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Engineering Microneedle Patches for Improved 
Penetration: Analysis, Skin Models and Factors 
Affecting Needle Insertion
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HIGHLIGHTS

• Factors affecting microneedle insertion into skin are reviewed.

• The use of artificial and computational skin models for the simulation of needle insertion is summarized.

• Skin structures and models, as well as mechanical analyses, used to determine transdermal microneedle ability to insert into skin are 
highlighted in the review.

ABSTRACT Transdermal microneedle (MN) patches are a promising 
tool used to transport a wide variety of active compounds into the skin. 
To serve as a substitute for common hypodermic needles, MNs must 
pierce the human stratum corneum (~ 10 to 20 µm), without rupturing 
or bending during penetration. This ensures that the cargo is released at 
the predetermined place and time. Therefore, the ability of MN patches 
to sufficiently pierce the skin is a crucial requirement. In the current 
review, the pain signal and its management during application of MNs 
and typical hypodermic needles are presented and compared. This is fol-
lowed by a discussion on mechanical analysis and skin models used for 
insertion tests before application to clinical practice. Factors that affect 
insertion (e.g., geometry, material composition and cross-linking of MNs), along with recent advancements in developed strategies (e.g., 
insertion responsive patches and 3D printed biomimetic MNs using two-photon lithography) to improve the skin penetration are highlighted 
to provide a backdrop for future research.
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1 Introduction

Drug delivery using microneedles (MNs) through the skin 
is an attractive route of administration [1–3]. The major 
advantages of MN-mediated drug delivery are the ability 
to deliver drugs through a large surface area, administration 
feasibility [4–7], avoidance of first-pass metabolism and gas-
trointestinal degradation [8, 9]. Drug delivery via the skin is 
useful either for releasing the drug into the layers of skin at 
the site of administration (e.g., skin abnormalities treatment 
and vaccination) known as dermal delivery [10, 11], or by 
delivering the cargo systemically through the administration 
from the skin known as transdermal delivery (e.g., insulin 
therapy) [12, 13].

Apart from the many benefits provided by MNs, a num-
ber of challenges must be overcome to achieve a clinically 
acceptable drug delivery device. For instance, fracture or 
breakage of needles during or after patch administration 
may change the drug release profile, which may lead to 
premature drug release. This problem with needle fracture 
may be due to inadequate mechanical strength. Debris 
that remains in the skin may cause harm to the surround-
ing tissue [14, 15]. MNs can also bend or twist while 
inserting in the skin [16]. Consequently, the cargo can 
be liberated prematurely, which prohibits controlled drug 
release [17].

Furthermore, MNs often suffer from insufficient skin 
insertion. This occurs when MNs are not able to sufficiently 
puncture and penetrate into the skin, which may waste the 
drug formulated in the MN [14, 17, 18]. At their most fun-
damental level, MNs must show sufficient insertion into 
skin and therefore must demonstrate sufficient strength to 
penetrate without breaking or bending during application. 
Although such a task appears relatively simple upon first 
appearance, numerous factors are accountable for adequate 
MN insertion, such as geometry, needle height, thickness 
and tip radius, base diameter, needle density, and MN mate-
rial [19]. This is in addition to factors such as skin thickness 
and elasticity, which are unrelated to the MNs themselves 
but will also have an effect on the efficiency of MN insertion 
[20, 21]. For the clinical acceptance of MNs, it is imperative 
that they can reliably insert into the skin without bending, 
buckling or fracturing. A wide range of MN designs exists 
within the literature in an attempt to optimize the insertion 
for clinical applications [22, 23].

The present review deals with the skin penetration of 
MN and the employed strategies to circumvent this hurdle. 
Herein, an introduction on pain signal and its management is 
discussed, as well as a comparison between pain caused by 
MNs and a traditional hypodermic needle. Thereafter, skin 
structure, its mechanical behavior, and skin resealing are 
discussed. In addition, mechanical tests, skin models, and 
penetration tests used to assess MN insertion before clinical 
practice are presented. Ultimately, emphasis is given to fac-
tors affecting insertion (such as geometry, material composi-
tion, and cross-linking of MNs), which is accompanied by 
modern progressions in developed strategies, pedestal-based 
platform, to name a few, to improve MNs’ skin insertion and 
to pave the way for future research.

2  Pain Management

Broadly stated, there are four phases in the nociception of 
pain: (1) transduction, (2) transmission, (3) perception, and 
(4) modulation [24]. Pain detection is mediated by nocicep-
tors which are present in the skin, deep tissues, and internal 
organs, with the skin a densely populated area containing 
different types of sensory afferents [25].

Transduction is the first process of nociception, which 
involves the conversion of a noxious stimulus into electrical 
signals in the peripheral terminals of nociceptor sensory fibers 
[24]. Nociceptors are essentially sensory receptors located at 
the free endings of first-order afferent neurons (Aδ and C fibers) 
in the pain pathway. The larger, fast-conducting lightly myeli-
nated Aδ fibers are activated by mechanical and thermal stim-
uli, which are responsible for the initial sharp pain perceived 
at the time of injury. Conversely, the smaller, slow-conducting 
unmyelinated C fibers respond to chemical, mechanical, and 
thermal stimuli with a high activation threshold. Such fibers 
therefore are associated with a longer-lasting, diffusing pain 
[26]. These nociceptors detect noxious stimuli and turn the 
stimuli into electric signals, which are then sent to the central 
nervous system. Both the Aδ and C fibers have their cell bodies 
within the dorsal root ganglion, which allow rapid transmission 
of the stimulus from the periphery to the spinal cord.

Transduction is followed by transmission, which includes 
the conduction of action potentials from the peripheral ter-
minal along axons to the central terminal of nociceptors in 
the central nervous system [24]. First-order neurons carry 
the noxious information from the point of stimuli in the 
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skin to the spinal cord via the dorsal root, where they syn-
apse with the second-order neurons in the dorsal horn. The 
dorsal horn is divided into laminae (called Rexed laminae), 
whilst the C fibers terminate in lamina II and the Aδ fib-
ers terminate in laminae I and V [27]. These second-order 
neurons then cross over to the other side of the spinal cord 
before ascending to the brain. There are two major path-
ways that carry nociceptive signals from the spinal cord to 
the brain, the spinothalamic and spinoreticular tracts, which 
are located in the anterolateral white matter of the spinal 
cord [24]. In the first pathway, second-order neurons ascend 
from the contralateral spinothalamic tract before terminat-
ing in the ventral posterolateral nuclei and central nuclei of 
the thalamus, where they synapse with third-order neurons, 
which play a major role for processing somatosensory infor-
mation [27].

