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A B S T R A C T

Polymer microneedles (MNs) have significant potential for use in transdermal delivery and diagnostics appli
cations due to their low cost, versatility, and compatibility with medical grade materials and industrial 
manufacturing processes. These polymers can also have a wide range of different and desirable properties such as 
biocompatibility, degradability, and flexibility. To facilitate rapid development of these devices, a multifunc
tional manufacturing process, easily adaptable to a range of different materials and use cases, would be highly 
beneficial for research and prototyping purposes. With that in mind, we have developed a multifunctional 
platform that may be used to produce sharp-tipped microneedle arrays with a variety of substrate materials, 
mechanical characteristics, electrical properties, and diagnostic functionalities. The paper first presents an 
outline of the platform concept and the double-sided moulding process that lies at its core, followed by a 
description of the various add-on steps that are used to customise the geometrical, mechanical, electrical, and 
functional aspects of the arrays. Finally, we illustrate the versatility of the platform with three exemplars, namely 
a solid, electrochemically active MN sensor for biomarker diagnostics, a fabric-backed, flexible MN electrode for 
biopotential monitoring, and a biodegradable array for transdermal drug delivery.

1. Introduction

Microneedles are sharp needle-like structures, typically no more than 
a millimetre in length, and that are capable of painlessly piercing the 
outermost layer of the epidermis, known as the stratum corneum (SC) [1]. 
The stratum corneum typically ranges from 10 µm to 30 µm in thickness 
[2], and is comprised of densely packed corneocytes embedded in a lipid 
bilayer matrix [3]. This presents a considerable barrier to the trans
dermal delivery of drugs and vaccines, prevents the sampling of diag
nostic materials, and hinders the passage of electrical and optical signals 
into and out of the body. Arrays of microneedles may be used to 

penetrate this barrier and reach the viable epidermis and the uppermost 
layer of the dermis that lie beneath. Both layers are rich in interstitial 
fluid-borne biomarkers and immune-responsive cells, and lie close to the 
capillary network, making them an ideal target for bloodless diagnostics 
and for the transdermal delivery of drugs and vaccines. Moreover, 
because of their short length, MNs do not strike the nerve endings nor 
the capillary vessels that lie deeper in the skin; their use is therefore 
perceived as painless and bloodless by the user. MN arrays are easy to 
both apply and dispose of, and reduce any risk of needle-phobia that 
could lead to patient non-adherence [4,5]. Due to these properties, MNs 
have been widely investigated for many applications including delivery 
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of drugs [6,7] and vaccines [8], biomarker diagnostics [9], detection of 
biopotentials such as ECG, EEG and EMG signals [10–12], enhancement 
of optical transmission through skin [13], and electro
poration/iontophoresis [14].

Considering the numerous different applications MNs can be used 
for, they have been fabricated using a wide variety of materials and 
techniques. Typical examples include silicon, metals, resins, polymers, 
silk, ceramics and sugars produced by techniques such as etching, laser 
cutting, electro-polishing, 3D printing and micromoulding [15,16].

Because of their low cost, medical grade and compatibility with high- 
volume manufacturing techniques such as injection moulding, polymer 
materials have the potential to reduce the cost of the MN devices 
together with the complexity of the production process [17,18]. More
over, polymers exhibit a large variety of properties that are appealing for 
MNs production. Biocompatible, degradable, swellable, flexible and 
rigid MNs may all be fabricated by simply choosing the appropriate 
polymer [19]. Examples of these needles are shown in Table 1.

From this brief summary, it is evident that polymers have been 
widely used for many different microneedle applications, and all devices 
and materials referred to in Table 1 are available in grades that comply 
with biocompatibility testing standards such as ISO 10993–1 and USP 
Class VI. To facilitate rapid development of these devices, a multifunc
tional manufacturing process, easily adaptable to a range of different 
materials and use cases, would be highly beneficial for research and 
prototyping purposes. With that in mind, we have previously developed 
a wafer-level micromoulding process for the manufacture of sharp- 
tipped microneedle arrays for biosensing applications [38]. In this 
work, we extend that process to develop a multifunctional platform that 
may be used to produce arrays with a variety of substrate materials, 
mechanical characteristics, electrical properties, and diagnostic func
tionalities. The platform represents a significant evolution of the original 
process, not only because it allows the use of degradable and swellable 
polymers, but also because it can accommodate the merging of several 

materials within the same device. Moreover, the use of a modular vac
uum table, shown in Section 2.1, increases the production throughput, 
thereby scaling up the process from the original work and enabling 
batch production capabilities.

An outline of the platform concept and the double-sided moulding 
process that lies at its core is provided in Section 2, followed by a 
description of the various add-ons that are used to customise the 
geometrical, mechanical, electrical, and functional aspects of the arrays. 
Finally, we illustrate adaptability of the platform by showing its appli
cation in three different applications, namely biomarker diagnostics, 
biopotential monitoring and transdermal delivery.

2. Platform design

The aim of this work is to develop a multifunctional process that 
could easily be used to quickly prototype MN arrays for different ap
plications. To arrive at such a one-fits-all platform, a core technique to 
fabricate a wide range of array types is an essential element of the entire 
concept. The foundation of our platform is a double-sided, vacuum 
casting micromoulding process, which has been adapted to the batch 
fabrication of polymeric wafer substrates.

Starting from this core, different ‘building blocks’ have been devel
oped and may be used as required to fully customize the MN arrays. 
Firstly, the mould templates are tailored to the intended use case in 
terms of array size and shape, electrical vias, needle height, and surface 
topology. Then, based on the required properties of the final application, 
the structural polymers are selected. These different materials will 
provide the necessary biomechanical (such as flexibility), or functional 
(such as biocompatibility, degradability or optical) properties. While the 
process is generally implemented using a single material to form 
monolithic needles, in some cases the substrate and microneedles may 
require different properties and therefore two separate materials will be 
used.

Table 1 
Review of different polymer MNs arrays.

Materials Application Production Process Features Ref.

