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Abstract  

This study demonstrates a fast low tempera-
ture method for fabrication of drug loaded polymer 
microneedles (MNs). First, arrays of tapered pillar 
MNs with a length of 275 ± 3 μm (mean ± SD) and a 
diameter of 84 ± 1 μm were fabricated in Si with a 
three-step deep reactive ion etching (DRIE) process. 
The Si MNs were used as a template for fabrication 
of polydimethylsiloxane (PDMS) stamps. The stamps 
were applied for replication of the MNs in spin 
coated poly-ε-caprolactone (PCL) films by hot em-
bossing at 60oC and a pressure of 1.4 MPa for 3 min. 
The resulting PCL MNs perfectly resembled the Si 
MNs and had a length of 270 ± 5 μm and a diameter 
of 84 ± 3 μm. The MNs had sufficient mechanical 
strength to penetrate the surface of a 10 w/w% gel-
atine gel without deformation. Finally, PCL MNs con-
taining 20 w/w% of furosemide were fabricated and 
drug release by diffusion was demonstrated. 

1. Introduction 

In the late 90’s, microneedles (MNs) were intro-
duced as a novel method for (trans)dermal drug de-
livery [1]. A large number of different types of MNs 
were reported, such as dissolvable polymer MNs [2], 
hollow silicon MNs for drug injection [3] or coated 
biodegradable MNs for vaccine delivery [4]. MNs are 
less invasive and less painful compared to traditional 
hypodermic needles [5]. Arrays containing hundreds 
of MNs can be fabricated on a footprint area of a few 
mm2. Drug loaded polymer MNs are in most cases 
fabricated by solution casting methods [6-9]. In this 

case, small amounts of drug-polymer solutions are 
cast on moulds typically made of silicones such 
PDMS. Alternatively, spray coating was used to de-
posit drug polymer solutions into PDMS MN moulds 
[10]. Furthermore, drawing lithography techniques 
or electro drawing from droplets at ambient tem-
perature were introduced for fabrication of dissolv-
able MNs [11, 12]. Most of these methods have the 
drawback that they are time consuming and not 
suitable for large-scale production.  

In comparison, hot embossing is a versatile mi-
cro moulding process for the fast replication of pol-
ymer microstructures with high aspect ratio [13]. 
Typically, hot embossing only requires a short poly-
mer flow allowing lower moulding temperatures 
compared to other micro moulding techniques [14]. 
Hot embossing of MNs has been demonstrated us-
ing polylactic acid (PLA) [15], poly(methyl methacry-
late) (PMMA) [16, 17], polycarbonate (PC) [18-20] 
and cyclic olefin copolymer (COC) [19]. However, 
none of these MNs were loaded with drug.  A major 
drawback in all of these studies is a long cycle time 
at high processing temperatures above 150°C. Those 
conditions will affect a considerable range of drugs 
and prevent that active pharmaceutical ingredients 
can be pre-loaded in the polymer film.  

PCL is a biodegradable polymer with a low melt-
ing temperature of 59-64oC [21]. This facilitates mi-
cro moulding processes and identifies PCL as a po-
tential matrix for drugs that are unable to withstand 
high temperatures, such as proteins and peptides. 
Additional advantages of PCL are high permeability 
for many drugs and good biocompatibility [21]. 
Here, we demonstrate the direct fabrication of drug 
loaded MNs in a single step of hot embossing at low 
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temperature, low pressure and with short cycle time 
(Figure 1). For this purpose, Si MNs were fabricated 
with a multi-step DRIE process and replicated in 
PDMS. The resulting PDMS stamp was applied for 
hot embossing of MNs in spin-coated PCL films 
loaded with the drug furosemide. Furosemide was 
selected as model drug because it is a small mole-
cule drug that is poorly soluble in intestinal media 
(class IV in Biopharmaceutics Classification System 
(BCS)) resulting in challenges for delivery via the oral 
route. Finally, the mechanical stability of the MNs 
and drug release were investigated.  