The third-order neuron then projects via the posterior limb 
of the internal capsule to terminate in the ipsilateral post-
central gyrus (primary somatosensory cortex); this pathway 
is involved in the localization and intensity of the painful 
stimulus [28]. Simultaneously in the spinoreticular tract, fib-
ers ascend the contralateral cord to the reticular formation of 
the brainstem before running up to the thalamus, hypothala-
mus and ultimately the cortex; this pathway is responsible 
for the emotional aspect of pain [27]. Hence, pain signals 
from the skin will terminate in the cortex to interpret the 
pain sensation. The perception of pain constitutes the third 
process of nociception. Modulation is the final process in 
nociception, which is an adaptive process involving both 
excitatory and inhibitory mechanisms, thereby altering the 
perception of pain [24]. Nociceptive signaling may be aug-
mented by central mechanisms of hyperalgesia (exaggerated 
pain following noxious stimuli) or allodynia (pain from a 
typically harmless stimulus), and in contrary, nociceptive 
signaling may also be decreased by endogenous analgesia 
systems [29]. The basic diagram of pain transmission is pre-
sented in Fig. 1.

There are several clinical studies reporting that MNs elicit 
less pain when compared to the use of hypodermic needles 
[31–36]. Kaushik et al. evaluated the pain sensation of 12 
healthy volunteers between 18 and 40 years of age follow-
ing the use of a silicon MN array containing 400 needles 
with a length of 150 µm. The subjects reported substantially 
less pain with MN application than a 26-gauge hypodermic 
needle. Likewise, Bal et al. examined the pain generated 
by stainless-steel MNs with length less than 550 µm in 15 

volunteers, aged between 21 and 30 years, and found very 
low pain scores in all subjects, with no significant differ-
ences among MNs of different lengths or shapes [30, 35].

Conversely, in a randomized, single-blinded human 
clinical trial conducted in 15 healthy adult subjects, a 
local anesthetic (lidocaine) was administered using hollow 
borosilicate-glass MNs and 26-gauge hypodermic needles. 
A reduced pain sensation in both the forearm and dorsum 
of the hand was reported with MNs, with a similarly rapid 
onset and efficacy as 26-gauge hypodermic needles [32]. In 
a single-blind study involving 12 subjects comparing pain 
and sensation following application of a 25-G hypodermic 
needle and two MN arrays (36 needles of 180 and 280 µm 
in length), pain intensity and sensory perception were eval-
uated using a visual analog scale (VAS) and an adapted 
McGill Pain Questionnaire Short Form, respectively. The 
VAS pain scores showed that the participants experienced 
significantly less pain with 180 and 280 µm MNs than the 
hypodermic needle. Furthermore, results from the question-
naire showed that the participants perceived greater “sharp” 
and “stabbing” sensations with the application of hypoder-
mic needle, while “pressing” and “heavy” sensations were 
experienced with the MNs [34].

In another clinical study involving 10 healthy subjects 
(18–40 years of age), Gill et  al. similarly reported that 
stainless-steel MNs were significantly less painful than a 
26-gauge hypodermic needle. Among the factors investi-
gated (MN length, number of MNs, MN tip angle, thickness 
and width), significant pain reduction was observed with a 
decrease in MN length and number of MNs. A threefold 
increase in the MN length from 480 to 1450 µm resulted in 
a sevenfold increase in pain perception from 5 to 37%, while 
a tenfold increase in the number of MNs only resulted in a 
relatively small 2.5-fold increase in pain. Hence, optimizing 
MN length is the crucial factor to minimize pain sensation 
with application [31].

In a clinical study, the use of hollow borosilicate-glass 
MNs for the injection of sterile saline in 15 human sub-
jects was evaluated. It was concluded that the infusion of 
a few hundred microliters of fluid is commonly performed 
in clinical practice, and up to 1 mL of saline delivery using 
a MN array was less painful than injecting the same vol-
ume via a hypodermic needle [33]. Lower pain perception 
was observed with a short MN array, lower flow rate and 
infusion using hyaluronidase compared to sterile saline. In 
another level 3 clinical study, levels of pain (and bruising) 
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experienced by 20 human subjects, aged between 26 and 
60 years, injected with a 30-gauge hypodermal needle versus 
33-gauge silicon MNs were compared in procedures that 
involved multiple injections. MNs were considerably less 
painful with a lower risk of bruising for non-surgical facial 
cosmetic procedures that involve multiple injections to the 
face [36].

3  Skin Structure and Its Mechanical Behavior

The skin is a multilayered organ that acts as a critical bar-
rier, protecting the organism from chemical, physical and 
biological threats coming from the environment. In addi-
tion, it maintains homeostasis and is involved in sensory 
mechanisms and metabolic processes. The skin is divided 
into three layers (epidermis, dermis and hypodermis), and 
each layer is composed of different cells and proteins of the 
extracellular matrix (ECM), as well as by specific structures 
characterizing each layer, including nerves, blood vessels, 
hairs and glands (Fig. 2a) [37]. Collagen is the principal 
protein of ECM and accounts for 75% of the dry weight of 
skin [38]. Moreover, the skin composition depends on the 
location and varies with gender, race, age and illnesses [39].

Constituents of the ECM are structural (i.e., collagen, 
elastin and fibrillins) and specialized proteins (i.e., fibronec-
tin, integrins and several laminins) [37]. In addition, 80% 
of the volume of the skin and 20% of its dry weight are 
composed of ground matrix or substance including pro-
teoglycans [41]. Proteoglycans are a ubiquitous family of 
macromolecules containing a core protein and glycosamino-
glycan side chains bound to the core, similarly to hyaluronic 
acid [42].

