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ARTICLE INFO ABSTRACT

Keywords: Many fabrication methods for microneedle (MN) involve harsh conditions and long drying time. This study aims
Dissolving microneedles to fabricate a dissolving MN patch in a simple and efficient manner under mild conditions, using a combination
PVP of thermal and photo polymerisation. The MN patch was fabricated by pre-polymerisation of vinylpyrrolidone
Thermfdl solution with heating followed by photolithography. The heating temperature and time of pre-polymer solution
Photolithography . - . . Lo . . . ]
Microneedle curing were optimized based on viscosity measurement. The MN properties including shape, size, skin pene
Fabrication tration, dissolution, moisture absorption were determined. The fabricated MNs were sharp and consistent. The

heated N-vinylpyrrolidone solution required less UV exposure time, thus reducing the total fabrication time. The
percentage of MN penetration in human cadaver skin was more than 33.9%. The MN was dissolved within
1-2 min in water, or 40 min in saturated water vapor.

1. Introduction

Transdermal delivery is a useful way for drug administration, re-
ducing the first-pass drug degradation and other side effects. Stratum
corneum, the topmost layer of skin, while playing a significant role in
protecting body from environmental noxious substances, impedes drug
penetration through skin (Marwah et al., 2016). Hydrophilic drugs and
large molecules show low permeability via passive diffusion. To this
end, several techniques, such as chemical enhancement(Shen et al.,
2018), iontophoresis(Chen et al., 2009), electroporation(Wei et al.,
2014), acoustical methods(Alexiades, 2015), microneedles (MN)
(Daugherty and Mrsny, 2003; Kathuria et al., 2015a; Kathuria et al.,
2016; Kochhar et al., 2013b; Li et al., 2015; Prausnitz and Langer, 2008;
Prausnitz et al., 2004), have been developed to enhance drug permea-
tion through skin.

The application of MN is to pierce into the skin surface and create
micron-sized passages, enabling the absorption of macromolecules into
and/or through the skin (Gill et al., 2008; Liu et al., 2014). In the past
few decades, several types of MN have been developed, including solid
MN, coated MN, hollow MN and dissolving MN (Kim et al., 2012).
Recently, Li et al reported solid effervescent MN patches to deliver
contraceptives facilitating long-acting contraception (Li et al., 2019).
The administration by dissolving MN made from biocompatible mate-
rials eliminates the risk of needle breakage in the skin and biohazardous

sharp waste. Dissolving MN patches have been reported to deliver
proteins, nucleic acids and vaccines(Chen et al., 2015; Kathuria et al.,
2015b; Kochhar et al., 2014; Kochhar et al., 2013a; Koh et al., 2018; Lee
et al., 2015; Li et al., 2015; Song et al., 2012; Sun et al., 2015). Re-
cently, an influenza vaccine delivered by dissolving MN patches com-
pleted a clinical trial (Rouphael et al., 2017).

To fabricate dissolving MN, several methods have been developed,
including photolithography (Kochhar et al., 2014), drawing lithography
(Fleischmann et al., 2012), droplet-born air blowing (Kim et al., 2013),
and electro-drawing (Vecchione et al., 2014). The electro-drawing re-
lies on surface drawing and quick solidifying, which is rapid but has less
design flexibility than moulding. The drawing lithography has limited
material selections and requires high temperature (Fleischmann et al.,
2012). The droplet-born air blowing requires accurate control of ma-
chine function, e.g., uniform and intense air blowing for quick drying
(Kim et al., 2013). The soft lithography method is fast and scalable but
need high temperature (Moga et al., 2013). Moulding method is low-
cost and operated in mild condition but needs long drying time (Lee
et al., 2008; Vassilieva et al., 2015).

Sullivan, S. P et al reported the use of photo-polymerisation and
micromoulding to fabricate dissolving MN with polyvinylpyrrolidone
(PVP) (Sullivan et al., 2010; Sullivan et al., 2008). In liquid form at
room temperature, the monomer of PVP, i.e., N-vinylpyrrolidone, can
be polymerised by UV irradiation (Fig. 1). It avoids the addition of
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Fig. 1. Fabrication of micromould and dissolving MN patch. The schematic representation of fabrication process of mould (a) using MN master and dissolving MN (b)

using PDMS mould.

organic solvent. With no subsequent drying process, the fabrication
process is faster than other moulding methods. Nonetheless, this fab-
rication process requires more than 30 min of UV exposure, which may
cause drug degradation and prolong the fabrication time.