 
Figure 1 – Schematic representation of the overall fabrication 
process. a) Si wafer; b) Si MNs fabricated by multi-step DRIE; c) 
PDMS casting d) Demoulding of PDMS stamp; e) Hot embossing 
in PCL film containing furosemide. f) Final furosemide-loaded 
polymer MNs. 

2. Material and Methods 

2.1 Fabrication of Si MNs and PDMS Stamps 

A multi-step DRIE process in a Pegasus ASE (STS 
Technologies Ltd., Great BritainUnited Kingdom), 
similar to a method described by Griss et al. [22], 
was optimized to fabricate tapered pillar Si MNs. 1 
μm thick SiO2 was patterned by standard UV photo-
lithography with 1.5 μm AZ® MiR 701 (Microchemi-
cals GmbH, Germany) serving as the etch mask. First 
an isotropic etch step was performed to define the 
tip of the MNs. The isotropic etch was performed for 
19 min at 20oC, a pressure of 25 mTorr and a SF6 flow 
of 150 sccm. The coil power was set to 600 W and 
the platen power to 3 W. Subsequently, a Bosch pro-
cess etched the shafts of the MNs for 37 min 20 sec. 

The deposition step of the Bosch process was per-
formed at 0oC for 1 sec. The pressure was 20 mTorr 
and the flow of C4F8 was 150 sccm. The coil power 
was 2000 W and the Platen power 0 W. The etch 
step of the Bosch process was 2.2 sec long and the 
pressure was 26 mTorr. The SF6 flow was 275 sccm 
while the O2 flow was 5 sccm. The coil power was set 
to 2500 W and the Platen power was set to 35 W. 
The third etch step consisted of an isotropic etch, 
which sharpened the tips of the MNs and resulted in 
complete under-etch of the etch masks. This etch 
step was 5 min 30 sec long and performed with the 
same parameters as the first etch step. A mould for 
fabrication of a negative PDMS stamp was prepared 
by placing a Si MN array with size of 8.5x8.5 mm in a 
PMMA frame. Sylgard® 184 silicone (Dow Corning 
Corporation, USA) was mixed in 10:1 weight-to-
weight ratio of elastomer and curing agent and 
thereafter poured into the mould.  After curing for 
12 h at 60oC the negative PDMS stamps were 
demoulded from the MN arrays. The MN arrays re-
mained intact after demoulding and could be re-
used.   

2.2 Preparation of Furosemide-loaded PCL Films 

For the first evaluation of the hot embossing 
process and mechanical stability of PCL MNs, pure 
PCL films were fabricated similarly to Nagstrup et al. 
[13]. A 15 w/w% PCL solution was prepared by mix-
ing PCL granulate (80 kg/mol) (Sigma-Aldrich, USA) 
with dichloromethane (Sigma-Aldrich, USA). The so-
lution was heated to 50oC and stirred for 12 h result-
ing in a clear and homogenous solution. The PCL 
films were fabricated by spin coating a 4 inch Si wa-
fer with three layers of PCL solution. Each layer was 
coated at a spin speed of 800 rpm for 1 min and sub-
sequently dried for 5 min before applying the next 
layer. The films were peeled off the wafer and cut 
into pieces of approximately 15x15 mm. Thickness 
measurements were performed with an Alpha-Step 
IQ Stylus profiler (KLA-Tencor, USA). The film thick-
ness was measured to be 194±13 µm (mean ± SD). 
For direct embossing of drug loaded MNs, PCL films 
loaded with 20 w/w% furosemide were prepared 
[23]. A PCL-furosemide (PCL-F) solution was pre-
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pared by mixing 8 g of PCL granulate with 2 g of fu-
rosemide (Fargon Nordic A/S, Denmark) in 20 mL of 
dichloromethane, and 40mL of acetone (Sigma-Al-
drich, USA). The solution was heated to 40oC and 
stirred at 300 rpm for 24 h resulting in a clear and 
homogenous solution. The PCL-F films were fabri-
cated by spin coating four layers of PCL-F solution. 
Each layer was coated at a spin speed of 400 rpm for 
1 min and subsequently dried for 5 min before ap-
plying the next layer. The resulting film thickness 
was measured to be 115±5 µm. The films were 
stored for drying at ambient temperature for several 
days to ensure complete evaporation of the highly 
volatile solvents before further processing. 

