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ABSTRACT

Microneedle arrays contain needle-like microscopic structures which facilitate drug or vaccine delivery in a
minimally invasive way. However, producing hollow microneedles is currently limited by expensive, time
consuming and complex microfabrication techniques. In this paper, a novel method to produce hollow
polymer microneedles is presented. This method utilizes a femtosecond laser to create hollow microneedle
cavities in a mold insert.

This mold insert is used in an injection molding process, to replicate polymethyl methacrylate
microneedles. The combined effect of the mold temperature, volumetric injection rate and melt
temperature on the replication fidelity was evaluated. It was found that the combination of high injection
molding parameters facilitated the replication. Furthermore, the functionality of the manufactured hollow
microneedles was successfully tested by injecting a controlled flow of colored water into an agarose
matrix. The developed methodology enables the production of low-cost, high-volume microneedle devices,

which could be a key asset for large scale vaccination campaigns.

1. INTRODUCTION

Infectious diseases can be tackled both curatively and preventively by the
administration of drugs and vaccines, respectively. Although many different
administration routes exist, vaccines are most commonly administered by injection
[1,2]. Drugs, on the other hand, are more frequently delivered enterally through the oral
route, considering its straightforward dosing and wide acceptance [3,4]. Nonetheless, as

an effect of passing through the gastrointestinal tract, the bioavailability with enteral
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administration can be critically reduced [5]. Therefore, like for vaccines, many drugs are
still delivered parenterally by injection to avoid the gastrointestinal tract. Unfortunately,
hypodermic needles used in the parenteral delivery approach are known to induce
discomfort to the patient, carry the risk of infections and require well-trained medical
staff [6,7]. Especially the latter two are known to be problematic in developing countries
where about 50% of the needle use is regarded as unsafe [8].

A less invasive parenteral delivery approach is delivery via the skin. This can be
done by topically applying formulations or transdermal patches [9]. However, only
components with a specific combination of properties can be successfully administered
this way, while the large majority of drugs and vaccines are unable to cross the skin’s
protective barrier, the stratum corneum [10]. Methods to improve absorption rates by
surpassing the skin’s stratum corneum have been intensively investigated and in 1976, a
first concept using microneedles was described in a patent by Alza corporation [4]. Since
then, a wide variety of microneedle designs have been developed with needle lengths
ranging from 25 to 2500 um. Usually these designs are developed in arrays which
consist of tens or even thousands of individual microneedles [11]. A huge advantage of
microneedles is the possibility of pain-free drug delivery and self-administration of drugs
and vaccines. An additional advantage for vaccines is the abundance of specialized
antigen presenting cells in the skin [4,12]. Moreover, due to their small volume, costs
related to distribution are lower compared to traditional hypodermic needles. These

benefits offer a great opportunity for delivery of medicines. Further, it is evident that
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these systems would worldwide be a significant asset for solving pandemic crises, like
the one caused by the COVID-19-virus [13].

In recent work [14], we demonstrated a novel methodology to produce solid
polymer microneedles. This method utilizes a femtosecond laser to create cone-shaped
micro-cavities in a mold insert. This insert is subsequently used in an injection molding
process to create solid cone-shaped microneedles with sharp tip radii. The solid needles
can be applied for drug or vaccine delivery using two approaches. In the first approach,
referred to as ‘poke with patch’, the microneedles are used to pierce the skin, creating
transient aqueous micro-pores through which a formulation can passively diffuse (Fig.
1a). In the second approach, referred to as ‘coat and poke’, the needles are coated with
a drug or vaccine formulation (Fig. 1b). When inserted in the skin, the coating will be
dissolved and the medicine will be deposited in the skin. Although these solid
microneedles are able to offer significant advantages compared to the conventional
hypodermic needles, their application area is limited because they can only deliver small
amounts of medicines [15]. A third type of microneedles are dissolving microneedles.
These needles consist of a soluble material, such as a biodegradable polymer, in which
the drug or vaccine is encapsulated. A specific approach, referred to as ‘poke and
release’ is used for these microneedles, in which the needles are inserted in the skin,
where they dissolve and release the drug or vaccine (Fig. 1c). In contrast to solid and
dissolving microneedles, hollow microneedles possess a lumen, or internal bore, which

enables the transportation of fluids, thus offering a huge potential (Fig. 1d). This
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strategy, referred to as ‘poke and flow’, enables the injection of large amount of drugs
[16,17] and vaccines [18] at higher rates.