To this end, we hypothesize that the UV exposure time can be
shortened by heating the pre-polymer solution prior to photocuring.
Furthermore, the bioactive can be loaded after cooling the pre-poly-
merised solution, prior to photopolymerization. To examine the effect
of heating on polymerisation and solidification, we studied the poly-
merisation of N-vinylpyrrolidone at various temperatures and recorded
the solution viscosity. The mechanical properties, dissolution and skin
penetration of the resultant MN were also studied.

2. Materials and methods
2.1. Materials

Polydimethylsiloxane (PDMS) was obtained from Dow Corning
Corporation, Midland, USA. The 3M Microchannel Skin System (MSS)
made of plastic consisting of MN in rectangular array (13 by 27 array,
or 351 needles) with needle height of about 700 pm and a tip-to-tip
needle spacing of 500 um was used as MN master structure. The 1-vinyl-
2-pyrrolidone was obtained from Merck, Germany. Hyaluronic acid
(HA) (8-15 kDa) from Making Cosmetics Inc., USA; 4,4’-azobis (4-cy-
anovaleric acid) (ABCV) from Sigma Aldrich, USA. Water was purified
with Millipore Direct-Q system. The ultra-pure grade phosphate-buf-
fered saline (PBS) was obtained from Vivantis, Malaysia.

2.2. Fabrication of micromould

The moulds were fabricated via thermal curing of PDMS with em-
bedded 3M MSS as the master structure. The elastomer and curing
agent (10:1) (Kathuria et al., 2015b; Pan et al., 2013), was mixed in
disposable plastic cups using a plastic spatula, vacuumed at -95 kPa for
10-20 min to remove the entrapped air bubbles. Thereafter, the dea-
erated mixture was poured slowly into the plastic petri dish
(835 mm X 10 mm, Nunclon, Denmark), touching the sides to prevent
air entrapment, it was vacuumed again as necessary. Later, it was kept
for curing in hot air oven at 70 °C for 2 h. The cured PDMS with 3M MSS
was gently taken out from the petri dish using a surgical blade. The 3M

MSS was gently peeled off from the cured PDMS to get the PDMS mould
to prepare PVP MN (Fig. 1b).

2.3. Examination of heating effect

2.3.1. Viscosity

Amber glass bottles were equilibrated on the hotplates for 2 min,
maintained at various temperatures (40, 60, 80 and 90 °C). 2 mL of N-
vinylpyrrolidone (containing 1% or 0.5% w/v ABCV) was added to the
equilibrated amber glass bottles on the hotplate. Three replicates of the
N-vinylpyrrolidone were placed on the hotplates at each temperature.
The samples were taken from each bottle at various time points until
the solution becomes very viscous or solidified. All samples were im-
mediately stored at 4 °C to prevent further polymerisation due to re-
sidual heat in mixture, until they were analysed for viscosity on the
same day using a cone and plate viscometer (Sheen Instruments, UK).
The viscometer was set at temperature 25 °C, speed 750 rpm, preheat
time 15 s, run time 20 s.

2.3.2. UV fabrication time after thermal prepolymerisation
Pre-polymerised solution of varying viscosities, obtained after
heating of N-vinylpyrrolidone (containing 1% w/v ABCV) at various
temperatures, was UV-polymerised in a PDMS mould and the time to
form MN was recorded. The UV exposure was performed in intervals of
2.5 min until the solution was solidified. This was tested by checking
the surface with the stainless-steel spatula, where hard backing was
taken as the end point of MN patch formation. The spatula method was
validated by using a force gauge (supplementary information, SI1).