 
2.3 Fabrication of Polymer Microneedles 

A bonding press with a force gauge and heat 
controller (Paul-Otto Weber GmbH, Germany) was 
used for the hot embossing process. The PDMS 
stamp and a piece of PCL/PCL-F film were placed in 
the bonding press, which was heated to 60oC. A 
pressure of 1.4 MPa was applied for 3 min in order 
to achieve complete filling of the MN cavities of the 
stamp. The pressure was then released and the 
setup was cooled down to 24oC. Finally, the polymer 
MN array was peeled off the stamp. SEM examina-
tion and measurement of MN dimensions were per-
formed in a Zeiss Supra 40 VP (Carl Zeiss AG, Ger-
many). 

2.4 Gelatine Penetration Test 

A 10 w/w% gelatine gel (Gelatine from porcine 
skin, gel strength 300, Type A, Sigma-Aldrich, USA) 
was prepared by heating to 53oC and stirring for 3 h 
at 100 rpm. The solution was poured into a mould 
with a diameter of 20 mm and a depth of 9 mm. The 
gel was cooled to room temperature (24oC) before it 
was placed in a fixture preventing sideways move-
ment of the gelatine during the test. A MN sample 
with diameter of 6 mm and an average array consist-
ing of 275±6 MNs was punched out of the PCL MN 
array using a biopsy punch and placed on the gela-
tine sample. A TA.XT Texture Analyzer (Stable Micro 
Systems, Great Britain) with a 10 kg load cell and a 
10 mm probe was used to push the MN sample into 

the gelatine gel and simultaneously measure the ex-
erted force. The test was initiated when reaching a 
force of 0.03 N. The probe pushed the MN sample at 
0.01 mm/s until an indentation depth of 2.5 mm was 
reached. After the penetration test, the MN samples 
were examined in the SEM and the gelatine was ex-
amined under a Zeiss LSM700 confocal microscope 
(Carl Zeiss AG, Germany) to identify failure of the 
MNs and penetration of the gelatine gel, respec-
tively. 

2.5 In vitro drug release 

The in vitro release of furosemide from MNs 
was measured in real time using UV absorbance in a 
similar setup as described earlier [24]. Before the re-
lease experiments, standard curves of furosemide 
were recorded in phosphate buffer (PBS) at pH 6.5. 
For the release experiments, MN samples were at-
tached to cylindrical magnetic stirrers and placed in 
individual vials of a µDiss Profiler (Pion inc, USA) 
with 10 mL of PBS. The release experiments were 
run at 37°C with a stirring rate of 100 rpm and the 
mirrors mounted on the probes provided an optical 
path length of 1 mm. Recorded spectra were ana-
lyzed in the wavelength range 310-350 nm over a 
period of 18 h. For comparison, flat PCL-F film sam-
ples were prepared in the bonding press without 
stamp using identical embossing parameters as de-
scribed above. The weight of each sample was meas-
ured prior to the release study using a microbalance 
in order to estimate the amount of furosemide. 

3. Results and Discussion 

3.1 Microneedle fabrication 

The result of the Si MN fabrication process are 
tapered pillar MNs (Figure 2.a-b) with a height of 
275 ± 3 μm and a diameter of 84 ± 1 μm . The Si MNs 
were successfully replicated in PCL and furosemide 
loaded PCL using the PDMS stamp. The resulting 
MNs shown in Figure 2.c-e have a height of 270 ± 5 
μm and a diameter of 84 ± 3 µm. The tip radius of 
the PCL MNs was around 1 µm (Figure 2.d). As seen 
from the measurements and Figure 2 the Si MN and 
polymer MNs showed excellent replication fidelity. 
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3.2 Gelatine Penetration Test 