The epidermis is mainly composed of keratinocytes, 
which produce keratin (a protein constituting the filaments 
of the cytoskeleton, which has protective functions), and 
5% of other cells such as Langerhans cells, Merkel cells and 
melanocytes [37]. The epidermis is made up of 5 sublayers 
according to the degree of keratinization of the cells: stra-
tum corneum, stratum lucidum, stratum granulosum, stratum 
spinosum and stratum basale [43]. At the basal layer of the 
epidermis, the keratinocytes are proliferative, and as cells 
mature, they migrate toward the surface and lose their prolif-
erative potential. The cells undergo programmed death, fuse 
together, lose their nuclei, release their glycolipids into the 
intracellular space and become corneocytes in the stratum 

corneum, dominated by keratinized cells bonded by des-
mosomes and stacked as layers (Fig. 2a) [44].

The intermediate layer of the skin, the most important 
thermal and mechanical unit of this tissue, is the dermis, 
which has a thickness between 0.6 and 3 mm (thinner on the 
eyelids and thicker on the back, soles and palms). The der-
mis is linked to the epidermis through the basement mem-
brane by the dermo-epidermal junction, which is made of 
hemidesmosome structures that have a thickness of between 
65 and 175 nm. Histologically it is simple to identify two 
layers in the dermis, due to the different cellular density, 
fiber distribution, vascular and nerve networks. The lowest 
and thicker layer is the reticular dermis that has a quasi-
planar and dense distribution of collagen fibers, which 
become less dense in the deeper areas. The uppermost layer 
is the papillary dermis, which has an undulating system in 
which collagen fibers are less numerous and structured in 
space [37]. The fibers of the principal type I collagen asso-
ciate with collagen III and run mainly in a parallel plane to 
the skin surface, with some excursion out of this plane and 
some cross-linking. Because of this structure, mechanical 
properties change when measured from different preferen-
tial directions, and thus, the dermis is usually modeled as 
an orthotropic material [39]. The most abundant cells in 
the human dermis are the fibroblasts. These cells continu-
ously create both collagen and elastin fibers in the ECM in 
response to mechanical signals (forces or deformations) that 
cells receive from the environment (i.e., mechanosensing) 
[45, 46].

The layer under the dermis is the hypodermis, which 
includes blood vessels connected to the dermis and cells 
such as fibroblasts and macrophages, but mainly adipocytes, 
which have the function of storing energy and providing 
thermal insulation. From a mechanical point of view, the 
hypodermis behaves as a damper of shock impulses [47]. 
It is connected to the dermis by collagen and elastin fibers 
and to the deep fascia by fibrous bands in a floating manner. 
This configuration allows mechanical isolation from other 
body components [39].

As previously described, collagen and elastin are impor-
tant constituents of the skin tissue, and they are the main 
contributors to its mechanical response. Collagen in the 
dermis accounts for 25% of the volume and 70% of the 
weight [39]. The spatial scale is well understood for this 
protein (Fig. 2a): aminoacids including glycine, proline 
and hydroxyproline have a size of around 1 nm and form 
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α-helixes which enlace in the tropocollagen. Then, micro-
fibrils (~ 1 µm in diameter) are formed from multiple tro-
pocollagen molecules covalently cross-linked in parallel 
by aldehyde bonds. Finally, microfibrils associate in fibers 
which have a “wavy” pattern (~ 100 µm in diameter) [39].

Elastin takes about 1% of the volume, and up to the 2–4% 
of the dry weight of the dermis and morphologically elas-
tin may be compared to a 100-nm-thin strand attached to 
the fibers of collagen, which forms an intricate 3D network 
[48]. The basic component of this protein is the elastin fibril, 
coiled and highly stretchable, made from tropoelastin mole-
cules. Tropoelastin is cross-linked in quadruplets by desmo-
sine links (Fig. 2a) [49]. Collagen and elastin are embedded 
in an amorphous highly hydrated ground substance, which 
is a thixotropic semi-fluid with high viscosity [50].

The overall mechanical response of the skin depends on 
the behavior of each of its constituents when exposed to a 
wide range of strains. When uniaxial stretching is applied 
to the skin, the stress–strain relation assumes the behavior 
showed in Fig. 2b(i). As can be seen, at low strains tissue 
behavior is prevalently isotropic with main response con-
tributions provided by elastin and ground matrix, whereas 
collagen fibers remain undulated and crimped. The second 
zone in the curve is nonlinear due to fibers of collagen that 
progressively begin to unfold and align with increasing load. 
The resulting average stiffness increases as more local fibers 
un-crimp. At large strains, collagen fiber stretching along the 
load direction dominates, the skin is stiffer and the curve has 
almost a linear behavior (Fig. 2b(i)) [51].

From these studies, it is evident that elastin, collagen and 
ECM are largely involved in the response to stress and strain. 
Elastin is a protein essential for the elasticity and resilience 
of the skin. Its Young’s modulus is ~ 100 kPa [49]. The 
mechanical role of elastin is manifested in diseases such as 
cutis laxa, in which skin is characterized by abnormal wrin-
kling and laxity due to structural defects in the extracellular 
matrix or in the synthesis of elastin [52].

Collagen is responsible for the stiffness of the skin; 
indeed, its elastic modulus is about 1.0–10 GPa [53], many 
orders of magnitude higher than that of elastin. While in 
tissues, ligaments and tendons, collagen fibers form in a par-
allel alignment respect to each other, the behavior of these 
tissues can be modeled as transverse-isotropic materials. In 
skin and blood vessels, they form a 3D network of coiled fib-
ers organized in one or two preferred directions, causing the 
anisotropic behavior of the skin [51, 54]; thus, orthotropic 

models can be used. The mechanical role of collagen is man-
ifested in diseases such as the Ehlers–Danlos syndrome char-
acterized by skin hyperelasticity among other defects due to 
mutations in encoding pro-collagen chains [55]. Finally, the 
ground substance starts to provide a mechanical contribu-
tion when the tissue is compressed or is under shear stress 
[39, 56].