2.4. Fabrication of MN

2 mL of N-vinylpyrrolidone (containing 1% w/v ABCV) was initially
pre-polymerised using heat (for 2 min at 90 °C) and then allowed to
cool down for 1 min at room temperature. Thereafter, the pre-poly-
merised mixture was pipetted onto an oiled PDMS micromould as de-
scribed in earlier section, vacuumed at -95 kPa for 10-20 min to fill the
micro cavities. Subsequently, the system was irradiated with the UV
light at 100 W (9 cm away from UV source) for 8 min (Fig. 1c). The
hyaluronic acid (HA) was incorporated as a model cosmetic ingredient
(Choi et al., 2017), to study the effect on skin penetration and effect on
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Fig. 2. Microscopic images of micromould and MN patches. (a-b) MN master. Microscopic top view (c), cross section (d) and side view (e-f) of fabricated PDMS
mould. Microscopic image of blank PVP MN (g-i) and PVP MN with (j) 20% HA and (k) 40% HA.

moisture absorption. Shim et al, has also reported the combination of
HA, PVP and carboxy methyl cellulose MN patch prepared using mi-
cromoulding drying (Shim et al., 2018). The super-low molecular
weight HA (8-15 kDa) was added to PVP MN arrays at 20% and 40%
w/v concentrations. The direct photolithography approach utilizing
photomask was also studied to fabricate PVP MN.

2.5. Dissolution of MN

The dissolution of MN was tested in two conditions. First, a petridish
was filled with 10 mL of distilled water and MN patch was individually
submerged. In the second setup, a saturated moisture chamber was
used. The MN patch was fixed on the glass slide using double-sided
tape. The glass slide with MN patch was placed slanted in the cavity of
self-designed PDMS structure kept in petridish. Before the addition of
dissolution medium into the cavity, Nikon SMZ25 stereomicroscope
(Nikon, Japan) was used to observe the MN array. Later, the cavity was
filled with 20 mL of phosphate buffer saline to submerge the MN patch.
The dissolution of MN patch was recorded under microscope. Similarly,
the MN patch was also observed in saturated moisture condition.

2.6. MN penetration efficiency

The MN penetration efficiency was studied using an in vitro model
(Larraneta et al., 2014; Quinn et al., 2015). Parafilm M® was folded into
eight layers without stretching (~1 mm in thickness). The folded par-
afilm was placed on a cured PDMS support. The MN patch was placed
onto the parafilm. Later, using a strain gauge (JSV H1000, JISC, Japan),
the movable probe was lowered at 20 mm/min until a force of 25 N
(0.06 M/needle) was exerted and held for 1 min. This load was chosen
to mimic the average human thumb force (Mathiowetz et al., 1985).
The paraffin film was then unfolded, and the number of penetrated
holes in each layer was counted using a stereomicroscope.

Further investigation was done using human cadaver skin samples
(Science Care, Phoenix, AZ, USA). The use of cadaver human skin for
this study has been reviewed by the National University of Singapore
Institutional Review Board and subsequently exempted because the
cadaveric tissues used in this study were without identifiable private

information. The cadaver skin came from a 92-year-old Caucasian fe-
male. Frozen skin samples were thawed for 20 min at room tempera-
ture. Subsequently, it was cut into 4 cm X 4 cm pieces. The skin pieces
were placed on wet tissue, and later kept aside for 15 min to equilibrate.
The pressure was applied by using the strain gauge onto MN patch for it
to penetrate the skin at 25 N for 1 min. The penetrated skin was flooded
with trypan blue dye and left on skin for 30 min before rinsing away the
excess dye with 70% ethanol, then wiped with tissue. The number of
stained punctures was counted under stereomicroscope.

2.7. Skin histology

The human cadaver skin samples after penetration study were
stored in 10% normal buffered formalin at 4 °C first, and later, soaked
in 15% w/v sucrose solution overnight before cryo-sectioning. The
samples were cross-sectioned using the a microcryostat (Leica,
Germany) to obtain cross sections of 20 pm on gelatine-coated glass
slide. The cross sections were stained according to standard protocols of
haemotoxylin and eosin (H&E) staining. The stained samples were
imaged and analysed using the stereoscopic microscope.

3. Results
3.1. Characterisation of mould

The fabricated PDMS mould had satisfactory integrity and precision.
The micro cavities with sharp tips were obtained. The micromould
cavities were 13 X 27 array with a height of 700 pm and tip-to-tip
distance of 500 um (Fig. 2a-f).