Examination of the gelatine gels and PCL MN 
samples after the penetration tests revealed that 
the MNs had created permanent indentations in the 
gelatine (Figure 3.a). The indentations in the centre 
of the imprint were less pronounced (Figure 3.b, 
depth 7 µm), while the indentations in the periphery 
of the imprint were comparatively larger (Figure 3. 
C, depth 17 µm). Furthermore, cracks were identi-
fied in some of the indentations, indicating that the 
MNs were able to penetrate the surface of the gela-
tine gel (Figure 3.d-e). However, penetration depth 
could not be evaluated quantitatively using confocal 
microscopy or by analysis of force displacement 
curves. This might be due to the bed-of-nails effect 
caused by too close proximity of neighbouring MNs 
resulting mainly in a deformation of the gelatine gel 
and not an actual penetration of the MNs at their 
full length [25]. The distance between the MNs 

should therefore be increased in future studies in or-
der to improve gel penetration. The PCL MNs 
showed no signs of failure or deformation after the 
penetration test and all MNs were standing straight 
(Figure 3.f) even though the array was exposed to a 
compressive force of 0.7 N during the test. 

3.3 In vitro Drug Release 

Figure 4 shows the release curves with the con-
centration of furosemide in 10 mL PBS buffer at pH 
6.5 measured by UV absorbance. Initially a faster re-
lease of drug is observed for the samples with MNs 
due to the larger surface area compared to the PCL-
F films which was estimated to be 46.6 mm2 and 
28.3 mm2, respectively. After 6 hours, the increase 
in concentration was similar for both types of sam-
ples. This might indicate that the MNs released all 
the furosemide and that further increase in concen-
tration was due to drug release from the underlying 
film. The initial amount of furosemide loaded in the 
samples was estimated based on the mass before 

Figure 2 - SEM images of Si MNs (a-b) and PCL MNs (c-e) for comparison; tip radius in (e) is 1.05 µm (white circle) 
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the release experiments. Table 1 compares those 
values with the amount of furosemide released from 
the MNs and PCL-F films after 18 hours. More drug 
was released from the MNs compared to the films 
due to the larger initial volume of drug-polymer ma-
trix. However, in both cases the released amount 
corresponded to close to 100% of the initial amount 
of drug loaded in the samples. The proportionality 
between the amount of released furosemide and in-
itial amount of drug loaded in the samples indicates 
that the furosemide was homogenously distributed 
in the films and MNs. 

 

 

Table 1 - Estimated drug load in MNs and film samples and 
amount of furosemide released after 18 h in PBS. 

 Total 
Mass 

Estimated 
amount of 

Furosemide 

Released 
amount of 

Furosemide 

Released drug 
compared to 

initial amount 
MNs 3.83 mg 0.77 mg 0.76 mg 99.4 % 
Film 3.33 mg 0.67 mg 0.65 mg 97.0 % 

Figure 4 – Release of furosemide drug in 10 mL PBS pH 6.5 from 
F-PCL films and arrays of 275 MNs (N=3).  

4. Conclusion 

In this study, tapered pillar MNs with a length 
of 275 ± 3 μm and a diameter of 84 ± 1 μm were 
fabricated in Si and subsequently, replicated in PCL 
with a fast, simple and low-temperature method. 
The MNs had the mechanical stability to withstand 
the forces of 0.7 N when in contact with 10 w/w% 
gelatine gel and were able to create imprints and 

Figure 3 - a) imprint created by the MN array shown in Figure 3(f); confocal microscopy profiles for indentations in the centre, depth 7 µm  
(b) and at the periphery, depth 17 µm (c) of the gelatine; cracks observed for indentations at the periphery (d) and in the centre of the 
sample (e); f) top view of a MN array after the penetration test 
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cracks indicating penetration of the gelatine gel. Fur-
thermore, the hot embossing method allowed load-
ing of the MNs with 20 w/w% of the model drug fu-
rosemide and release by diffusion within 18 h at 
37oC. The shape and dimensions of the MNs are 
solely defined by the mask design and the etching 
times for the fabrication of the Si master and can be 
modified accordingly. In future studies, the influ-
ence of different MN geometries on the drug release 
will be studied.  
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