Undoubtedly, the most challenging problem for hollow microneedles is their
complex production process [19]. In fact, a production process to manufacture hollow
polymer microneedle arrays in large volumes and at a low cost is currently not available,
as it brings an extra level of microfabrication complexity compared to solid
microneedles. Current production methods described in literature are mostly very
expensive, time consuming or unable to be used as a mass production process. Deep
reactive-ion etching has been used to create off-plane hollow microneedles with a
lumen of 75 to 150 um and a length of 700 to 1000 um [20]. However, the shapes of the
microneedles are cylindrical with a blunt tip, which will be difficult to insert into skin.
Wang et al. described a two-step production using photolithography and replica
molding to produce hollow epoxy microneedles [21]. Inductively coupled plasma and
anisotropic wet etching methods were also used to fabricate hollow microneedles on a
silicon substrate. These needles were integrated with a piezoelectric pump for insulin
dosage [17]. Two studies reported a method to produce hollow glass microneedles by
pulling fire-polished glass pipettes [16,22]. The needles were successfully used to deliver
insulin to patients with type 1 diabetes in a less painful manner than the conventional
hypodermic needles. Stereolithography 3D-printing is another technique suitable to
directly create hollow microneedles [23,24] or to create molds [25] which can be used in

a replication process to create hollow microneedles. Two-Photon-Polymerization is yet
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another additive manufacturing technique which was used in combination with a
femtosecond laser to realize the production of hollow microneedles [26].

The choice of fabrication process depends on the selected material, access to
manufacturing technology, and the intended application. As a result, a wide variety of
needle designs is available in literature. Yet for all of these designs, the shape of the
microneedle tip is important, as sharp microneedles are more effective in penetrating
the skin. Furthermore, the shape of the microneedle tip is essential for the flow
resistance, as a blunt-tipped microneedle will compact the skin and will bear a higher
risk of clogging [27,28]. Therefore, microneedles should have a beveled shape, with the
lumen off-centered or on the side of the microneedle [12].

In this study, a novel method for producing hollow polymer microneedles using
laser ablated molds in an injection molding process is presented. First, two types of
hollow microneedle cavities are created through laser ablation and their shape is
assessed using micro-computed tomography (u-CT). Both types of microneedles are
implemented on a mold insert, which is afterwards replicated in an injection molding
process using three different process conditions. The effect of these conditions on the
replication process is assessed by a microscopic study of the obtained microneedles.
Eventually, the hollow microneedle design with the highest replication fidelity is further
validated during single-needle injections. Hereto, the needle is integrated into a
microfluidic chip, which is used to inject colored water into a skin-mimicking agarose

matrix.
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2. MATERIALS and Methods
2.1. Materials

The thermoplastic material used in this study is polymethyl methacrylate
(PMMA) due to its excellent biocompatible nature [29]. The selected grade is Plexiglas
8N from Evonik which has a melt volume flow-rate of 3.00 cm3/10 min and a glass
transition temperature of 117 °C.

The selected mold material is an aluminum zinc alloy (grade 3.4365), which is
regularly used for low production series and prototype molds, due to its low cost and
good machinability.

Agarose powder and water-based microfluidic dyes were acquired from Melford
(UK) and Darwin Microfluidics (France), respectively. Pressure-sensitive adhesive (PSA)
tape 200MP 7956MPL from 3M (USA) and transparent PVC sheets of 180 um thick from

Delbo (Belgium) were used for chip fabrication.

2.2. Methods
2.2.1. Representation of the process chain

A micromachining system with a laser source is employed to create hollow
microneedle cavities in a mold insert with dimensions 70 mm x 60 mm x 4.6 mm (Fig.
2a). The insert is then placed in the mold (Fig. 2b). Injection molding is used to replicate
the micro-cavities (Fig. 2c), creating hollow polymer microneedles on top of a solid flat
surface (Fig. 2d). As we want to assess the functionality of the microneedles, a fluidic
connection between the needles and the polymer plate is needed. In this study, this

connection is created by drilling micro- holes though the flat surface, while in future
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work we aim to design a mold to directly incorporate the fluidic connections during

injection molding.