OrmoComp pH monitoring UV-cured Polydimethylsiloxane (PDMS) mould, Si 
master

Metallized (sputter), multi-electrodes [20]

1201AB− 3 hard epoxy, 607AB− 5 soft 
substrate

ECG, EMG recording Moulding in PDMS, acrylic machined master Metallized, flexible arrays [21]

Unspecified “Class I biocompatible resin” Anticancer therapy Stereolithography Biocompatible, inkjet coating [22]
Polylactic acid (PLA) Drug delivery FDM 3D printing and etching sharpening Coated, biodegradable, loaded [23]
Polyimide ECG, EMG, EOG 

recording
Moulding in PDMS, steel MNs on printed circuit 
board (PCB) master

Metallized (sputter), flexible arrays [24]

Curable magnetorheological fluid (CMRF), 
epoxy-based

Drug delivery Magnetorheological drawing lithography (MRDL) Metallized, flexible, micro-patterned 
arrays

[25]

Polycarbonate Lactate detection Injection moulding Metallized, functionalised sensors [26]
CMRF ECG, EMG, EEG 

recording
MRDL Flexible, metallized (sputter), laser- 

direct writing (LDW) patterning
[27]

Methacrylated hyaluronic acid (MeHA) Interstitial fluid (ISF) 
extraction

Moulding in PDMS, steel master Swellable, loaded, MNS for sensor 
integration

[28]

Polyethylene glycol (PEG) Drug delivery Centrifuge assisted moulding Swellable, controllable cross-linking [29]
SU− 8 50 photoresist Glucose monitoring UV-curing in spinning PMDS mould, electrically 

discharged machined (EDM) aluminium master
Metallized (conformal sputter), 
functionalized

[30]

Layered Polyvinylpyrrolidone (PVP) and 
Poly lactic-co-glycolic acid (PLGA)

Bi-phasic drug delivery Spray deposition in PDMS mould Biodegradable, implantable, drug 
loaded matrix

[31]

PLA and PLGA Contraceptive delivery Centrifuge assisted moulding Biodegradable, implantable, drug 
loaded matrix, bubbles

[32]

PVP Cosmetic delivery UV polymerization in laser written PDMS mould Biodegradable, drug loaded matrix [33]
Polymethyl methacrylate (PMMA) Drug delivery Moulding in sacrificial PVA, lithography formed 

electroplated PMMA master
Hollow, formed from a sacrificial 
intermediate mould

[34]

Polycarbonate Antibiotic monitoring Injection moulding Functionalised, metallized (e-beam), 
passivated

[35]

SU− 8 photoresist Biopotential 
measurement

Moulding from PDMS, parylene-coated PDMS master Biocompatible, passivated, metallized 
(vapour-deposition)

[36]

Silk fibroin Wound healing, 
monitoring/sensing

Moulding from PDMS, laser engraved mould Origami structure, patterned 
microfluidic, biocompatible

[37]

Polyethylene glycol diacrylate-sodium 
alginate and dopamine-gelatin

Drug delivery Moulding Nature-inspired structures for enhanced 
adhesion, biocompatible, swellable

[37]
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If electrical functions are required, metal deposition techniques such 
as evaporation or sputtering may be used to define electrodes, tracks, 
interconnect, and functional areas. These layers typically use vias 
created during the initial moulding stage to establish front to rear 
connection without the need for a separate via formation step.

For many applications, particularly in biosensing, it is desirable to 
ensure that only the surfaces of the microneedles themselves are in 
contact with the skin [39]. Therefore, passivation layers may also be 
added to the platform to block unwanted interference arising from the 
contact between the array substrate and the skin.

Lastly, a coating step is often required in both drug delivery and 
diagnostics [40]. For transdermal delivery of drugs and vaccines, arrays 
may be coated using a range of spraying, dipping, dropping and im
mersion processes with therapeutic agents that subsequently dissolve in 
the skin [41]. In electrochemical diagnostics, needle tips may be func
tionalised with electroactive analytes, such as enzymes or antibodies, 
that react with a specific target [42].

A summary of this multifunctional process is represented in Fig. 1.
In the next section, the core production process will be presented, 

followed by a description of the additional steps that can be used to 
customise the platform.

2.1. Micromoulding process

The micromoulding process, an early version of which was described 
in a previous publication [38], used two flexible, PDMS moulds to form a 
polymeric MN wafer. The front mould was the negative copy of a silicon 
master template on which 500 µm tall MNs were etched, while the rear 
mould was formed from a milled glass template and used to define the 
outline of circular, detachable arrays. This fabrication approach already 
simplified and sped up the manufacturing of the arrays, pre-forming 
them on the wafer and enabling through-wafer electrical connectivity 
without the need for additional wafer dicing and interconnect steps.

In this paper, the technique has been expanded to accommodate the 
use and combination of different materials and master templates, Fig. 2.

Similarly to the original process, two moulds are made by mixing 
PDMS (Sylgard 184 Silicon Elastomer Kit, Dow Chemical Company, MI, 
USA) according to the manufacturer’s instructions and pouring it over 

the front and rear master templates, which may be formed from any 
desirable process or material. The front template defines needle geom
etry, pitch, and surface topology, while the rear template defines array 
shape and size, through-wafer vias, and, when needed (see Section 2.3), 
marks for mask alignment. After cooling, the PDMS moulds are removed 
from the templates (Fig. 2A and Fig. 2B). The polymer of choice is then 
poured on the front mould which is placed on a customised vacuum 
table (VT), shown in Fig. 3.

