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To ensure the safe and effective application of microneedles for
drug delivery to the skin, the mechanical properties the micronee-
dles and their ability to penetrate the skin are critical quality
control parameters. While ex vivo and in vivo evaluations may be
valuable to demonstrate actual skin penetration, they can be costly
and difficult to accomplish consistently due to the inherent bio-
logical variability of the skin. On the other hand, in vitro
approaches provide a facile means of characterising the intrinsic
mechanical properties of the microneedles, independent of such
biological variability. Thus, they can be used to predict and screen
for the in vivo and ex vivo performance of new microneedle formu-
lations. A variety of experimental configurations has been reported
in the literature focusing on mechanical evaluations including
compression tests and in vitro microneedle insertion studies using
a non-biological skin simulant, Parafilm® M. However, there has
been a paucity of data that address the comparability of the
various experimental configurations. Here, we evaluated several
methods for assessing the mechanical properties of microneedles
in vitro, including their ability to insert into a non-biological skin
simulant under a defined axial force, and share some insights into
the experimental design and data interpretation.

Microneedles (MNs) are an array of micron-sized needles with
a length up to 2000 pm, which are sufficient to penetrate the
stratum corneum of human skin without damaging blood
capillaries or nerve endings.! By creating micron-size pores in
the skin, MN arrays offer a painless and active penetration
enhancement strategy to increase skin permeability for drug
delivery. This strategy allows drugs that do not meet the cri-
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teria for transdermal delivery, including a molecular weight
<500 Da and a log P value of 1-3,” to be delivered successfully
across the skin. Prime drug candidates that can benefit from
this penetration enhancement strategy include very lipophilic
drugs or macromolecules such as proteins and DNA.>*

Skin penetration is a fundamental performance parameter
of MN arrays. MN arrays should be able to withstand the exter-
nal stress applied during their insertion into, or removal from,
the skin. The mechanical strength of MN arrays is a quintes-
sential criterion to avoid damage, including breaking and
bending during application or handling that will greatly limit
their clinical applications despite having a good drug dis-
solution and release profile. The types of materials used in MN
fabrication and the MN geometry (including but not limited to
the needle height, base diameter, inter-needle spacing and
aspect ratio) are also crucial in determining the performance
of MN arrays, to assure sufficient mechanical strength for skin
insertion.>® The mechanical strength of polymeric MN arrays
is usually attributable to the polymer base, whose mechanical
properties are often well understood. However, the addition of
drugs and excipients to the polymer base can drastically alter
the mechanical strength of the MN formulation. For these
reasons, the in vitro mechanical characterisation of MN arrays
is usually the first-line investigation to select formulations for
downstream performance evaluations, including ex vivo or
in vivo mechanical tests.

To ascertain the mechanical characteristics of MN arrays,
an arsenal of mechanical tests including mathematical simu-
lations have been established. In particular, compression (per-
centage reduction of MN length), axial and transverse failure
forces are widely measured. These tests not only mimic the
insertion of MN arrays into skin but also provide a simple yet
efficient method to quantify the mechanical properties of
MNs.° Using a texture analyser, MN arrays are typically
driven towards a flat aluminium block whereupon a force is
applied onto the MNs at the point of contact. With the aid of a
microscope, the mode of MN failure (e.g., fracture and
bending), together with the reduction in the MN height, can
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be observed. In addition, force vs. displacement data can be
obtained from the axial compression test to quantify the MN
failure force.'® These mechanical tests are pivotal to ensuring
that the MN arrays can puncture the skin without failure (e.g.
bending, buckling and fracturing).

Following these mechanical strength measurements, ex vivo
evaluations are commonly carried out to assess the ability of
the MN arrays to penetrate the skin. However, such ex vivo
evaluations are subject to biological variability in the tissues,
especially if they have been derived from different animal
models, such as pigs, primates and rodents."* Hence, an artifi-
cial membrane, usually Parafilm® M sheet, was proposed and
validated by Larrafieta, et al.® to mimic ex vivo skin in an
in vitro MN insertion study. Although the penetration holes on
the Parafilm® M sheet are commonly examined under a micro-
scope, they can often be observed easily without one. Given
that the thickness of the Parafilm® M sheet is known, the per-
centage of MNs penetrated as a function of the insertion depth
can be estimated. This technique provides a fast and repeata-
ble method to evaluate the skin insertion depth of MN arrays,
which is important in MN formulation development.®*?