Collectively, skin tissue is considered to be an aniso-
tropic [51, 54] and viscoelastic material [56]. However, its 
biomechanical properties highly depend on skin thickness, 
age, illnesses, race, and environmental factors. For exam-
ple, when comparing skin on the forehead with skin on the 
ventral forearm, forehead skin is thicker, stiffer, less tense 
and less elastic [57]. Elastin fibers begin to degrade between 
30 and 70 years of age, with a decrease in the capability 
of potentially recovering deformations [58]. Collagen half-
life instead varies with the specific tissue in question; in the 
skin, the duration was measured being 15 years [59]. Fur-
thermore, diseases such as cutis laxa acrokeratoelastoidosis 
are characterized by a loss of elastic tissue, which will in 
turn reduce the elasticity of skin, affecting its biomechanical 
properties [60]. Berardesca et al. [61] investigated the role of 
race on skin biomechnics and found that racial differences 
in skin physiology exist and are mainly related to the role 
of melanin present in races with darker skin. In terms of 
elastic recovery, Hispanic skin showed the greatest recov-
ery on dorsal and volar sites when compared to white skin 
(p < 0.05). Viscoelasticity was also found to be significantly 
different between white and Hispanic skin across both dorsal 
and volar sites [61]. Alterations in environmental humidity 
as well as temperature can have a significant influence on 
the mechanical properties of the stratum corneum. Typi-
cally, its Young’s modulus decreases with increasing skin 
hydration because water induces a plasticization effect on 
its structure [62].

As mentioned above, skin is a viscoelastic tissue, which 
highly depends on the strain rate, entity and temperature. 
The main contributor to viscoelasticity is the interaction of 
the matrix with the collagen fibers [39, 56]. As can be seen 
from Fig. 2b(ii), when loading and unloading are repeated 
consecutively), the skins response is characterized by a pre-
conditioning effect due to a temporarily irreversible adaption 
to cyclic load of the proteins and fiber arrangement. Moreo-
ver, a hysteresis effect or viscous dissipation can be distin-
guished in the curve, caused by the presence of unstructured 
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proteins in the ECM and by a partial anisotropic effect due 
to the fibers (Fig. 2b(ii)) [63].

As the fibers entrapped in the ECM are the principal 
mechanical component of the skin, the tissue can be mod-
eled as a fiber-reinforced material, with more or less compli-
cated models; frequently, an exponential stress–strain curve 
is associated with the reinforcement part of the tissue, to 
take into account the progressive alignment of the collagen 
fibers as well as elastin role, whereas the ground matrix is 
often modeled with a more classical behavior, as the Neo-
hookean [39].

Understanding the mechanisms underlying skin composi-
tion and mechanics is important to improve MN penetration 
in humans. While MN insertion has been focused on the 
MNs themselves, altering parameters such as material, MN 
shape, tip and base diameters, height, density, indentation 
forces, minimum curvature radius to pierce the stratum cor-
neum, etc. [64, 65, 66, 40], the behavior of the skin follow-
ing MN application has not been fully explored. The physi-
cally robust stratum corneum is the layer responsible of the 
stiffness during the application of a MN array. The dermis, 
with its collagen and elastin fibers in the matrix, provides 
the skin strength and flexibility during skin puncture, with, 
as previously shown, an increase in skin stiffness as fibers 
straighten. The hypodermis significantly contributes to tis-
sue deformation, but its contribution is typically neglected 
[39]. However, further knowledge is necessary in regard to 
the mechanical behavior of skin during penetration in order 
to design MNs in a rational way before their fabrication, 
particularly to determine the most effective MN geometries, 
application methods and to produce a uniform and reproduc-
ible MN penetration.

In this regard, Kim et al. explored for the first time the 
effects of changing skin resistance to MN indentation by 
inducing the application of external stimuli to the tissue. 
They developed a mosquito-inspired skin piercing mech-
anism to insert a MN with high precision and low force 
(Fig. 2c). In particular, they applied to the skin a uniax-
ial/equibiaxial stretching of 0–20% (static stimulus), and 
through a piezoelectric actuator, they transmitted vibration 
with an amplitude of 1–10 µm and a frequency of 1–1000 Hz 
(dynamic stimulus) during MN insertion. They found that 
the static stimulus they applied mainly affected the preci-
sion of MN insertion, while the dynamic stimulus controlled 
skin resistance to MN penetration [40]. These findings may 

lead to a greater understanding of skin biomechanics during 
piercing.

4  Skin Resealing

It is important to assess the potential impact of disrupting 
the stratum corneum following MN application and sub-
sequent removal of the MN. Although it is necessary for 
MN-induced pores to remain open during the application 
period, it is also imperative for these pores to reseal in a 
timely manner [13]. In doing so, this minimizes the risk of 
microbe infiltration, which could lead to potential infections. 
Using noninvasive biophysical tools, such as transepidermal 
water loss (TEWL), several research groups have examined 
the skin resealing time following the application of a wide 
range of MN designs and geometries. Using MNs manu-
factured from stainless steel, one such study examined the 
effects of increasing MN length (500–1500 µm) and needle 
number (10–50 needles) on skin resealing time using both 
occlusive coverings and non-occlusive conditions in healthy 
human adult subjects [67]. Non-occlusive data showed that 
changing the MN geometry had no effect on skin reseal-
ing time. In this instance, a 26G hypodermic needle was 
used as a positive control. Interestingly, skin resealing time 
for both the positive control and the different MN geom-
etries was observed to be within 2 h of application. Under 
occlusive conditions, it was found that doubling the needle 
length resulted in a sixfold increase in skin resealing time. 
In addition, a fivefold increase in the number of needles cor-
responded to a tenfold increase in barrier resealing time. The 
authors suggested that a plausible reason for the increase in 
resealing time is the reduced TEWL under occlusive condi-
tions. This is based on previous studies which have shown 
that the resealing of the stratum corneum is controlled by 
the formation of a water gradient when the skin has been 
breached [68]. Therefore, occluding the skin eliminates 
this gradient, thus over-hydrating the stratum corneum and 
slowing the healing process [69]. Importantly, following the 
removal of the occlusive barrier, the pores closed rapidly. As 
a result, the fast resealing time following the removal of a 
MN or an occlusive patch minimizes the chance of infection 
at the application site using a “poke-and-patch” approach.