2.2.2. Laser machining

A micromachining system (Lasea, Liege, Belgium) with a Satsuma HP
femtosecond laser source (Amplitude, San Francisco, USA) is employed to laser ablate a
mold insert with dimensions 70 mm x 60 mm x 4.4 mm. The laser source emits a beam
with a pulse length of 250 fs, a wavelength of 1030 nm and a pulse repetition rate of
500 kHz. The maximum average power of the laser is 7.85 W, giving a deliverable pulse
energy of 15.7 pJ. A galvanometer steers the laser beam within the focal plane, with a
spot size of 15.0 um and a pulse fluence of 8.88 J/cm?. Small dust particles which are
formed from ablating the metal surface are extracted by a vacuum collect unit. After the
laser texturing operation, the mold insert was ultra-sonicated in an ethanol bath for 15
min to remove debris from the micro-holes.

The laser strategy proposed in this work is based on a previous study, in which
we developed a method to create cone-shaped micro-holes for the creation of solid
microneedles [30]. In this adapted strategy, the laser spot scans a circular region and
follows parallel lines in two perpendicular directions, where the distance between two
consecutive lines is defined as the hatch pitch. Within the circular region, a scan-free
internal area with a specific position is defined to create the lumen of the hollow
microneedle. Once the laser has scanned one circular grid, the focal point is lowered
with a vertical distance, defined as the layer pitch, and the laser scans again the same

area. This process is repeated multiple times for a prescribed number of layers as
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illustrated in Fig. 3. Using the proposed strategy, two arrays of 3 x 3 micro-cavities were
ablated with different positions of the internal scan-free area. In the first array, the edge
of the internal scan-free area is tangential to the edge of the scanned area, while in the
second design there is a distance of 100 um between both edges. In both arrays, the
interspacing between the micro-cavities is 1 mm and a 475 um base diameter was
programmed with a hatch pitch of 15 um. The diameter of the scan-free area is 100 um

and a total of 450 layers was created with an individual layer pitch of 2 um.

2.2.3. Polymer injection molding

The injection molded part for this study is a 50 mm x 60 mm x 1.5 mm flat plate.
The array of micro needles is approximately 2,5 mm x 2,5 mm in size, positioned at a
distance of approximately 45 mm from the injection location.

Injection molding was done on an Engel ES 200/35 HL hydraulic injection molding
machine (Engel, Schwertberg, Austria) with a maximum clamping force of 350 kN and a
25 mm screw with an L/D ratio of 24.8. The mold temperature is controlled by a
WITTMANN TEMPRO Controller (Wittmann, Vienna, Austria). Three sets of injection
molding parameters were defined within the recommended limits of the material
supplier as given in Table 1. The first set of parameters is defined as ‘low’ and
corresponds to the lowest recommended conditions. The second set is defined as
‘middle’ and corresponds to the average between the upper and lower process
conditions. The third set is defined as ‘high’ and correspond to the highest

recommended conditions. The holding pressure was kept constant in each set of
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parameters to completely fill the macroscopic polymer plate without sink marks. In each
of the experiments, the parts produced in the first 30 cycles were discarded in order to

stabilize the process, then the following parts were collected for characterization.

2.2.3. Micro drilling

The micro drilling tests were carried out on a CNC machining center (Kern
Microtechnik, Eschenlohe, Germany) at a spindle speed of 40,000 RPM. A DIXI Polytool
1131 micro drill with a diameter of 100 um and a length of 700 um was used. Due to the
small length of the micro drill, the thickness of the polymer plate at the location of the
microneedles had to be reduced to a thickness of approximately 500 um. This operation
was done using a ProtoTRAK RMX 3500 milling machine (Southwestern Industries,

Rancho Dominguez, USA).