Since PDMS is permeable to gases [43], application of negative 
pressure to the rear of the PDMS layer can aid in drawing the material 
into the mould, thereby aiding in filling of the cavity tips and improving 
microneedle sharpness. In this case, the VT is connected to a negative 
pressure source of approximately 1 bar, which is usually maintained for 
a minimum of 20 minutes. The VT was designed using a modular format 
to easily scale up the production throughput at laboratory level, together 
with enabling parallel testing of different material formulations or 
production conditions. This is an improvement over the previously used 
process, which could handle the preparation of a single wafer per iter
ation [38]. At present, the production of a batch of up to 4 × 100 mm 
diameter substrates is possible, although this could be extended as 
required by connecting additional stations to the VT. If needed, less than 
four wafers may be processed simply closing the valves of the unused 
stations. The production of a batch of four wafers can be used as a 
practical example to highlight the advantages of the modular VT over 
the previous process. In the previous single-wafer production, the 
polymer of choice was prepared, sandwiched in between the PDMS 
moulds, positioned on the VT, and then cured. This process was carried 
out one wafer at the time. Excluding curing, each wafer took a total of 
25 minutes to mould: 5 minutes preparation time, and a further mini
mum time of 20 minutes on the VT. When using the modular VT, a 
proportionately larger quantity of polymer was prepared and subse
quently divided over the four different front moulds. Similarly, by 
having 4 vacuuming stations, all wafers were simultaneously exposed to 
low pressure for 20 minutes. Therefore, only 25–30 minutes were 
required for the production of the four-wafer batch, resulting in signif
icant time savings over the singular approach.

If a monolithic device is required, the rear mould may be placed over 
the uncured polymer at this point. A metallic cylinder, weighting 500 g, 
was applied to the rear of the mould-polymer-mould stack aids in 
ensuring that the two moulds come into intimate contact over the entire 
area. The arrays are finally hardened by either curing or drying the 
polymer as required before removal of the moulds.

If a bilayer construction is preferred, excess material is removed with 
a spatula (Fig. 2C) whilst the mould is on the vacuum table, as the 
negative pressure helps to retain polymer within the MN pockets during 
the removal process. The needles are then cured or dried before the 
application of the substrate material (Fig. 2E). This deposition and 
removal step can be repeated several times to fabricate needles from a 
variety of different materials on the same array. In this case, a temporary 
layer, such as Kapton tape, is applied to either block off selected areas of 
the front mould (Fig. 2C) or to protect the previously formed MNs while 
casting and removing the second polymer (Fig. 2D). Depending on 
material requirements, the needles are either UV/heat cured or dried at 
room temperature, and the substrate layer is then applied (Fig. 2E). If 
needed, materials such as pre-formed films, components or fabrics may 
be used as a substrate instead of a mouldable polymer. In this case, these 
materials are pressed against the polymer needles before curing. A 
video, included as supporting information, provides a visual represen
tation of the process, showing the different steps in detail.

2.2. Geometry

It is essential that the platform allows full control over the geomet
rical design of the moulded MNs. This may be done in two ways: by 
changing the master templates used in the core process and, if any 
electrical functionality is needed, by defining appropriate masks for the 

Fig. 1. Schematic representation of the platform design. In the centre: SEM 
picture of a 500 µm tall microneedle. Adapted from image created with Bio
Render.com.
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metallization (see Section 2.3).
The front master template defines the shape, pitch, and height of the 

MNs. In addition to conventional microfabrication techniques such as 
silicon etching, the development of additive manufacturing technologies 
has enabled the precise fabrication of microscopic structures. Several 
groups have used this approach to print MNs that are either too 
expensive or too difficult to produce using tradition silicon-based pro
cesses [6,44–46]. It is of paramount importance that the core moulding 
process is capable of precisely replicating these complex structures. 
Therefore, a total of four different designs have been used to fully 
evaluate the moulding capabilities of the fabrication procedure: 1) 
Tyndall’s silicon MNs, wet-etched from a 100 mm diameter wafer to 
form 500 µm tall octagonal pyramids with a pitch of 1750 µm [47]; 2) 
3D printed conical MNs also with a height of 500 µm and a pitch of 
1750 µm, but with a 60 µm reservoir designed close to the tip. These 
arrays were produced by Upnano (Vienna, Austria) using an NanoOne 

printer with a 10x objective and UpPhoto resin; 3) 3D printed needles 
slanted at an angle of 60◦ to the horizontal, at a pitch of 615 µm between 
needles, 1050 µm between MN rows, and designed with 4 different 
heights (165, 345, 555 and 775 µm respectively). These arrays were 
produced by Boston Micro Fabrication (BMF, Maynard, USA), using a 
2 µm resolution S130 printer and HTL-Y resin; 4) microneedles designed 
by Johannes Kepler University Linz (JKU) in the shape of 210 µm tall 
square pyramids incorporating a surface pattern of biomimetic features 
as small as 2 µm, intended to aid the transport of liquids over the needle 
surface for coating purposes. A 515 nm laser with a 290 fs pulse and 
1 MHz repetition rate was used to produce the patterned MNs in 
OrmoComp resist [46].

All designs were glued to a support that was printed using a Formlab 
3 + printer (Solid Print3D Ltd, UK) and white resin (F2GPWH04 from 
Solid Print3D Ltd, UK), and attached inside a petri dish to form the 
master template. A medical grade epoxy (Epotek 353ND from Epoxy 
Technology Europe GmbH, Augsburg, Germany) was used to mould the 
needles. SEM pictures of the results can be seen in Fig. 4. The moulding 
process copied all features of the masters with a high degree of fidelity, 
proving its usability with different types of templates.

Fig. 5 shows examples of both a front and a rear mould, together with 
close ups of some of the key features. While any suitable process or 
material can be used to form the rear master template, in this example 
the desired profile is milled inside a polyvinyl chloride (PVC) Petri dish. 
To facilitate front-to-rear electrical connection using holes or vias 
moulded through the polymer, 45◦-angled conical cavities were milled 
on the rear master, Fig. 5C. To help achieve optimal via formation on the 
wafer, the resulting PDMS cone should be designed to be 25 % higher 
than the rest of the profile; the PDMS compresses slightly once the two 
moulds are brought into contact, ensuring intimate contact between the 
surfaces, and alleviating the risk of unwanted polymer blocking the via 
channel. Electrical links between the faces of the arrays can then be 
achieved by simply metallizing both sides of the substrate and vias. 
Similarly, additional features, such as alignment marks (Fig. 5D), can be 
milled into the master if required.

The rear master also defines the shape of the arrays using ridge-like 
features, and short gaps in these ridges, Fig. 5E and Fig. 5F, are used to 
form tabs that hold the moulded array to the carrier frame of the wafer. 
Light finger pressure or pick-and-place tools may subsequently be used 
to detach the arrays from the frame.