Since the introduction of these methods for MN mechani-
cal evaluation and insertion study, there have been several
experimental configurations reported in the literature'*™*° but
these methodologies have not been validated against the orig-
inal method by Larrafieta, et al® This study attempts to
compare and validate the in vitro MN mechanical evaluation and
insertion study using Parafilm® M sheet in several experimental
configurations. We also share some intricate details on various
mechanical tests for MN characterisation, with a view to overcom-
ing the challenges that may be encountered in the analysis, includ-
ing the experimental setup and key experimental parameters.

The MN array formulation was first prepared using a
double casting technique. In the first casting step, 200 mg of
10% w/v of polyvinylpyrrolidone (PVP) K90 solution was cast
into the polydimethylsiloxane mould and centrifuged at 4020g
(RCF) for 15 min at room temperature to push the viscous
solution into the mould’s cavities.'” The excess PVP solution
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on the mould surface was scraped off and the content of the
mould was allowed to dry at room temperature for 1 h. Next, a
second layer was cast to form the MN baseplate. In this step,
300 mg of PVP K90 solution (40% w/v) was cast over the first
layer and centrifuged at 4020g (RCF) for 15 min at room temp-
erature. Next, the mould was placed in an oven at 40 °C for
24 h. Finally, the MN array was peeled off and kept in a desic-
cator for further use. The current mould makes 34 conical
needles of 500 pm in length and 175 pm in base diameter.

The axial compression test was performed using the TA-XT®
Plus texture analyser (Stable Micro Systems, Haslemere, UK).'®
The MN arrays were placed with the MNs facing up on a flat alu-
minium block of dimensions 9 x 10 cm and compressed against
a metal cylindrical probe (diameter: 50 mm) of the texture analy-
ser, as shown in Fig. 1A. The probe was set to move downwards
at a speed of 0.5 mm s~ until a fixed distance (0.5 mm for the
current PVP MN) was reached. The maximum force obtained
before MN failure was determined as the failure force.

Apart from whole MN array compression, single MN com-
pression was also employed with a configuration as described
above but replacing the probe with a smaller one (diameter:
2 mm). The probe was set to move downwards at a slower
speed, e.g. 0.02 mm s~ ' until the predetermined distance was
reached, as illustrated in Fig. 1B. Some neighbouring MNs
were removed for probe clearance where the MNs were too
close to one another.

To evaluate the insertion capability, a Parafilm® M inser-
tion study was performed by pressing folded Parafilm® M
layers to MNs using a P/50 movable probe or vice versa using
the same texture analyser. Eight sheets of Parafilm® M from
BRAND GmbH (Wertheim, Germany) were stacked together to
simulate the skin structure. Several experimental configur-
ations were attempted as shown in Fig. 2:

I. MN (needles facing down) in contact with Parafilm® M
sheets overlaying a dental wax (Fig. 2(I)) (modified from ref. 8
and 13)

II. MN (needles facing down) in contact with Parafilm® M
sheets (Fig. 2(11))"*>*

Fig. 1 Determination of MN failure force with axial compression using (A) P/50 and (B) P/2 movable metal cylindrical probe for whole MN array and

single MN, respectively.
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Fig. 2 Different experimental configurations for MN Parafilm® M insertion study with setup |, Il, lll and IV.

III. MN (needles facing down) attached to probe and
Parafilm® M sheets attached to the stage (Fig. 2(II1))**°

IV. MN (needles facing up) attached to the stage and
Parafilm® M sheets attached to the probe (Fig. 2(IV))

The probe moved downwards at 0.5 mm s ' until the
required force was reached (3 N was used for the current MN)
and was held for 30 s. After insertion, the MN array was
removed and the Parafilm® M layers were separated. The per-
centage of holes in each layer was determined based on

eqn (1).

Percentage of holes in Parafilm M layer(%)
number of holes in Parafilm M layer (1)
= x 100%
total MN number

This method was also used to estimate the MN penetration
depth by counting the percentage of holes created in each
Parafilm® M layer. The thickness of each Parafilm® M layer
was determined to be 110.0 + 1.2 pm (n = 5; different locations
of Parafilm® M sheets) using a digital micrometer (Mitutoyo®,
Kawasaki, Japan). Ex vivo skin insertion was performed using
full-thickness porcine ear skin as demonstrated by Tas, et al.*>
to confirm the suitability of the current MN design for skin
penetration. Briefly, the MN arrays were pressed using thumb
for 30 s into the excised skin with the support of dental wax
and cork board before staining with methylene blue. The skin
insertion ratio was calculated using eqn (2). Histological exam-
ination was also performed on the skin.*