The resealing time of solid, wet-etched silicon MNs 
has also been tested. In this study, twelve human subjects 
received single-blinded insertions of two MN arrays (180 
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and 280 µm in height) and a 25G hypodermic needle. TEWL 
was used to measure the level of disruption to the stratum 
corneum following application of these devices. This was 
measured immediately after application and over-specified 
time points over a period of 24 h. As expected, TEWL 
increased significantly post-application for both MNs and 
hypodermic needle. Perhaps more importantly, TEWL 
returned to baseline after 24 h for all three devices. This 
observation confirmed that despite the creation of numer-
ous pores following the application of silicon MNs, the skin 
barrier can still reseal in a timely manner [34].

Minimal skin barrier disruption has also been demon-
strated using hollow MNs. In one particular study, gold-
coated Radel® R hollow MN arrays, composed of 36 nee-
dles, 1.2 mm in length, were used. These MNs were applied 
to murine skin in vivo, with TEWL measured over a 24-h 
period. TEWL values increased significantly after MN appli-
cation to the skin, thus confirming that the skin barrier had 
been disrupted. As observed in previous studies using solid 
MNs, TEWL values returned to baseline after 24 h, proving 
that the disruption to the stratum corneum is minimal and 
reversible [70]. More recently, the resealing time of dissolv-
ing hydroxypropyl methylcellulose/polyvinylpyrrolidone 
(HPLC/PVP) MNs loaded with alpha-arbutin was investi-
gated in vivo [71]. In this study, 11 × 11 MNs, with height 
(520 ± 1.7 µm) and base width (294 ± 3.85 µm), were applied 
to living mice for 2.5 h after which the application site was 
imaged under a microscope for 24 h as shown in Fig. 3a. 
Importantly, after 24 h, the number of visible microchannels 
decreased by ~ 94%, thus showing that in vivo, skin was able 
to naturally repair. In addition, no signs of infection were 
observed over the duration of the experiment, indicating that 
this MN device could be safely applied and removed from 
the skin [71]. In another study using dissolving MNs for the 
treatment of wrinkles, the skin resealing kinetics after inser-
tion of a dissolving MN containing adenosine (Ad-DMN) 
was assessed using TEWL [72]. In this instance, the Ad-
DMN fully dissolved in the skin situated below the right eye 
of 27 healthy women volunteers after 1 h of application. This 
site resulted in a significant increase in TEWL compared to 
the left eye with no treatment (control). As shown in Fig. 3b, 
this value decreased back to a similar level to that of intact 
skin within 7–12 h, further proving that resealing of the stra-
tum corneum occurs within a reasonable timeframe [72].

Using the more recently developed hydrogel-forming MN 
design, the effects of skin barrier integrity and resealing time 

after multiple MN applications were examined. In this par-
ticular study, 11 × 11 hydrogel-forming MNs composed of 
Gantrez® S-97 and PEG 10,000 with the following dimen-
sions: 600 µm needle height, 300 µm base width and 300 µm 
interspacing, were applied to 11 healthy human volunteers 
each day for five days, with TEWL measurements taken 
from the MN application site before and after application 
each day [73]. As expected, immediately after the MNs were 
removed, TEWL increased between 3 and 10 times the base-
line values. Perhaps more importantly, TEWL returned to 
normal when measured 18 h post-MN removal. However, 
based on previous studies using the same MN design, the 
authors suggested that the time required for the stratum 
corneum to reseal is actually much shorter than 18 h [74]. 
Therefore, this study proved that repeat application of MNs 
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Fig. 3  a Light microscope images of mice skin over a 24-h time 
frame following the removal of an alpha-arbutin-loaded dissolving 
MN after a 2.5-h application period [71]. b Transepidermal water 
loss (TEWL) values to examine the skin resealing kinetics before and 
after the application of Ad-DMN over 12 h. Reprinted from Ref [72] 
with permission from Willey
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over a fixed period does not disrupt, or indeed, cause long-
term damage to the skin’s barrier function.

Although the kinetics of MN pore closure is variable and 
dependent on animal type, the plethora of studies involv-
ing human subjects indicates that MN application does 
not adversely affect the long-term barrier properties of the 
skin. In addition, there is a growing body of evidence, prov-
ing that MN application does not result in systemic reac-
tions, owed in part to the skin resealing time. Therefore, 
these studies help bring MN technology one step closer to 
commercialization.

5  Mechanical Analysis

The mechanical properties of MNs (elastic modulus and fac-
ture force) must be analyzed to ensure that they will not bend 
or fracture during skin insertion tests. Mechanical testing is 
used to measure the maximum axial force which causes MNs 
failure. By enhancing both Young’s modulus of the material 
and base diameter, the amount of yield force is increased. 
Additionally, the failure force enhances with decreasing the 
needle length, since the critical buckling (lateral deflection) 
load of a column decreases with the increasing column 
length [75, 76]. With some generalizations, these explana-
tions are proved analytically by referring to Euler’s formula, 
the equation of critical buckling load [77]:

where Pcr is the critical load, E is Young’s modulus, I is the 
second moment of area of the cross section of the needle, L 
is the total length of the needle, and K is the effective length 
factor. K is related to the boundary conditions of the column. 
Since a needle can be considered as a fixed-free column or 
fixed-pinned column, the corresponding effective length fac-
tor is K = 2 or K = 0.699 , respectively [78]. However, tests 
confirm that K = 0.699 better fits the experimental data [79]. 
Clearly, the critical load is directly related to Young’s modu-
lus value and related inversely to the square of the length.

Failure force measurements acquire significance only 
when compared to indentation forces: the force required to 
insert MNs into the skin was shown to depend on the inter-
facial needle area at the tip. The indentation force varies 
linearly with the interfacial area of the needle tip [80].

To overcome skin elasticity, the applied load on the MN 
tip must be higher than the resistive force, approximately 

(5.1)Pcr =
�
2
EI

(KL)
2

0.03 mN or 3.18 ×  106 N  m−2 [20, 21]. The safety factor, 
defined as the ratio of failure force to indentation force, has 
to be determined based on the aforementioned mechani-
cal evaluations. The safety margin decreases as MN length 
increases. To avoid MN mechanical failure during insertion, 
the safety margin must be greater than unity [80, 81].