2.3. Metallization

A metallization step is necessary to make electrically functional MNs 
for use in applications such as biosensing, biopotential monitoring, 

Fig. 2. Schematic of the core production process used to form MN arrays. In this example, microneedles are moulded from two different materials on a substrate of a 
third material. After preparing the front and rear moulds (A and B, respectively), the MNs (C and D) and the substrate (E) are formed using the desired materials. The 
shape of the arrays is dictated by the rear mould design while the materials are selected based on the desired properties of the device. To populate the array with 
different type of needles, tape is used to selectively protect areas of the front mould (C and D) as needed.

Fig. 3. Modular vacuum table equipped with four polytetrafluoroethylene 
(PTFE) vacuuming stations (numbered 1–4). A vacuum can be applied to the 
entire table via the general inlet (5). Each station can be individually discon
nected from the vacuum simply closing the corresponding valve (6).
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iontophoresis, or electroporation. Different metals can be used for 
different purposes. For example, gold (Au), platinum (Pt) and silver (Ag) 
are commonly used for sensor development, while titanium (Ti) and 
chrome (Cr) are usually implemented as adhesion layers to strengthen 
the bond between other metals and the substrate. Two main techniques 
can be used to deposit a thin metallic layer over the arrays: chemical 
vapour deposition (CVD) and physical vapour deposition (PVD).

CVD processes chemically drive a reaction on a substrate. There are 
two main CVD technologies: low-pressure CVD (LPCVD) and plasma- 
enhanced CVD (PECVD). The deposition is thermally induced, and 
therefore, it heats up the substrate itself. LPCVD uses temperatures 
higher than 600 ◦C to slowly grow homogeneous layers on the material. 
On the other hand, PECVD operates at lower temperature, typically 
between 200 ◦C and 400 ◦C, but the film growth is faster and therefore 
less precise [48]. Our platform uses polymers to form the MNs. Polymers 

generally have low glass transition temperatures and melting points. 
Therefore, CVD processes are not suitable as main metallization 
technique.

PVD processes aim at freeing material from a metal source and 
transferring it directly on the substrate. Typical PVD techniques include 
thermal evaporation [48,49], electron beam (e-beam) evaporation [49]
and sputtering [48]. Thermal evaporation heats up the source material 
and generates a vapour flux from the source to the substrate. Since this 
method is generally used for low melting point metals and it is not ideal 
for the fabrication of thin layers [50], it is not a suitable option for use 
with this platform. E-beam uses high energy electron beams to vaporize 
even high-melting point metals [49], while sputtering bombards the 
source with particles to free atoms or molecules that can condense on the 
substrate [48]. E-beam evaporation and sputtering are both viable op
tions for polymer MNs metallization and this is clearly visible from 

Fig. 4. Different type of moulded MNs: Tyndall’s MNs (front, A, and top view, B), Upnano-printed MNs (front side, C, and magnification of the tip, D), BMF-printed 
MNs (front side, E, and magnification of a tip, F) and JKU’s MNs (front side, G, and top magnified view of the pattern, H).
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Table 1.
Finally, metals can be deposited using electroplating. Electroplating 

is an electrochemical deposition technique that produces a metal 
coating on an electrically conductive material [51]. However, polymers 
are generally not electrically conductive and therefore would require a 
preliminary metal coating in order to be electroplated [50]. Therefore, 
this method will not be considered as a primary metallisation step in this 

work.
Both e-beam and sputtering were investigated for MNs metallization. 

The systems used in this study were a Quorum Q300TD (Quorum, UK) 
sputterer and a Temescal EUFC4900 (Ferrotec, USA) e-beam evaporator. 
Both techniques can be used to completely cover the substrates with a 
metal layer. However, when a specific metallic pattern has to be 
deposited on the MN arrays, a mask must be used. To avoid damaging 

Fig. 5. PDMS moulds produced from the front (A) and the rear (B) master. SEM pictures of the distinctive features present on the rear mould: cones for front-to-rear 
via formation (C); cylindrical alignment marks (D); ridges with gaps (E, F) to define the shape of the array and the tabs that hold the arrays to the wafer frame.

Fig. 6. (A, B) Initial test mask design (features dimensioned in cm), together with resulting sputtered metal pattern – note the blurred patterns due to spreading of the 
metal under the mask. (C, D) An undersized metal mask with associated metal pattern – some blurring is still visible although the dimension accuracy has improved. 
(E, F) Undersized mask incorporating protruding walls intended to prevent unwanted metal spreading, along with resultant biosensor electrode pattern.
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the needles, no mask can be place in contact with the tips. Therefore, any 
metallization must be carried out using the mask in close proximity with 
the substrate, potentially exposing the wafer to deposition of the metal 
beyond the desired masked area and leading to a spreading or blurring of 
the intended feature [52]. This effect is similar to photolithographic 
diffraction when exposing in proximity. Polymer MN wafers were pro
duced and metallised with patterned aluminium masks to test the 
severity of this effect with both techniques. Tyndall’s 500 µm tall silicon 
MN wafers were used as a front master template. The rear master tem
plate was formed as described in Section 2.2 and was designed to divide 
the wafer into four rectangular arrays, each provided with four 
through-vias to enable multiple front-to-rear electrical connections. The 
masks were formed by milling test patterns, Fig. 6 A, in 100 mm 
aluminium disks. The original thickness of the disks was 1.1 mm, into 
which a 100 µm deep central recess was milled to avoid physical contact 
between the mask and the tips of the MNs. Therefore, when the mask is 
pressed against the wafer, it is 100 µm and 600 µm away from the tip of 
the needles and from the substrate, respectively. Two masks were used 
to metallise each wafer: one positioned in hard contact with the rear of 
the substrate while the second, exploiting the recess, was positioned 
over the front side of the MNs. The masks were aligned with the wafer 
and affixed to it using Kapton tape (Farnell, Ireland). Ti and Pt were 
deposited as test materials, in thicknesses of 20 nm and 100 nm 
respectively. No significant difference between the mask designs and 
deposited patterns was observed either for the masks in hard contact 
with the rear of the wafer, or for the e-beam proximity-masked depo
sition on the front. However, as shown in Fig. 6B, sputtered patterns 
showed a high degree of spreading, leading to a significant loss of 
precision.