3.2. Characterisation of MN

The MN formed by the new process was sharp and their dimensions
followed the the master structure (Fig. 2g-k). The oiling step helped the
removal of MN patch from the mould. The oiling was essential, without
which the PDMS would be torn off from the micromould (SI2). The MN
patch was hygroscopic, which tends to absorb moisture from the en-
vironment and softens in a few min. Therefore, the MN patches were
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Fig. 3. Optimization of thermal polymerization. (a) Viscosity of VP solution (1% w/v ABCV) on heating at 40, 60, 70, 80 and 90 °C. (b) Effect of ABCV concentrations
on viscosity on heating at 90 °C. (c) UV fabrication time of MN patch using varying viscosities of partially pre-polymerised mixture (thermal curing, 1% ABCV).

stored in a desiccator following fabrication. The fabrication involving
direct photolithography and moulding with only thermal polymeriza-
tion approach was unsuccessful (SI3).

3.3. Effect of heating on fabrication

The ABCV serves as an initiator for both photo and thermal cross-
linking. The heating effects on extent of polymerisation (expressed as
viscosity) at different temperatures (40, 60, 80 and 90 °C) with varying
time were investigated. It was observed that with increase in heating
temperature of the pre-polymer solution, the polymerisation was faster
(Fig. 3a). The amount of ABCV also affected the time of polymerisation.
Compared to 0.5%, 1% w/v ABCV solution polymerised faster when
heated at 90 °C (Fig. 3b). Moreover, the MN fabrication time (UV ex-
posure time) decreases as viscosity of polymer solution increases
(Fig. 3c). The increase in viscosity at a temperature with respect to time
was a result of continuous thermal polymerisation. These form the basis
of faster fabrication method for MN fabrication where N-vinylpyrroli-
done was first thermo-polymerised followed by UV polymerisation in
the mould. The UV polymerisation allowed the MN fabrication under
mild condition at room temperature. Although the method of fabrica-
tion involved heating of N-vinylpyrrolidone monomer, active in-
gredients can be incorporated post-heating after the polymer solution
has cooled down. The MN fabrication using thermal polymerisation and
photolithography shortened the MN fabrication time, which can also
potentially benefit the thermally unstable actives. The reduction in
fabrication time was at least three times compared to direct UV poly-
merisation.

3.4. Dissolution of MN

The dissolution of MN occurred rapidly in water, which showed that
it has the potential of rapidly delivering the bolus dose of active in-
gredients. Furthermore, when exposed to saturated moisture chamber,
the MN were completely dissolved within 45 min (Fig. 4 and video).

3.5. MN penetration efficiency

The number of holes created by the array on each parafilm layer was
counted to calculate the percentage penetration. Based from an earlier
work (Larraneta et al., 2014), if penetration was counted as greater
than 20% of all needles penetrated, the depth of insertion can be esti-
mated from the thickness of the parafilm layers. The blank MN per-
formed good penetration of 2 parafilm layers (Fig. 5a-b).

The penetration of the blank MN, 20% and 40% w/v HA MN were
greater than 20% up to second layer. The thickness of parafilm layer
was measured 154 + 6.8 uym. The MN penetration depths of all MN
patches were ranging 308-462 pum. It was observed that percent pe-
netration dropped as more HA (40 %w/v) was added to the MN
(Fig. 5¢). This may be due to the weak strength of the HA-loaded MN. It
was also observed that 40% w/v HA MN patch has less number of fully
formed MN. This could be attributed to interference in formation of the
rigid MN structures or the MN being more brittle to break during re-
moval from mould at higher HA concentration (40%, w/v). The MN
also had good performance in the penetration of human skin (Fig. 6).
The clear visible penetration in skin after trypan blue staining was >
33.9%. In addition, H&E stain also showed multiple penetration inside
the treated skin. The depths of penetration of MN based on micropores
were < 100 um. Furthermore, the MN tips were broken (Fig. 5b) after
1 min of application on human skin.
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Fig. 4. In vitro dissolution of MN patch. (a) Schematic of dissolution setup for PVP MN patch submerged in the water. (b) Schematic of dissolution setup for PVP MN
patch in saturated vapor in a sealed container. (c) Microscopic image of PVP MN showing dissolution in water. (d) Microscopic image of PVP MN showing dissolution

in saturated vapor.