2.2.4. Topography characterization

The geometries of the ablated microneedle cavities were characterized using a
Phoenix Nanotom p-CT system (Universal Systems, Solon, USA). The device is equipped
with a high-power nanofocus X-ray tube and a diamond-tungsten target was chosen for
the high X-ray absorbing aluminum samples. A high-power mode was used to allow focal
spot and voxel sizes in the micrometer range. The two arrays of microneedle cavities
were cut into cubic samples with an edge length of approximately 3 mm, using a
metallographic precision saw. The cubic samples were mounted on a sample holder and
fixed on a high-accuracy computer controlled rotation stage. For each scan, 2400 X-ray

2D projection images were obtained from incremental rotation of the scanned samples

10



Journal of Micro and Nano-Manufacturing

over 360°. Acquisition parameters were fixed for all samples as follows: voltage = 100
kV, current = 158 A, voxel size = 3.75 um, and a 0.1 mm copper filter was used during
scanning. Reconstruction of the acquired 2D projections into 3D volumes was
performed using GE Phoenix datos|x REC software. Reconstructed datasets (slices) were
exported for further analysis and visualization within Fiji Imagel. Before conducting
measurements, the Nanotom instrument was calibrated using a calibration rod
(Goekeler Messtechnik, VTX18CE000-022), having an uncertainty of 1.0 um. For each set
of laser parameters, one cubic sample containing nine micro-holes were measured. The
average length and diameter of the nine micro-cavities, along with the standard
deviation was reported in the results.

The geometry of the replicated thermoplastic microneedles were assessed using
a Keyence VH-S30 digital microscope (Keyence, Osaka, Japan) with a maximum
magnification of X200. The system was connected to a VHX-500F monitor with built-in
measuring software. The microscope was calibrated using a stage micrometer (Olympus
Tokyo, OBMM 1/100) which has an uncertainty of 0.5 um. Ten injection molded samples
were collected and on each sample one microneedle was measured. The averages of
these ten measurements along with the standard deviations are reported in the results.
2.2.5. Preparation of a skin-mimicking substrate

An agarose gel with concentration of 2.65% (w/v) was prepared by dissolving the
agarose powder in distilled water by heating on a hot plate under constant magnetic
stirring until the solution had completely cleared out (+20 minutes). Then, the solution

was poured into a petri dish to obtain a gel of about 1 cm thick. The substrates were

11
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used for injection experiments at least two hours after solidification and on the same

day.

2.2.5. Validation of single-needle injections

Channels of 1 mm width were cut from the PSA using a CO2 laser cutter (Speedy
300, Trotec Laser, Plymouth, USA). With this fabrication method, the channel height is
defined by the thickness of the PSA tape, in this case being 153 um. The PVC layers,
designed to contain also the connection holes for the microneedle and pump, were cut
with a digital craft cutter (Maxx Air 24 in., KNK, USA). After chip assembly (Fig. 4) by
exerting pressure on the well-aligned and sandwiched layers, the microneedle with its
substrate was integrated using a laser cut PSA connector piece to assure a tight sealing.

To inject distilled water with a 1/100 diluted blue dye into a (biological) matrix, a
fluid flow was controlled by the setup as shown in Figure 5. Using a pressure controller
(LineUp™ Push/Pull, Fluigent, France) and a flow sensor (S model, Fluigent, France),
injections into the agarose matrix were controlled while monitoring the obtained
pressures in real-time every second (1 Hz). To guarantee a good insertion of the
microneedles into the agarose slab throughout the experiment, a small weight was
applied on top of the chip after manually inserting the microneedle. Injection profiles
were followed-up by filming the process from the side using a smartphone camera and
snapshots of the recorded dispersion profiles after 0, 2, 5, 10 and 15 minutes were
collected. The injection was repeated 3 times on 3 different agarose slabs and the average

pressure along with one standard deviation are reported in the results.

12



Journal of Micro and Nano-Manufacturing

3. RESULTS AND DISCUSSION
3.1. Laser ablation

Two arrays of 3 x 3 microneedle cavities were formed during the laser ablation
process, which took approximately 9.5 minutes for each array. Cross sectional views of
the produced micro-cavities for both arrays are depicted in Figure 6. The XY images
represent cross sections throughout the depth of the cavity, while the XZ and YZ images
represent cross sections throughout the width of the cavity. The distance below each
image indicates the position of the cross section. For XY, O um corresponds to the mold
surface, while for XZ and YZ O um corresponds to the edge of the microneedle.