Skin insertion ratio(%)
number of blue spots on the skin (2)
= x 100%
total MN number

Statistical analysis was conducted using IBM SPSS Statistics
for Windows, version 26.0 (IBM Corp., Armonk, N.Y., USA).
The data were analysed using one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test and the significant
level was set at p < 0.05.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The force-displacement curves of PVP MN arrays are
depicted in Fig. 3A. Needle failure is typically identified as a
sudden drop in the force. The maximum force applied
immediately before the drop is considered the MN failure
force. However, the results for the whole MN array com-
pression showed a gradual increase in the axial compression
force up to 14.5 + 3.8 N (n = 3) when it reached the distance set
(0.5 mm, equivalent to the nominal MN length), with no
apparent peak and subsequent drop in the force to indicate
the exact moment of MN failure, although the MNs were
visibly deformed after the test (Fig. 3C). In this instance, a
single failure force could not be assigned but it can be sur-
mised that the failure force was below 14.5 N.

The lack of a clear failure point in Fig. 3A(i) may indicate a
very gradual compression of the MNs without buckling.'® It
may also suggest that the MNs in the array did not all fail sim-
ultaneously.” Collectively, the MNs would have been better
able to withstand the compression force being applied than
any single MN would, since the force was distributed among
many MNs so the pressure on each MN was reduced. This
phenomenon is similar to the ‘bed-of-nails’ effect widely docu-
mented for skin insertion tests.*** If the MNs had failed at
different times, even if some did fail by sudden buckling, the
failure point of any individual MN could have been masked by
the collective strength of the other MNs. Even without sudden
buckling, gradual MN deformation can still impair the ability
of the MNs to penetrate the skin, so it is still an important con-
sideration. It is also worth noting that others have obtained
clear failure points with the whole MN array test with different
MN designs and formulations,” so the test outcome appears to
be dependent on MN design and formulation.

The validity of the test depends upon the pressure being
applied directly on to the MNs. Direct probe contact with the
baseplate at any point of the force-distance measurement
could result in overestimation of the MN strength. This situ-
ation can arise if not all MNs in the array make contact with
the probe simultaneously, thus the pressure exerted across the
MN array is uneven. Thus, the correct mounting of the MN

RSC Pharm., 2024,1, 227-233 | 229
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Fig. 3

(A) Force—displacement curves of PVP MN after performing axial compression test for (i) whole MN arrays and (ii) a single MN; microscopic

images of PVP MN (B) before and after performing axial compression test for (C) whole MN arrays and (D) single MNs (magnification: 6.3%; scale bar:

100 pm).

array for this compression test is absolutely critical.
Nevertheless, a quick check under the microscope or macro-pho-
tography could validate the mechanical changes in the MN,
including MN bending or fracture (Fig. 3B-D). Alternatively, syn-
chronous video recordings can also be used to pinpoint the com-
pression force being exerted from the visual appearance of the
MN, and vice versa.”® It is also important that the baseplate is
rigid and robust enough so as not to absorb any significant
amount of energy from the compression by deforming, or dissi-
pate that energy by breaking, before MN failure occurs, as this
could also misrepresent the MN strength. This is an important
consideration particularly if the MN and the baseplate are of
different compositions, e.g., where a softer material may be used

230 | RSC Pharm., 2024,1, 227-233

for the baseplate to allow better conformity to the skin contours.
This can be assured by closely monitoring the compression
event visually to rule out such changes in the baseplate.

On the other hand, single MN compression gave a sudden
drop in the curve at 0.32 + 0.07 N per needle (n = 15 for a total
of 3 MN arrays). It may be estimated to contribute to a total of
~11 N for the MN arrays with 34 needles. This aligns with the
interpretation of the whole MN array test (whole MN array
failure force <14.5 N). The mechanical changes of single MN
compression can be monitored under a microscope as shown
in Fig. 3D. Considering this, the single MN compression test
may be preferred to verify the uncertainties in the whole MN
array compression test results.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The compression test results for whole MN array and
single MN may not necessarily agree with each other, but may
differ somewhat for the following reasons. In the whole MN
array test, the measured strength of any MN is dependent on
how other MNs in the same array respond to the com-
pression. As such, the whole MN array test may be more sus-
ceptible to variability arising from slight differences in MN
length, heterogeneity in MN composition, movement of the
baseplate during compression and, indeed, the compression
behaviour of individual MNs in that array. The force being
exerted on the whole MN array may be unevenly distributed
among the MNs due to the factors above. The contact surface
area may vary from MN to MN as the test progresses, and how
each MN responds to that pressure may be influenced by the
state of other MNs in the array at any given moment. The pro-
posed masking effect described earlier is an example of this.
Single MN tests are truly independent from each other and
are not susceptible to these additional variables. Our data
suggest that the single MN test can be more sensitive as it
showed a clear failure point where the whole MN array test
did not. However, the whole MN array test better reflects in-
use scenarios for MN array patches. Both tests provide useful
information about the strength of the MNs but each has its
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own advantages and limitations, as outlined above. At this
point, it is difficult to conclude which test is more accurate or
preferable. The appropriate choice of test will likely vary
between studies, depending on the MN design/formulation
(e.g. the single MN test may be challenging with densely-
packed MN arrays) and the scope of the investigation.
Whichever test is used, the overriding consideration is to
achieve a reasonable safety factor or margin of safety to
assure successful skin penetration.