4. Discussion

We have fabricated dissolving MN patch utilizing thermal and
photo-polymerisation. The resultant MN had similar geometry

a,

resembling the master. Sullivan et al also used UV polymerisation to
form PVP MN from N-vinylprrolidone with 1.5% w/v azobisisobutyr-
onitrile as the photoinitiator (Sullivan et al., 2008). In the present

study,
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Fig. 5. MN patch penetration in parafilm layers. (a) Insertion of blank MN into parafilm layers 1-3. (b) MN after insertion into parafilm. (c) Percentage of insertion in

each parafilm layer and insertion depths (calculated by considering the thickness of parafilm (154

+ 6.8 um)).
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Fig. 6. MN patch penetration in human cadaver skin. (a) Insertion of blank PVP MN into human cadaver skin stained with trypan blue. (b) MN after insertion into
parafilm. (c-d) H & E stained images of MN treated skin showing micro-punctures. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

polymerisation by thermal curing, which can accelerate the MN fabri-
cation process. Moreover, the ABCV was used as bifunctional initiator
(thermal and photo) at a concentration of less than 1% w/v.

Although the current fabrication added an additional heating step, it
reduced the UV exposure time. The fabrication time may be reduced
further for scale-up by optimisation of factors affecting thermal poly-
merisation, for e.g., heating time, heating temperature, bulk heating
volume, mixing speed, etc. This will allow for the heating of N-vi-
nylpyrrolidone solution in bulk; subsequently, large number of MN
patch may be fabricated rapidly with reduced UV exposure time, which
would increase fabrication turnover rate.

In addition, higher viscosity pre-polymer solution may be desirable
if incorporated active ingredients need to be suspended in the pre-
polymer solution. However, very high viscosity of pre-polymer mixture
(> 1200 mPa s) would need high vacuum for filling into micromould,
thus selecting too high a viscosity may not be desirable. Nevertheless,
for production of large numbers of MN patches, the current method
may be more efficient.

The parafilm model has been widely used for skin penetration
testing (Larraneta et al., 2014). However, the penetration efficiency of
blank PVP MN into human cadaver skin was at least 33.9%, which was
lower than the penetration efficiency of MN in parafilm model. This
could be due to lower depth of penetration where all micropores were
not stained by trypan blue and another reason could be wet surface of
the cadaver skin, which causes rapid softening of MN.

The observation from moisture absorption also could support this
attribute, which warrants the need of proper storage to avoid changes
in mechanical strength (SI4). The thumb force (described as a force that

one would apply on elevator button) may range from about 10 to 40 N.
The force of ~20 N applied in this study has been estimated to be the
medium force of the thumb for both male and female (Larraneta et al.,
2014). As this study has demonstrated penetration with ~20 N force
with thumb, the MN patch would allow for comfortable insertion in
self-administration by patients.

The dissolution of MN is a crucial information which is mostly
studied using skin (Koh et al., 2018; Sullivan et al., 2008), gel (Nejad
et al., 2018) and phosphate buffer. Here, the MN was partially intact
(tips were broken) after 1 min of application onto human skin in the
penetration study. This suggested that the dissolution of MN inside the
skin cannot be as fast as dissolution in water.

Therefore, submerging the MN in water is not an ideal model of
dissolution in human skin because the artificially high-water exposure
would have been unrealistic and led to instant dissolution. In contrast,
the dissolution testing in water vapor (Fig. 4) would be more suitable
for dissolution study. This condition would be closer to skin condition
where the MN after skin penetration will not come into immediate
contact with the bulk fluid, rather it slowly swells, followed by dis-
solution in interstitial fluid inside skin.

In terms of toxicity, PVP has a long-standing reputation to be safe
for human use, for instance, as an excipient for tabletting. Moreover,
Sullivan et al reported that PVP with molecular weight less than 25 kDa
get excreted via urinary excretion (Sullivan et al., 2010; Sullivan et al.,
2008). The fabricated PVP MN was estimated to have lower molecular
weights (SI5). After insertion of MN into skin, PVP will dissolve in the
interstitial fluids of skin, and then be eliminated via urine. Similarly,
ABCV also showed acceptable safety profile. It had been used as the
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initiator for N-vinylpyrrolidone copolymer ocular insert in an in vivo
study with albino rabbits (Barbu et al., 2005). In another study, the
cytotoxicity testing of photo-polymerized hydrogels containing ABCV
for use as burn dressing was reported to be non-cytotoxic (Nalampang
et al., 2013).

5. Conclusions

We fabricated dissolving MN with minimal UV exposure and ac-
celerated fabrication process. The findings are potentially useful for
upscaling MN patch mass production.
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