To quantify this loss, the resulting test pattern dimensions were 
measured with a Vernier calliper and compared with the designed mask 
dimensions. The deposited pattern had dimensions that were (0.8 ± 0.2) 
mm greater than those of the mask, i.e. a metal spreading of 0.4 mm on 
each edge was observed. This is an issue both because of the lack of 
precision and because of the potential for unwanted electrical connec
tions between interconnects or electrodes. The length or the direction of 
the feature did not seem to affect the magnitude of the spreading. 
Therefore, smaller features will be proportionally less precise than 
bigger ones.

To solve this problem, the mask can be undersized to compensate for 
the metal spreading. Based on the previous analysis, a new metal mask 
was designed, reducing the size of each dimension by 1 mm. This new 
mask was intended to form a biosensor on the MN arrays, incorporating 
one rectangular reference electrode (RE), two square working electrodes 
(WE) and a counter electrode (CE) wrapping around the other three. The 
fabricated mask and the resulting sputtered metallization patterns can 
be seen in Fig. 6 C and Fig. 6D respectively.

The smaller openings produced electrode dimensions closer to the 
target designs; the metallised pattern had dimensions (0.3 ± 0.1) mm 
smaller than intended. Further iterations are likely to reduce this 
remaining error further. The sensors were then tested using a multimeter 
both to check the quality of the front-to-rear electrical path and to assess 
unwanted inter-electrode connections. The resistance of the front-to- 
rear connection established by the through via was consistently below 
25 Ω. However, undesired inter-electrode connections, with electrical 
resistances ranging from tens of kΩ to a few MΩ, were observed. 
Although this may not be a problem when electrodes are distant from 
each other, it could become an issue when the form factor of a sensor has 
to be minimised and the electrodes are, like in this case, closely packed. 
This effect is also assumed to be due to spreading of the metal in the gap 
underneath the mask and was not observed when e-beam evaporation 
was used as a deposition technique.

As an additional measure to physically prevent any undesired metal 
spreading, pattern blurring and unwanted electrical connections during 
the sputtering process, wall-like features were incorporated at the edges 
of the mask openings. These protrusions must come into hard contact 

with the substrate in between the MNs without touching the needles 
themselves. An iterative process for sizing the walls has led to walled 
features of 600 µm deep, accounting for both the recess and the needle 
height, and a thickness not higher than half the base-to-base distance 
between MNs. Using a walled mask (Fig. 6E), the resulting sensor 
(Fig. 6 F) showed no inter-electrode electrical connections.

In summary, e-beam is the preferred metallization technique due to 
its high precision and lack of metal spreading underneath the mask. 
Sputtering may also be used, although the high level of metal spreading 
may lead to dimensional inaccuracies and limit its use for densely 
packed features. The implementation of wall-like structures on the 
masks may be used to prevent this problem but increases the complexity 
and, consequentially, the cost of the masks.

2.4. Materials

Although the platform may be used to simply form monolithic wa
fers, different substrate and/or microneedle materials may be combined 
as required. The MNs themselves must be made with a mouldable ma
terial and be robust enough to pierce the skin without breaking. For the 
purposes of this work, a polymer was considered mouldable if its vis
cosity was not more than approximately 5000 cPs at room temperature. 
Additional properties that may be of interest for the MNs are biocom
patibility, biodegradability, and absorption capabilities. To date, a range 
of polymers have successfully been used at the core of the platform, 
including a medical grade epoxy (Epotek 353ND from Epoxy Technol
ogy Europe Ltd, UK) [53], a UV curable medical grade photopolymer 
(NOA 68 from Edmund Optics, UK) [54], several degradable polymers 
including polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), 
PVP-PVA mixtures, polycaprolactone (PCL), poly(lactic-co-glycolic 
acid) (PLGA), PCL/PLGA mixtures, sugars including trehalose anhy
drous (TRA) and sucrose (SUC), and swellable hydrogels including 
Gantrez S-97 and Gantrez AN-139 cross-linked with PEG – PMVE/MA 
and PMVE/MAH respectively. Following the core process outlined in 
Section 2.1, all materials were firstly prepared as required, poured on 
the front mould, and then positioned on the VT. The excess material was 
removed, the needles were either cured or dried, and then coupled with 
a substrate polymer and rear mould. Alternatively, the substrate mate
rial was pressed against the MNs after excess removal and the stack 
subsequently cured (see below).

Desirable properties for the substrate include biocompatibility and 
flexibility. Biocompatible polymers have been already demonstrated in 
the implementation of the core process [35]. Regardless of the polymer 
of choice, accredited testing should be undertaken to certify that the 
combination of materials used in the final device is biocompatible ac
cording to ISO 10993 standards for cytotoxicity, irritation, and skin 
sensitization. Flexibility can be implemented using a mouldable poly
mer, a flexible film or textile. The only constraint for the choice of the 
substrate material is that it must bond to the MN material. Three main 
materials were successfully used as flexible backing substrates: a low 
viscosity epoxy (Epotek 310 M from Epoxy Technology Europe Ltd, UK), 
a conductive fabric (NCS95R-CR from Marktek Inc, Chesterfield, USA) 
[10] and a thermoplastic polyurethane (TPU) sheet (ST604, Bemis As
sociates Inc, Shirley, USA) [55].

As mentioned during the description of the core moulding process, 
the epoxy was poured on the rear of the needles, the rear mould added 
and then the material was cured to form the hybrid wafer. Non-adhesive 
materials such as films or fabric must be applied to the mould before the 
microneedle material is cured or dried.

To demonstrate the capabilities of the platform to produce multi- 
materials arrays, a patch combining three different types of MNs was 
produce as shown in Fig. 7.

The array combines medical grade (Epotek 353ND, Fig. 7E), 
degradable (PVP-PVA loaded with methylene blue, Fig. 7D), and UV- 
curable (NOA 68 coloured with a red dye to highlight the different 
material, Fig. 7C) MNs. Two rows of seven needles were formed for each 
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material, also proving the spatial selectivity achievable with the plat
form. These needles were bonded to a flexible backing formed with 
Epotek 310 M.

