the MNs, but one of the final applications is common for all of them – to be used
for transdermal drug and vaccine deliveries [3].
In our work, we wanted to go further and produce microneedles with surface structures that would facilitate the
directional transport of the liquids (i.e. drugs, vaccines) towards the tip of the MN, which would be helpful in
easily loading the MNs with drugs or vaccines, before administration to the patient. These surface structures
were inspired by nature, and more exactly – by the external scent efferent system of European true bugs [4],
which make use of small oriented microstructures for the unidirectional transport of the defensive liquids on
their body surfaces (from the places where the liquids are secreted to the places where they are evaporated).
It has been reported that technical surfaces (such as polymers or steels) consisting of open capillary channels
containing scaled up bug-inspired oriented structures are able to transport liquids (such as soapy solutions, or
oils) in one certain direction, i.e. in the direction the tips of the structures point to, while halting the transport in
any other directions. Similar microstructures, but in closed capillary channels configurations have been shown to
guide the movement of oily liquids in a unidirectional manner, in the opposite direction as for the open capillary
channels, i.e. against the tips of the structures [5].
In our paper we report on creating MNs which have their surfaces ornamented with oriented bug-inspired
microstructures, by using the technique of two-photon lithography – an intrinsic three-dimensional (3D)
microfabrication method, used to produce microscale devices with resolutions below the resolution limit [6].
This method has been widely used to produce microneedles and microneedles arrays, as it offers the advantage
of creating structures of desired designs, sizes and distributions [7].
2. POLYIMIDE STRUCTURES
As reported in [4], similar bug-inspired structures can be created on polyimide foils by irradiating with a KrF
excimer laser, with 248 nm wavelength. The obtained structures (tilted at 45° cones) had dimensions comparable
to the bug structures. When wetting tests were performed with a soap-water solution, with a suitable contact
angle, to assess the liquid’s behaviour on the structured area – the liquid moved in a unidirectional manner.
Here we show similar microstructures, created in the same setup and using the same materials as in [4]. The
polyimide foil was irradiated at a fluence of 73 mJ/cm2 and a frequency of 5 Hz, with 400 pulses at a sample tilt
angle of 45°. The average length of the obtained tilted micro-cones is about several tens of micrometres and are
homogeneously distributed on a surface of 10 mm × 1.5 mm (Fig. 1). The wetting tests were performed on the
structured area, by fixing the sample at 45°, in such a manner that the tips of the cones point upwards. A droplet
of 0.4 μL of soap-water solution (which has a contact angle of 35° on the flat non-irradiated polyimide foil
surface) was applied a bit lower than the middle of the structured area. It can be seen in Fig. 1C, that the soapy
liquid is moving upwards, against gravity, reaching the upper rim of the structured area, while the liquid front
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was halted in the downwards direction [8]. These results show that it is possible to obtain an upwards directional
liquid transport on a tilted surface, against gravity – similar case as the tilted lateral faces of a microneedle.

Figure 1. Polyimide tilted conical structures. (A, B) Scanning electron microscope images of the structures
within the irradiated surface of the polyimide foil. (C) Directional liquid movement of the soapy solution with
a contact angle of 35° on an irradiated surface area of 10 mm × 1.5 mm, tilted at an angle of 45° starting from
liquid deposition (0 seconds) and ending when the liquid has reached the upper rim of the structured area
(3 seconds) [8].
3. MATERIALS AND METHODS
The first step in creating the microneedles was their design, which was done using the SketchUp Make 2017
software – a freely available 3-dimensional modelling computer program. The MNs were designed as pyramids,
having a height of 80 μm (Fig. 2A), with a square base, having a side length of 75 μm (Fig. 2C). The lateral
triangular faces were ornamented with microstructures which were bio-inspired from the external scent efferent
system of European true bugs. The bug-inspired structures were oriented upwards, i.e. their tips are pointing to
the pyramidal MN’s apex. Overall, the micro-structures look like droplets, of 10 μm in length, 5.7 μm width and
3.5 μm height (Figs. 2B, 2D), with a spacing of 10 μm between the neighbouring structures in the same row, and
13 μm between the neighbouring structures in the adjacent rows (Fig. 2D). In the final design, the MN described
earlier was multiplied 6 times (3 times on x-axis, and 2 times on y-axis), thus creating an array of 6 MNs
(designs not shown). Subsequently, the computer-aided designs (CADs) created in SketchUp Make 2017 were
exported in stereolithography format (.stl) and uploaded into KISSlicer (Keep It Simple Slicer) software
– a cross-platform program that uses .stl files to generate a path code (.gcode) for the piezo-electric stage.