In both arrays, we can observe that the internal scan-free area has formed a
tapered feature inside the micro-cavity, which will form the lumen of the hollow
microneedle. The position of the tapered feature is different for both arrays due to the
difference in position of the internal scan-free area. For array 1, the distance between
the edge of the tapered feature and the edge of the micro-hole is only a few
micrometers, while for array 2 this distance is approximately 100 um. Evidently, the
laser will also ablate material in the region between the tapered feature and the edge of
the micro-hole, therefore inducing a trench between the tapered feature and the edge
of the micro-hole. The depth of this trench in array 2 is much deeper compared to the
trench in array 1, being 508 + 11 um and 110 + 9 um, respectively. This discrepancy can
be explained by the larger surface area of array 2, which will cause higher accumulated

energy in this region compared to array 1.

13
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Cone-shaped micro-holes with an internal tapered feature can be observed for
both arrays. The formation of this conical shape is expected to be the result of two laser
phenomena, being laser reflectance on steep sidewalls and possibly a plasma shieling
effect. First, steep sidewalls will cause most of the laser light to be reflected rather than
absorbed. Therefore, the ablation efficiency near the edge of the cavity is drastically
reduced, causing the diameter to become smaller as the micro-hole is created [31].
Moreover, the reflected laser light will partially be redirected to the bottom of the hole,
contributing to a deeper and sharper cavity. A possible second phenomenon occurs for
laser ablation processes with high repetition rates [32]. Vaporized material that is
unable to escape from the micro-cavity interacts with the next incoming laser pulse,
forming a plasma. This plasma will defocus the laser beam, creating a protective shield
referred to as “plasma shielding”.

The cavity diameters at the mold surface are similar for both arrays, being 504 +
5 um for array 1 and 510 £ 3 um for array 2. However, these dimensions are higher than
the programmed base diameter of 475 um. This difference can be explained as follows.
During the laser ablation process, the laser focal spot is progressively moved deeper
inside the mold material. Therefore, the Gaussian-shaped laser beam will start to
intersect with the edge of the already created micro-hole. If in this intersecting region
the power density of the Gaussian beam is higher than the ablation threshold,
additional material will be removed. Thus, during the laser ablation process, the micro-
cavities will progressively increase in diameter. Secondly, the depth of the micro-cavities

in array 1 are deeper compared to the cavities in array 2 being 1513 + 12 um and
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1318 + 12 um, respectively. As in array 2, the internal scan-free area is located more
towards the center of the micro-hole, less energy can be induced in the center region of
the micro-hole, resulting in shallower holes compared to array 1.

We can observe low standard deviations for the cavity depth, cavity diameter at
and the depth of the trench. In fact, the highest coefficient of variation for all of the
measurements corresponds to approximately 3 %. This indicates a very high

repeatability of the laser ablation process.

3.2. Replication through injection molding

Fig. 7 shows an image of the replicated polymer microneedles of array 1 created
with a scan-free internal area close to the edge of the needle (Fig 7a), and array 2
created with a scan-free area close to the center of the needle (Fig 7b). These samples
were created with the ‘high’ injection molding parameters at a cycle time of
approximately 18 seconds. For both arrays, we observe hollow cone-shaped
microneedles with a bevel shaped tip, which is similar to conventional hypodermic
needles. The trench which was formed between the tapered feature and the edge of the
micro-cavity has now been replicated to form an upstanding ridge which partially
encloses the sides of the lumen. This could be beneficial, as the ridge could prevent
fluids from leaking between the microneedle and the skin of the patient when the
microneedle has not completely penetrated in the skin. In the further stages of this
paper we continue using only array 2, as these needles have the highest potential to

form functional microneedles.
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The three different sets of injection molding parameters were used to replicate
the microneedle cavities from array 2. Figure 8 shows the microscopic images of the
front and side view of the replicated microneedles and Figure 9 shows the measured
needle length, ridge height and tip wall thickness of the replicated microneedles in
function of the three different sets of injection molding parameters. In addition, the
replication of the microneedle in height was expressed, calculated based on the length
of the needle and the depth of the corresponding micro-cavity. It is to be noted that the
volumetric replication fidelity will be much higher than the expressed percentage of the
replication in height. This due to the fact that the volume gradually decreases
throughout the height of the cone-shaped needles.