The safety factor can be calculated as the ratio of the MN
failure force to the skin insertion force for the MN.?*®*” The
MNs should possess a safety factor >1 to achieve successful
skin insertion without mechanically failing.”® The PVP MNs
had a safety factor of ~4 based on the single MN compression,
suggesting that the MNs could withstand ~4 times the force
needed to insert them into the skin, thus giving much assur-
ance that the MNs would not fail mechanically during skin
insertion. The interpretation of these results across different
studies should take into account any differences in the
polymer used, MN geometry, MN density, all of which play a
major role in determining the mechanical and insertion pro-
perties of MNs. Nevertheless, a safety factor >1 is needed to
guarantee skin insertion.
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Fig. 4 Digital images of the holes created in each Parafilm® M layer after the application of PVP MN using different experimental configurations
(left panel) and the corresponding profile for the percentage of holes created in Parafilm® M layers (right panel) (mean + SD, n = 3).
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Fig. 5
(stained with haematoxylin and eosin; scale: 100 pm).

For in vitro MN insertion study, the number of holes
created in each Parafilm® M layer corresponded to the
number of MNs that successfully penetrated that layer (Fig. 4).
Setup I was adapted from Chen, et al."® and Larrafieta, et al.,®
the latter having pioneered the validation of Parafilm® M
insertion test for MN mechanical evaluation and serves as the
reference method. Generally, it is expected that the MNs will
not insert fully into the Parafilm® M, so the penetration depth
will be less than the MN length. For example, Larrafieta, et al.®
reported insertion depths of ~60%. In the current study, all
four setups showed successful MN insertion down to the
fourth Parafilm® M layer (equivalent to ~440 pum), although
the number of MNs that penetrated declined progressively
down the layers (Fig. 4). This insertion depth was nearly 90%
of the MN length and greater than that reported by Larrafieta,
et al.® This difference was likely due to differences in the MN
array design, such as the aspect ratio and pitch (centre-to-
centre distance) of the MNs between these studies. Also, in the
current study, there was no significant difference in the
number of MN inserted at all insertion depths among the
different setups (p > 0.05, ANOVA). Nevertheless, the literature
commonly reports that MN arrays of similar strengths that
penetrated up to 2-3 layers of Parafilm® M also demonstrated
successful ex vivo and in vivo animal skin penetration.'>"*?>®
To verify this, the PVP MN arrays used in this study have been
demonstrated to achieve 93 + 7% of skin insertion ratio ex vivo
(n = 20), showing a penetration depth of 255 + 60 pm (n = 30;
10 data for 3 MN arrays) as illustrated in Fig. 5. This strongly
affirmed the suitability of the MN design for the validation of
the in vitro mechanical test discussed above. A lower ex vivo skin
penetration depth was expected as compared to the entire MN
length due to the histological processing of the skin tissue.

In conclusion, the mechanical properties of MN arrays are
of utmost importance to warrant the effective application of
the MN formulation for drug delivery to the skin. This work
has demonstrated some in vitro methods for evaluating the
mechanical properties of MN arrays, and highlighted some
important considerations when designing and executing them.
A single failure force may not be assignable for the axial com-
pression test using whole MN arrays. Alternatively, the single
MN test may be more useful for single failure force determi-
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(A) Digital image of PVP MN insertion into porcine ear skin and cross-sectioned view of (B) untreated skin and (C) skin pierced by MN

nation, especially for fundamental understanding of formu-
lation and MN design factors. For the in vitro MN insertion
study, the different experimental configurations produced
comparable results. The adoption of the test configuration is
likely to depend on the experimental and MN designs.
Regardless of the method, these facile tests can speed up the
process of MN formulation design.
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