2.5. Passivation and coating

In addition to all the aspects shown so far, some extra features, such 
as passivation of the array, functionalization of the needles, chlorination 
of the metal or sterilization of the patch may be needed for the intended 
application.

Passivation may be desirable for multiple purposes on MN-based 
devices: it is often used to geometrically define the areas of the elec
trodes [56], remove interferences coming from the array substrate or 
non-targeted body fluids [20], or selectively expose only part of the 
needle body [57]. MNs can be passivated using a variety of different 
techniques and materials, including spin-coating of different polymers 
such as OrmoComp [20] or polyimide [58], chemical vapour deposition 
(CVD) of parylene [57], or direct casting of varnish [35] or SU-8 [58]. 
We have further investigated, characterized and compared different 
passivation techniques in a previous work [39].

MNs can be coated for transdermal drug delivery [40,41], or be 
functionalised in a variety of different ways to detect specific biomarkers 
[9], antibodies [59], drugs [35], or characteristics such as skin pH [20]. 
Functionalization is the key to producing MN-based biosensors, which 
provides unique advantages due to their minimally invasive nature [42, 
60]. An electrochemical sensor is usually comprised of one or more 
working electrodes (WEs), responsible for the detection of the desired 
biomarker, a counter electrode (CE) and a reference electrode (RE). The 
CE is used to apply the input potential to the WE [61] while the RE is 
needed to provide a constant potential to be used, as the name suggest, 
as a reference for the measurement [62]. Silver/silver-chloride 
(Ag/AgCl) is commonly used as a RE material, achieved by depositing 
Ag in various ways and then chlorinating it with Cl-based solutions [53, 
63–65].

Because of the nature of their applications, sterility is an important 
consideration for MN devices. Several methods can be used as sterili
zation techniques, divided into those that require high temperatures, 
low temperatures or are based on the use of liquid chemicals. High 

temperature techniques can either use steam or dry heat while low 
temperature procedures use gasses, ozone, pulsed light or radiation 
[66]. Considering that our platform is based on polymer materials, 
usually vulnerable to high temperatures, the use of low temperature 
techniques is advised, and the effects of sterilisation procedures on the 
structural properties of the microneedles, as well as on the efficacy of the 
coating layers, should be thoroughly characterised.

3. Exemplars

The capabilities of the platform were demonstrated using three ex
emplars, each targeting one of the main medical application areas for 
MNs.

3.1. ELSAH biosensor

MNs have the potential to enable the next generation of wearable 
systems for minimally invasive continuous glucose monitoring [9]. The 
ELSAH project (funded from the European Union’s Horizon 2020 
research and innovation program under grant agreement No 825549) 
developed a MN-based, integrated wearable sensor system for simulta
neous glucose and lactate detection in ISF. MN wafers based on Tyn
dall’s MN template were produced using 7 g of Epotek 353ND; each 
wafer was divided into six 19 × 21 mm2 rectangular biosensors. Custom 
metal masks were used to form two working electrodes (WEs), one 
counter electrode (CE) and one reference electrode (RE) on each sensor. 
Front-to-rear electrical connection was achieved by exploiting the 
conical through-wafer vias described earlier. Both WEs, the CE and the 
rear metallization were formed by depositing 20 nm of Ti and 100 nm of 
Pt whilst 30 nm of Ti, 60 nm of nickel (Ni) and 150 nm of silver (Ag) 
were used for the RE. The metal layers were all deposited using a 
Temescal EUFC4900 (Temescal, USA) e-beam evaporator. The RE was 
then chlorinated by exposing the Ag to a 15 % solution of sodium hy
pochlorite for 10 seconds. The solution was then washed away with 
ultrapure water and the sensor dried using a nitrogen gun. A fully 
metallized and chlorinated ELSAH biosensor wafer is shown in Fig. 8.

On each of the six sensors, a 5 × 1 MN RE is visible above two 
rectangular 5 × 2 MN WEs. A U-shaped CE is wrapped around them. 
Loctite EDAG 7019 (Henkel, Düsseldorf, Germany), a conductive Ag/ 

Fig. 7. MNs array (A and B) produced merging together different materials: a 
UV-curable polymer (NOA 68 - C), a methylene blue loaded PVP-PVA degrad
able mixture, and a medical grade epoxy (Epotek 353ND) were integrated on a 
flexible epoxy substrate (Epotek 310 M). The different MNs are highlighted 
using red, blue, and purple arrows, respectively.

Fig. 8. An epoxy ELSAH wafer. All 6 biosensors have been metallized and the 
REs chlorinated.
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AgCl ink, was used to fill the through-vias, ensuring a reliable front-to- 
rear electrical connection. The WEs were treated with a cysteamine 
hydrochloride solution (104 mg in a mixture of 7.6 ml physiological 
phosphate-buffered saline – PBS – solution and 2.4 ml glycerol) to 
improve the adhesion of the subsequent enzyme-based functionaliza
tion. For the passivation of the non-sensing areas, a medical grade tape 
(ARcare 7759, Adhesives Research, Limerick, Ireland), was cut to size 
and patterned with circular holes of diameter (760.4 ± 0.6 µm, n = 5) to 
match the MN pitch. A Speedy 360 laser cutter from Trotec (Marchtrenk, 
Austria) was used for cutting the tape. After manually applying the 
passivation, the sensors were ready for modification. Direct electron 
transfer (DET) enzymes Glucozyme and Lactazyme (developed and 
supplied by DirectSens GmbH Vienna, Austria) react with glucose and 
lactate respectively, and were added to two different poly(3,4- 
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) inks 
formulated and deposited by AIT Austrian Institute of Technology 
GmbH (AIT, Vienna, Austria). A BioDOT AD1520 dispenser (BioDot 
Limited, Chichester, UK) was used to locally deposit the inks directly on 
the individual MNs. The deposited volume per WE was 150 nl for 
glucose detection (ink formulation: 38.3 µl water with 0.6 mg bovine 
serum albumin (BSA) and 4 mg Glucozyme, 89.4 µl PEDOT 1.1 % (w/ 
w)) and 600 nl for lactate detection (ink formulation: 17 µl water, 
13.2 µl PEDOT 1.1 % (w/w), 51.8 µl Lactazyme 7.9 mg ml− 1 in water). 
Finally, a protective poly(ethylene glycol) dimethacrylate (PEG-DMA) 
based hydrogel layer [53] was dispensed on the needles using the Bio
DOT AD1520. This layer acted as a protective layer for the functional
ization underneath [67]. 3 × 50 nl and 2 × 250 nl of hydrogel ink per 
needle were used for glucose and lactate modified WEs, respectively. 
After deposition, the ink was crosslinked using a UVP CL-1000 UV 
crosslinker (Analytic Jena US LLC, Upland, Canada), washed with PBS 
and dried under vacuum conditions. After the drying process, the 
hydrogel layer forms a stiff, thin (µm-range) layer on the microneedles, 
which swells when it comes in contact with ISF.