The three parameters that were varied between the different sets of injection
molding parameters are the melt temperature, the volumetric injection rate and the
mold temperature. All of these parameters will, to some extent, influence the
replication of the microneedles. The first parameter is the mold temperature, which is in
literature known to be the most important parameter when it comes to replicating
micro-features [33—35]. When a macro-scale cavity with micro-features is injection
molded, the filling of the micro-features has to compete with the filling in the rest of the
cavity. Since the polymer will follow the path of least resistance, most of the material
will flow in the main flow direction through the macro-scale cavity, leaving the micro-
features only partially filled, also known as the hesitation effect [36,37]. These micro-
features will then only be filled after the rest of the cavity is filled and the pressure rises.

Yet, as soon as the polymer is in contact with the mold, a layer of frozen polymer

16
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material (skin layer) will be formed. The rapid solidification of the skin layer hinders the
filling of the micro-features and can lead to incomplete filling [38]. By increasing the
mold temperature, the formation of the frozen layer can be delayed, leading to the
polymer still being able to be deformed during the packing phase, resulting in a better
replication of the micro-features [39-41]. The second parameter is the volumetric
injection rate. High volumetric injection rates reduce the injection time and can prevent
premature freezing of the polymer. Moreover, a high injection velocity promotes shear
heating, which can locally decrease the melt viscosity and can therefore improve the
replication [33]. The highest volumetric injection rate used in this study was set to the
limit of the injection molding equipment. The last parameter is the melt temperature.
High temperatures of melt ensure lower melt viscosity, lower cavity pressure drop, and
the ability of the melt to flow into micro-features [42]. The upper melt temperature is
limited, as it should be selected consistent with the polymer properties to avoid thermal
degradation.

It can clearly be observed that there is a significant difference in replication
fidelity between the three different injection molding conditions. The low injection
molding parameters resulted in the shortest microneedles having a very low ridge and a
large wall thickness of the needle tip. The needles created with the ‘middle’ parameters
are already better compared to the needles obtained with the low injection molding
parameters. Yet, the highest replication fidelity is observed for the ‘high’ injection
molding parameters. Here, the tallest needles are found combined with a high ridge and

low tip wall thickness. Besides, these microneedles have the lowest standard deviation
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for all of the measurements. This indicates a more stable injection molding process,
which in turn results in a high reproducibility of the produced samples. Furthermore, the
microneedles created with the ‘high’ injection molding conditions appear to be more
opaque compared to the other two sets of microneedles. This opaque appearance is
caused by micro- and nano surface roughness, which are replicated using the ‘high’
process conditions. The replication of the microneedles will also be affected by the
volumetric shrinkage of the polymer. This volumetric shrinkage can be determined using
the compressibility (or PVT) behavior of the polymer and can be modelled by the double
domain Tait equations [43]. An estimate of the volumetric shrinkage can be calculated
by assuming the pressure at the end of the packing stage to be equal to the holding
pressure and the temperature to be equal to the no-flow temperature. Consequently, a
linear shrinkage of 0.28 % was calculated for the PC material, which corresponds to only
a very small portion of the incomplete replication.

Not only the tip of the microneedle is subjected to incomplete replication, but
also the ridge of the microneedle will be affected. In fact, the ridge of the microneedle is
much more sensitive to incomplete replication as the aspect ratio of this component is
much higher. With an increase in aspect ratio, the surface area to volume ratio
increases, which corresponds to a higher heat transfer between the molten polymer and
the mold surface [44]. This results in a faster solidification of the polymer, causing a
higher fraction of incomplete filling. For the microneedles replicated with the low
injection molding conditions, the filling of in height of the ridge corresponds to only

20 %.
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3.3. Validation on skin-mimicking substrate