Figure 2. Computer-aided design (CAD) of a microneedle (MN) micro-ornamented with nature-inspired
structures for directional liquid transport. (A) Side view of the ornamented MN with a total height H of 80 μm;
(B) Magnification of (A) showing the individual microstructures; neighbouring structures in the same row are
separated by d1, and in the adjacent rows by d2; (C) Top view of the ornamented MN, showing square basis,
with a length L of 75 μm; (D) Side view of the tip of the MN, showing the bug-inspired microstructures’
dimensional parameters: height h = 3.5 μm, width w = 5.7 μm, and length l = 10 μm.
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Later, the .gcode files were uploaded into the software controlling a home-made two-photon polymerization
setup (Fig. 3), in order to produce pyramidal micro-ornamented microneedles. The setup consists of
a Ti-sapphire femtosecond-laser (Mai Tai, Spectra Physics, Darmstadt, Germany), with a wavelength of 800 nm,
repetition rate of 80 MHz, and pulse length of 150 fs. First, the laser beam is mode cleaned by a 30 μm pinhole
(PH1) and then expanded by a telescope with a magnification of 1:3. Later, the laser is focused at the surface of
a glass slide by a 40× Olympus objective, with a numerical aperture of 0.6. The backscattered light from the
glass slide passes through a dichroic mirror and is focused into another pinhole (PH2) connected to an avalanche
photodiode (APD) by an optical glass fibre. The piezo-stage, the APD and the personal computer (PC) put
together constitute a confocal microscope that is used to determine the position of the glass slide surface.
The three-dimensional design is written on the substrate by uploading the .gcode file to the PC, which controls in
a synchronous manner the laser shutter (switching between open-close positions) and the piezo stages (which
move the glass substrate and the photoresist droplet on the x, y and z axes). For writing MNs, a power of 15 mW
(measured in front of the objective) and a speed of 20 µm/s were used. As a photoresist, we used the
commercially available OrmoComp® resin. After the laser-writing process, the 3D structure is developed by
washing away the liquid phase with the OrmoDev solvent, thus only the solid phase remaining on the glass slide.

Figure 3. Schematic representation of the two-photon polymerization setup (objective lens: NA = numerical
aperture, 40× magnification, M = telescope magnification, PH1 and PH2 - pinholes, titanium-sapphire laser
with 800 nm wavelength and 150 fs pulse length, APD - avalanche photodiode, PC - personal computer, CCD charge-coupled device camera).
4. MICRONEEDLES
In Fig. 4A is shown a single microneedle of a pyramidal shape with a square base (Fig. 4B), with the buginspired microstructures ornamenting the lateral faces. The tip width of the MN is in the range of 15 – 20 μm,
due to certain setup limitations. The thicker rim at the base of the MN is a supporting structure, providing better
adherence and stability of the MN on the glass substrate.

Figure 4. Scanning electron microscope micrographs of a single microneedle (A) viewed from 20° tilt angle; (B)
viewed from top. Scanning electron microscope micrographs of an array of 6 microneedles (C) viewed from 45°
tilt angle; (D) viewed from top.
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In Fig. 4C and 4D is shown an array of 6 microneedles, having a similar design as the MN described earlier.
Again, the MN tips are in a range of few tens of micrometres. The bug-inspired microstructures can be better
distinguished – having a length of roughly 15 μm (larger than the CAD design), due to the limited axial
resolution, and a tip width of about 2 μm and base width of about 7 μm.
The shown data represent preliminary results done in our study, which aims to create microneedles ornamented
with oriented bug-inspired microstructure to aid the directional liquid solution (i.e. drugs, vaccines) movement to
the tips of the MNs, covering more efficiently and faster the surface of the pyramidal MNs. Substantial work is
done to decrease the writing time, and finely adjust and optimize different 3D writing parameters in order to
improve the aspectual and mechanical qualities of the microneedles and microneedles arrays. Further steps
would also include the optimization of parameters related to bug-inspired microstructures’ dimensions and
distributions on the microneedles, to ensure the liquid movement on their oblique surfaces, and testing liquids
with tuned contact angles for the envisaged application.
4. CONCLUSIONS
Microneedles of different sizes and shapes are drawing more attention in the medical field. Due to their small
size and penetration depth, microneedles are suitable for different applications which imply drug or vaccine
administration, causing no pain or discomfort to the patients. In our study, we implemented a new design of
microneedles, and more exactly – we ornamented the lateral surfaces of the pyramidal microneedles with buginspired structures, which are known to facilitate fluids movement into a desired direction, while halting the
fluids in other directions. We think that this design will ease the process of drug or vaccine loading onto the
needles’ surfaces and increase the medicine delivery efficiency.
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