Different mechanical tests may be explored to evaluate 
the mechanical properties of MNs. Among them, the com-
pression test is mostly employed as it mimics the insertion 
of MNs into skin (Fig. 4a, b). In this test, an axial load 
testing machine, equipped with load cell and displacement 
gage, is implemented. A compression load normal to the 
substrate and parallel to the MN longitudinal axis applied 
to an array of MNs as shown in Fig. 4a. The compression 
pad’s velocity is adjustable, and the longitudinal defor-
mation rate of the MN array is controlled. Considering 
the equipment’s capacities and the desired accuracy, this 
rate can be adjusted from 1 [82] to 500 µm  s−1 [83]. Low 
deformation rate increases the extracted information reso-
lution. By plotting the specimen’s deformation vs applied 
load, the compressive failure force can be determined. As 
shown in Fig. 4c, d, the force–displacement curve sud-
denly decreases when the force or force saturation point 
is reached [83]. In both cases, the maximum applied load 
is considered as the failure load. Materials with higher 
Young’s modules show failure load at lower displacement 
in compression tests.

The stress–strain diagram of the MN can be deduced from 
this information in a simplified manner using the following 
equation [85]:

where � is the applied stress, Fc is the compressive force, 
and A is the sectional area of the testing substance. For a 
constant deformation rate, the strain is measured using the 
following equation:

where � is the strain, v is the downward speed of the testing 
machine’s probe, which is equal to the specimen’s deforma-
tion rate, and usually is constant, and Δt is the elapsed time. 
The � − � plot is a straight line in the elastic area, i.e., before 
the maximum applied load, and is based on Hooke’s law:

(5.2)� =
Fc

A

(5.3)� = vΔt

(5.4)E =
�

�
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where E is the well-known Young’s modulus [86] (see 
Fig. 5).

In addition to Young’s Modulus, Larrañeta et al. have 
addressed another considerable characteristic which affects 
MN insertion and has presented a comprehensive graph to 
compare strength and toughness for different types of mate-
rials (Fig. 6) [87]. In this graph, moving along the y axis, 
materials have higher strength and show more resistance to 
deformation and forming cracks. On the other hand, mov-
ing along the X-axis, materials become tougher with more 
fracture resistance during deformation. Therefore, needles 
need to be strong enough to resist deformation, and conse-
quently, the formation of initial fracture points needs to be 
tough enough to prevent the increment of fracture points 
that may complete the fracture, resulting in breakage of the 
MNs. From mechanical point of view, materials located at 
the top-right of the graph are more convenient for fabrication 
of MNs. This diagram clearly illustrates that metals and their 
alloys produce the strongest and toughest MNs (though there 
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is a wide range in strength/toughness values when compar-
ing specific metals), whereas wood and foams, as the weak-
est and most brittle materials, are largely unsuitable for MN 
fabrication. These strength/toughness values combined with 
their established use in healthcare and good biocompatibil-
ity mean that metal MNs are an attractive material for MN 
fabrication [87].

6  Skin Models: An Overview on In Vitro 
and In Vivo Models

Human skin is composed of three basic layers, epidermis 
(0.05–0.2 mm thick), dermis (1.5–3 mm thick) and subcu-
taneous tissue, providing a total thickness of around 3 mm 
[88]. The external layer of the skin, epidermis, is thinner 
in the eyelids and thicker in soles and palms. For efficient 
drug delivery, the length of the MNs should be designed to 
allow the release of drugs in the viable epidermis or very 
top of dermis, where drug binding, metabolism and active 
transport take place [89], but not exceed the thickness of the 
epidermis to prevent the MNs reaching the pain receptors 
deep in the dermis [14].

The human skin is most suitable for the evaluation of 
transdermal delivery; however, its use has been limited by 
ethical and laboratory approval as well as regulatory issues 
[90]. Hence, researchers have often used skin tissue samples 
derived from porcine and mouse subjects as an alternative 
for in vivo analysis of human skin (Fig. 7) [91–93]. Por-
cine skin is histologically similar to human skin, wherein 
the thickness of the stratum corneum of porcine back skin 
and porcine ear skin is 26 and 10 µm thick, respectively 
[94]. Furthermore, there is a close resemblance of epider-
mis thickness, dermal: epidermal layer ratio, density of hair 
follicles and blood vessels, dermal collagen: elastin ratio 
between the human and porcine skins [90]. If MNs are able 
to successfully insert in to porcine flank skin, it is assumed 
that they would be capable of inserting into human skin. 
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This is not found to be the case, however, if insertion tests 
are performed on porcine ear skin, due to how thin this type 
of skin is compared to human skin [95]. The same issue 
occurs with insertion tests performed on mouse skin, which 
has a thinner stratum corneum (5 µm thick on the back) than 
human skin [95].

Apart from in vivo tests, commercial polymeric films such 
as Parafilm® M (PF), a blend of a hydrocarbon wax and pol-
yolefin, may be used as a model membrane to analyze MN 
insertion depth, as a preliminary alternative to the use of bio-
logical tissues [96]. The artificial skin model overcomes the 
limitations associated with biological skin, including higher 
cost, the limited availability of fresh human skin samples, 
the difficulty of stretching skin to its in vivo configuration, 
and concerns regarding the safety of handling [90]. Several 
recent studies have used eight layers of PF as a skin simu-
lant to evaluate the insertion properties of MNs [97, 98]. 
Skin penetration studies with polymeric films are typically 
performed before testing on human [93], mouse [91, 92] 
or porcine skin ex vivo [99]. As alternatives to animal skin 
models, paraffin wax and agarose gel can be used. Agarose is 
a carbohydrate polymer, generally extracted from certain red 
seaweed. Agarose gel is considered a suitable skin model 
because it can be designed with controlled mechanical prop-
erties to fit the human skin. Besides, the penetration depth 
over time is visible owing to the transparency of the material 
[100, 101].

Other gel-based polysaccharides, e.g., gelatin gels, are 
also employed as a skin model. Gelatin is generally derived 
from collagen taken from animal body parts [102]. To this 
aim, gelatin is melted and cured by UV light. Then, a thin 

layer of PDMS (~ 10 µm thickness) is covered on gelatin to 
simulate the stratum corneum layer of human skin. Such a 
strategy may be deployed to investigate drug release and 
needle penetration simultaneously [103].