To proof that the microneedles are compatible with microfluidic technologies for
injecting drug or vaccine substances, single microneedles were integrated into a chip
connected to a pressure pump. Performing injections with a single microneedle was
preferred over arrays to reduce complexity while studying release profiles and
phenomena like leakage. The patch was vertically inserted into a 2.65% (w/v) agarose
gel to mimic intradermal injection [45,46]. As the gel is transparent, the injection profile
could be followed-up easily by the blue colored water.
The frames and graph in Figure 10 show the dispersion profile through the agarose and
pressure profile during the injection of 7.5 uL of colored water at a flow rate of 0.5 puL/min,
respectively. Pressure data were corrected for the pressure required to maintain the flow
through the setup, including the chip with microneedle, without insertion into the skin
model. The results clearly depict that after a few minutes a constant pressure is reached
and maintained, indicating a constant flow from the microneedle into the matrix. The
injected liquid could be observed by the naked eye after approximately one minute, after
which a uniform release profile consistently evolved. This proves the feasibility of the

microneedles to inject liquids when integrated in a microfluidic platform.
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4. Conclusion

In this study, a novel method to produce hollow polymer microneedles was
successfully demonstrated. We were able to create hollow microneedle cavities in an
aluminum mold insert by laser ablation. The position of the lumen inside the
microneedle was changed by adapting the laser scanning strategy. Polymer injection
molding was used to replicate the hollow microneedles using three sets of molding
conditions. The replication fidelity for each of these conditions was evaluated through
microscopic measurements. It was found that the combination of a high mold
temperature, volumetric injection rate and melt temperature facilitated the replication.
At last, the functionality of the manufactured hollow microneedles was evaluated during
single-needle injections. We effectively injected colored water into an agarose matrix
using a pressure pump. The developed methodology has a huge potential, as it acts as a
mass production technique for low-cost, high-volume microneedle devices. Moreover, it
is possible to change the design of the microneedle by adjusting the laser scanning
parameters, which allows for further improvements.

In the nearby future, we will attempt to directly incorporate the fluidic connections
between the needles and the polymer plate during the injection molding process, by
adapting the mold design. Besides, we will further improve the microneedle design in

terms of functionality for different conditions and applications.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Figure Captions List

A schematic representation of the different types of microneedles. (a)
solid microneedles, (b) coated microneedles, (c) dissolving microneedles,
and (d) hollow microneedles for drug and vaccine delivery. Base on figure

from [19].

[llustration of the process chain to produce hollow polymer microneedles

Illustration of the laser strategy with internal scan-free area

Exploded view of the chip containing a single, straight microfluidic
channel. A single microneedle was tightly incorporated into the chip by a
PSA connecting piece. At the other end of the channel, a hole serves for

connecting a fluidic pump.

Setup for controlling the injection into agarose. From left to right the
pressure controller, a pressurized reservoir containing the to be injected
liquid, the flow sensor with feedback to the pressure controller, the
microfluidic chip with integrated microneedle and the agarose slab.

Cross sectional views obtained from the p-CT measurements of the micro-
hole arrays, with the scan-free area: (a) close to the edge of the needle
and (b) close to the center of the needle. The distance below each image
indicates the position of the cross section. For XY, 0 um corresponds to the
mold surface, while for X2 and YZ 0 um corresponds to the edge of the

microneedle.
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Fig. 7

Fig. 8

Fig. 9

Fig. 10

Microscopic image of the replicated polymer microneedle arrays created
with a scan-free internal area (a) close to the edge of the needle, and (b)

close to the center of the needle.

Microscopic image of the front and side view of the replicated polymer
microneedles created with: (a) ‘low’ injection molding parameters, (b)
‘middle’ injection molding parameters and (c) ‘high’ injection molding
parameters. The average value of the dimensions of the needles are
reported together with the standard deviation (n = 10).

(a) Needle length, (b) ridge height and (c) tip wall thickness of the
replicated microneedles from array 2 in function of the three different sets
of injection molding parameters, being ‘low’, ‘middle’ and ‘high’. The
percentages in (a) represent the replication in height.

Injection profiles accompanied with the pressure obtained during
injection through a single microneedle into skin-mimicking agarose at 0.5
uL/min. The black curve shows the average obtained pressure profile (n =

3) and the grey shaded area shows one standard deviation.
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Table Caption List

Table 1 Three sets of injection molding parameters: ‘low’, ‘middle’ and ‘high’
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Table 1
Low Middle High
Melt temperature [°C] 240 250 260
Volumetric injection rate [cm3/s] 50 100 150
Holding pressure [Bar] 800 800 800

Mold temperature [°C] 70 90 110
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 10
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