To be used on humans, the sensors must be sterilised, and the impact 
of sterilization was evaluated by preparing a batch of sensors, eight 
functionalised (both WEs) for glucose detection and eleven for lactate 
detection. Four sensors per type were then individually sealed inside an 
aluminium-coated bag together with a silica gel bag (1 g). The sensors 
were e-beam sterilized at 25 kGy by Mediscan GmbH (Seibersdorf, 
Austria). Before and after sterilization, the sensors were stored at 4 ◦C. 
The remaining control sensors were sealed in similar fashion and also 
stored at 4 ◦C. In vitro chronoamperometric measurements were per
formed on both sterilized and unsterilized biosensors. Solutions of 
glucose and lactate in PBS were used with concentrations varying 

between 0 and 30 mM, Fig. 9. A reduction in the maximum current of 
− 49 % and − 68 % after sterilisation can be observed for glucose and 
lactate biosensors respectively. Furthermore, a reduced current resolu
tion compared to the unsterilized biosensors was detected. However, the 
final resolution of the glucose biosensors in the concentration range of 
2.5–10 mM with 8 nA mM− 1 and the final resolution of lactate bio
sensors in the range of 0–2.5 mM of 599 nA mM− 1 will be sufficient to 
test ISF concentrations [68,69] in healthy volunteers during a planned in 
vivo study.

The difference between sterilized and non-sterilized sensors is caused 
by a reduction in enzyme activity. This has already been reported for 
microneedle-based biosensors with glucose oxidase sterilised by gamma 
irradiation with a dose of 25 kGy [70]. More recently, enzyme activity 
tests combined with circular dichroism showed that gamma irradiation 
induces a loss in enzyme activity in both glucose oxidase and cellobiose 
dehydrogenase (CDH) enzymes [71], used in this work. Also, it has been 
demonstrated that a very low irradiation flow rate (25 kGy applied at 
260 Gy h− 1 for 96 h instead of the standard 1670 Gy h− 1 for 15 h) can 
help preserve the sensor performances [71]. Therefore, in preliminary 
tests, we compared the impact of 25 kGy e-beam and gamma irradiation 
at standard irradiation flow rates on the sensor performance/enzyme 
activity. E-beam irradiation had less impact, and it was consequentially 
chosen for this work.

Sensors were prepared for the volunteer study following the same 
protocol and glued with medical grade adhesive (Loctite 4011, Henkel, 
Düsseldorf, Germany) to a 3D printed disk, functionalised, and e-beam 
sterilised. The sensors were then inserted inside a 3D printed enclosure, 
interfaced with a printed circuit board for sensor readout and wireless 
communication, and tested for glucose and lactate detection on 30 
healthy volunteers by the Medical University of Graz (MUG, Graz, 
Austria). Pictures of the system are shown in Fig. 10. The 3D printed 
disks and enclosures were produced by Sanmina (Fermoy, Ireland) using 
a Tough 1500 resin and a Form 3B printer (both from FormLabs GmbH, 
Berlin, Germany). A PCB, equipped with a potentiostat on chip, near 
field and ultra-high frequency communication (NFC and UHF respec
tively), was built by Infineon Technologies Austria (Villach, Austria) 
[72]. Full details of the study and associated data will be reported in a 
future publication.

3.2. Fabric-based ECG electrodes

Microneedle-based ‘dry’ electrodes have significant potential for use 
in biopotential recording applications because of their ability to create a 
low impedance interface with the skin and bypass some of the problems, 

Fig. 9. Calibration curves of unsterilized and sterilized biosensors in the 0–30 mM glucose (A) and lactate (B) range in PBS solution. N represents the number of 
sensors used for testing and n the total number of modified WEs.
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such as the need for skin abrasion, shaving and the use of a wet gel, that 
are associated with conventional gel-based electrodes [21]. Using the 
platform outlined earlier, we developed and characterised a flexible 
MN-based dry electrode for electrocardiogram (ECG) recording. Epotek 
353ND was used to form the needles. As explained in Section 2.1, the 
front mould was placed on a VT and the excess material removed. A 
conductive fabric was patterned into 18 mm diameter circular elec
trodes and cut to shape to fit the needle mould. A Cricut Maker (from 
Cricut, South Jordan, USA) cutting machine was used for this operation. 
The fabric substrate was then pressed against the MNs mould, and the 
epoxy was cured at 80◦C for 1 hour. Once peeled away from the mould, 
flexible electrodes with rigid MNs bonded to the conductive fabric were 
formed (Fig. 11A). 20 nm of Ti and 150 nm of Au were used to metallise 
the MN side of the newly formed arrays, while front-to-rear electrical 
connection was self-realised around the sides of the electrodes. For 
characterisation purposes, commercially available Red Dot 2239 elec
trodes (3 M, Ireland) were stripped of their gel pads and used to build 
the dry electrodes: the circular arrays were detached from the wafer and 
glued to the modified Red Dot with a medical grade conductive glue 
(Epotek Med-H20E from Epoxy Technology Inc, USA). The glue was 
cured according to manufacturer’s instructions and the electrodes 
sterilised with a ProCleaner Plus (Bioforce Nanoscience, USA) ozone 
cleaner. To compare electrode performance with commercially available 
options, simultaneous recordings of ECG traces from commercial wet 
(Red Dot) and dry electrodes were acquired from healthy volunteers. 
This study was approved by the Clinical Research Ethics Committee of 
the Cork Teaching Hospitals (ref ECM 3 (ZZ) 10/11/20) and all partic
ipants provided written informed consent. A dual-channel ECG 
recording system was used to capture both signals in different static and 

walking conditions. An example of the two traces can be seen in 
Fig. 11B.