7  Skin Penetration Analysis

7.1  Numerical Simulation

Finite element method (FEM) has recently become a power-
ful method utilized in simulations of engineering and math-
ematical models. For example, the analytical model of the 
skin, as a viscoelastic material [81], contains differential 
terms with so complicated analytical solution [104]. FEM 
software implements a particular numerical method to facili-
tate solving the partial differential equations governing the 
physical modeling. This tool allows engineers to investigate 
physical simulations without the need for experimental tests 
and therefore predicts the behavior of real systems. Some 
well-known softwares in this regard are ANSYS [105, 106], 
ABAQUS [107, 108], COMSOL [78, 109, 110, 111], and 
AutoFEM Lite [112]. Simulation softwares are used to pre-
dict the outcomes of drug delivery studies, skin penetration 
studies and the required structural analysis.

There are some general data necessary for the simula-
tion to be representative of a drug permeation experiment 
involving MNs: geometry of the needle, material proper-
ties, boundary conditions and applied load. Mechanical 
properties of the skin provide a significant challenge for 
simulation software. Several models are used to stimulate 
the skin’s behavior. In this regard, hyperelastic models like 

Fig. 7  a Diagram on human skin and its layer. b Schematic illustration of stratum corneum thickness for in vitro and in vivo microneedle inser-
tion
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Neo Hookian [107, 108] model and the linear elastic model 
[111, 113] may be implemented to simulate the skin behav-
ior. Alternatively, simulations may consider the skin to be a 
mono-layer [108] or, more similarly to “real” skin, a multi-
layer [106, 107, 111, 113, 114]. By utilizing the multilayer 
skin model, layers can be simulated, which have different 
parameters within the same model.

The linear elastic model has been employed for MNs in 
almost all simulations [105, 106, 109, 111, 112]. In most 
studies using this model, the load is a force that applied to 
the needle array. This load can also be presented by dis-
placement. In this regard, the needle’s penetration speed is 
constant and as small as the penetration can be considered 
quasi-static [106, 107]. It is worth noting that, in general, the 
penetration occurs when the substrate (Here, the substrate 
is skin) fractures. Usually, this failure is presented by an 
element deletion algorithm. Therefore, the element will be 
removed after satisfying a necessary condition [107].

One of the common applications of the FEM simulation 
is to investigate the effect of MN material on its efficiency, 
either for fabrication or for mechanical integrity. In light of 
this, Parker et al. [78] implemented a two-dimensional FEM 
simulation to investigate the buckling load, as mechanical 
performance, of titanium micromachining for the fabrica-
tion of MNs. In another study, 3D FEM simulations were 
employed to evaluate the ability of the fish-scale-derived 
microneedles to tolerate the force necessary to penetrate the 
skin, without fracture, compared to MNs fabricated with 
PMVE/MA [112].

Investigating the shape and geometry of the MN is 
another application of the FEM simulation. For instance, 
the stress concentration areas and values for straight, jag-
ged, and harpoon-shaped needles were studied with this 
method [105]. In another study, Kong et al. [107] studied 
the effects of geometry (i.e., tip area, wall angle, and wall 
thickness) on the deformation and failure of the skin and the 
insertion force. They presented the general force–displace-
ment plot of MN’s skin penetration using FEM simulation 
(Fig. 8a). The sudden decrease in force refers to the point 
of needle insertion into the skin. In particular, effects of 
stratum corneum thickness, dermis thickness, hypodermis 
thickness, microneedle tip area, hollow microneedle wall 
angle, and hollow microneedle wall thickness on insertion 
force were investigated and related diagrams were plotted. 
These investigations concluded that tapered microneedles 

insertion can be optimized with stratum corneum proper-
ties, needle tip area, and needle wall angle. Besides, while 
increasing the wall thickness of hollow MNs with a large tip 
diameter enhances the insertion force, it has almost no effect 
on insertion force of hollow MNs with a small tip diameter. 
Also, Loizidou et al. [111] used FEM simulation to extract 
the Von Mises stress and critical load factor, as mechanical 
evaluation parameters, of MNs with triangle, square, and 
hexagon base geometries (Fig. 8b). The simulations indi-
cated that by increasing the number of vertices in the poly-
gon structure, MNs can withstand higher compressive loads. 
Accordingly, hexagonal-based MNs were found to be bet-
ter able to withstand compressive loads than triangle-based 
MNs. Olatunji et al. [110] considered a general relationship 
for the insertion force as:

(7.1)
Finsertion = Fbending + Findentation + Fcutting + Fbuckling + FFriction
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where Fbending bends the skin, Findentation interrupts the SC 
layer, Fcutting pierces the skin, Fbuckling deforms the skin and 
FFriction presents the frictional force during the penetration. 
Several analytical relations are developed for each of these 
forces. Then, the results of these analytical relations are 
compared with the results of a 2D finite element simula-
tion. The authors concluded that both mechanical properties 
of the skin and geometry and alignment of the MNs on the 
patch affect the force components.

7.2  In Vitro and In Vivo Models

In the past, skin penetration following MN application was 
confirmed by either applying a colored dye to the skin’s sur-
face or by measuring TEWL after MN removal [34, 74, 115]. 
These techniques confirmed whether or not the stratum cor-
neum had been breached; however, they provided no infor-
mation on the needle penetration depth. To overcome this, 
various invasive and noninvasive techniques have now been 
developed to image MN skin indentation, with “true” depth 
results being demonstrated by optical coherence tomography 
(OCT) and confocal microscopy [114, 116, 117, 118].

Confocal laser scanning microscopy (CLSM) of skin 
cryo-sections may be used to investigate the penetration of 
MNs through the skin layers [91, 119], in addition to the 
permeation of naturally fluorescent or fluorescently tagged 
drugs. By producing high-resolution images, CLSM allows 
one to measure the dimensions of the holes created by the 
MN and the closure of such conduits over time [120]. For 
example, one study visualized the 250-µm moon-shaped 
conduits left in dermatomed human skin following MN 
application [121]. Apart from confirming the insertion of 
MN arrays, CLSM can also be used to show whether the 
MNs can reach the viable epidermal and dermal layers 
[122]. This enables the formulator to prove that the MNs 
can indeed deliver their cargo to the vascularized regions of 
the skin for efficient absorption into the systemic circulation.