It is clear that the dry electrodes capture ECG signals with a similar 
level of fidelity to the commercial wet electrodes. Signal-to-noise ratios 
were in excess of 20 dB while sitting, and the P wave, QRS complex, and 
T wave of the ECG signal are clearly identifiable from both sets of 
electrodes. However, the dry electrodes do not require skin preparation 
or a wet gel, whilst providing a comparable level of signal quality and 
low electrode-skin impedance. Additional information and detailed 
analysis can be found in a previous work [10].

3.3. Transdermal delivery

Biodegradable or dissolvable microneedles (DMN) are the subject of 
intense research interest for applications in drug and vaccine delivery 
[8], and numerous DMNs moulded from the Tyndall template have been 
described in previous works [73,74]. These dissolvable materials and 
microneedles could also be used to protect labile medicants, thereby 
increasing their stability over a prolonged period. To test this hypothesis 
together with an evaluation of their delivery capabilities, different 
dissolvable MNs were produced following the process described in 
Section 2.1. In particular, TRA/SUC sugar needles, PVP/PVA polymer 
needles and PCL/PLGA polymer needles were fabricated.

The sugar needles, Fig. 12A and Fig. 12B, were used to test the sta
bility of a macromolecule loaded inside the sugar glasses. To do that, a 
β-galactosidase enzyme was loaded inside a TRA/SUC dehydrated ma
trix and stored under vacuum desiccation conditions at 20 ± 2 ◦C and 
under refrigerated desiccation conditions at 4 ± 2 ◦C. The same enzyme 
was also loaded in dehydrated sodium phosphate buffer (PB) and used as 
a control. The residual enzyme activity was quantified at time points by 
a 2-nitrophenyl β-D-Galactopyranoside assay. The results, represented 
as means measured over 3 samples, are shown in Fig. 12C.

The testing demonstrated that, when loaded inside a sugar glass, 
more than 40 % of the enzyme activity was retained over a period of 3 
months. On the other hand, the enzyme loaded inside the PB almost 
entirely denatured after dehydration. Additional information can be 
found in a previous work [75].

The PVP and PVA needles were produced using an Epotek 353ND 
circular MN array as a master (Fig. 13). The master itself was produced 
with the previously described moulding process, using a silicon wafer as 
a starting point. The mould was prefilled with a hyaluronic acid and 
niacinamide formulation before adding either the PVP, PVA or PVP/ 
PVA, trapping the formulation inside the forming needles. These actives 
are used in the management of dermatological conditions such as acne 
or atopic dermatitis [76,77]. These needles were tested on full thickness 
porcine skin and were able to successfully deliver over 150 µg cm− 2 of 
drug over a 24-hour period [78].

Fig. 10. ELSAH system used for in vitro testing (A) and final device affixed to 
the arm of a volunteer (B). There is no size difference between the testing de
vice and the final device.

Fig. 11. Conductive cloth-epoxy hybrid electrode (A) together with simultaneous ECG recordings from wet and dry electrodes (B).
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Both the sugar and the PVP/PVA needles were fast dissolving nee
dles. To demonstrate the ability of the platform to produce slow dis
solving MNs, PCL, PLGA and PCL/PLGA needles were also produced and 
tested on skin samples to prove their ability to penetrate the skin. PCL/ 
PLGA MNs are reported in Fig. 14 together with an image showing 
penetration marks on a skin sample.

Human factors studies also indicate that microneedle-based 

treatments such as these would be well received by patients, who value 
its convenience, minimally invasive nature and the potential for self- 
administration [79,80].

4. Conclusions

A multifunctional platform for the rapid prototyping and production 
of polymer microneedle arrays was established and characterized. The 
shape, dimension and number of arrays can be varied simply by 
designing the front and rear master templates accordingly. In this 
double-sided process, the front template is used to define the geometry, 
pitch and height of the microneedles themselves, while the rear template 
shapes the arrays as well as additional features, such as electrical 
through-wafer vias and alignment marks. The polymer is chosen ac
cording to the properties required for the final application. One or more 
materials may be used to form the MNs and the substrate, or even in
tegrated to combine different properties on single arrays. The moulded 
MNs can be customised for various sensing applications by using 
different techniques to deposit metal, passivation and electrochemical 
layers as required. Sputtering and e-beam evaporation have been char
acterized and employed to produce patterned electrodes and sensors, 
and shadow masking techniques have been developed to accurately 
deposit electrically active regions while preventing the undesirable 

Fig. 12. Scanning electron micrograph of an entire sugar glass microneedle array (a) together with a light photomicrograph of an individual sugar glass microneedle 
(B). Assessment of enhanced biomolecule stability within sugar glasses as a function of different storage conditions (C). The β-galactosidase enzyme was incorporated 
either within solid sugar glass (black and white bars) or in a lyophilised phosphate buffer (dark grey and light grey striped bars). Samples were stored under vacuum 
desiccation at 20 ± 2 ◦C (white and stripped bars) or desiccation at 4 ± 2 ◦C (black and grey bars) for a period of 3 months. All images in Fig. 12 (A-C) are reproduced 
with permission [75]. Copyright 2011, Elsevier B.V.

Fig. 13. Epoxy master (A) together with resulting PVP array (B), and a close up picture of two similarly prepared PVA microneedles (C).

Fig. 14. Microneedles prepared from a blend of PCL and PLGA (A) together 
with a SEM picture showing penetration marks (red circles) produced by MNs 
application (B).
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‘spreading’ of metal beneath the masks. Three different exemplars were 
described, including an electrochemical biosensor for transdermal di
agnostics, a flexible ECG sensor, and a biodegradable drug delivery 
array. These examples illustrate how easily the process may be adapted 
to a wide range of use cases, making it highly valuable for prototyping 
and research purposes.
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