MN characterization and the presence of the composite 
within the MN formulation have been imaged using CLSM. 
For example, one study characterized “fast-separable” MNs 
for nanoparticle delivery using CLSM [123]. This study used 
CLSM to indicate the empty holes present in skin follow-
ing MN insertion, though the CLSM image initially showed 
no nanoparticle release, indicating that the MN formulation 
required optimization. After introducing an external source 
of fluid to induce rapid MN dissolution, the same study used 

CLSM to indicate the successful release of the nanoparticle 
composite, thus illustrating that the optimized MN formula-
tion was able to release the desired nanoparticle load into 
the skin [123].

OCT is a noninvasive and high-quality imaging method 
that provides cross-sectional images from a light-scattering 
media such as biological tissues. Abnormalities recognized 
in OCT imaging are beneficial for the diagnosis of various 
diseases such as neurological disorders [124]. This imag-
ing technique is based on low-coherence interferometry and 
according to the reflected light intensity creates pseudo-
color images of the tissue [24]. Appreciating the benefits 
of OCT imaging and the wealth of information this can 
provide, formulators have now employed this technique for 
MN development. Using OCT imaging, MN insertion can 
be imaged in real time following application to both artificial 
and biological matrices. Therefore, using this technique, one 
can decide early on in the development stage whether the 
MN possesses the required characteristics for effective skin 
penetration.

Another valuable property of OCT is the capability of 
taking 2D and 3D digital images (Fig. 9a, b). The penetra-
tion of polymeric MNs in the forearm skin of volunteers has 
been studied by VivoSight® high-resolution OCT Scanner 
with a handheld probe. To enhance real-time high-resolution 
imaging, a laser center wavelength of almost 1305 nm was 
embedded in the swept-source Fourier domain OCT system. 
2D images were then transformed to 3D using an imaging 
software (ImageJ®), and a false coloration was added to the 
images to differentiate between MNs and skin layers (Ability 
Photopaint®) [28].

OCT continues to be an established method for assessing 
MN insertion. For example, OCT was recently used to image 
the insertion of MN arrays manufactured using a two-photon 
polymerization technique [127]. In this study, OCT was used 
to measure the percentage of needles inserted into PF, an 
established model membrane used for MN insertion studies 
as discussed previously [127]. Furthermore, successful MN 
insertion into full-thickness neonatal porcine skin was also 
illustrated using OCT.

Highlighting the applications of OCT imaging for MN 
development, Larraneta et al. directly compared MN inden-
tation in an artificial and a biological membrane, namely 8 
layers of PF and excised full-thickness neonatal porcine skin, 
as shown in Fig. 9c, d [87, 128]. Interestingly, the penetra-
tion depth in both the artificial and biological membranes 
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was directly comparable following the application of a uni-
form force [128]. As a result, the authors proposed the use 
of PF in conjunction with OCT imaging as a possible quality 
control test for MN manufacture.

Bright-field microscopy can also be employed to evaluate 
MN indentation. This is one of the simplest forms of optical 
microscopy in which light is absorbed by dense areas within 
the sample (Fig. 9e) [129]. This generates a contrast within 
the sample, which in this example enables the needle and 
upper layers of the skin to be distinguished. Although bright-
field microscopy is classified as a standard light microscopy 
technique, its use is limited due to low optical resolution at 
higher magnifications and poor contrast with most biologi-
cal materials [130]. Fluorescence-field microscopy can be 
useful for evaluating the insertion ability of the MNs ex vivo 
[126]. This imaging technique provides a contrast between 

the needle tips loaded with a fluorescent dye and the viable 
skin layers. In addition, fluorescence microscopy can be used 
to visualize the diffusion of fluorescent compounds within 
the viable skin layers following successful MN indentation 
[126]. Figure 9f illustrates an optical microscopy image from 
a skin cross-section after MNs removal. The stained piece of 
skin under ×10 magnification shows the depth of the holes 
created by the MNs [85]. Rhodamine B dye was used to 
reveal drug distribution within the needles, and MN holes 
were dyed using trypan blue solution. Methylene blue is also 
another common dye used for demonstrating successful MN 
insertion [131, 132]. These dyes are used as they are able to 
stain viable cells, such as those of the epidermis, but not the 
“dead” stratum corneum, and thus, MN penetration depth 
can be accurately measured.
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Fig. 9  a Optical coherence tomography (OCT) 2D cross-sectional image from penetration of polymeric MNs arrays with height of 600  µm 
into human forearm skin. b 3D OCT image created from 2D images by Ability Photopaint®. Reprinted from Ref. [125] with permission from 
Springer. c Optical coherence tomography images  taken from MNs inserted in neonatal pig skin (left panel) and eight layers of Parafilm® M 
(right panel). Reprinted from Ref. [96] with permission from Elsevier. d Bright-field and fluorescence-field images of arrowheads inserted into 
mouse skin. Reprinted from Ref. [126] with permission from Royal Society of Chemistry. e Visualization of the transport of 200-nm FITC-
nanoparticles into human skin (up to 250 μm) after using confocal microscopy. The conduit is indicated by an arrow. Reprinted from Ref. [121] 
with permission from Elsevier. f Images of hematoxylin and eosin (H&E)-stained section of hypertrophic scar tissue (7 µm) after the application 
of MNs. Reprinted from Ref. [85] with permission from Elsevier
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8  Parameters Affecting MN Insertion

There are numerous different factors that affect skin inser-
tion of MNs. This section discusses the parameters (e.g., the 
geometry of the needles, applied materials, amount of filler 
and cross-linking agents) that influence skin penetration.

8.1  Geometry

Skin is inherently elastic, and because of this, MNs must 
have a geometry which is able to overcome skin’s elastic-
ity for adequate penetration. The geometry of MN arrays 
(including the space between needles, needle shape, needle 
tip diameter, and base diameter) must be carefully consid-
ered to enable that they can penetrate the skin successfully 
and in a relatively painless manner. Needles should also have 
an optimal height to pass the stratum corneum and also to 
avoid pain generated by nerve contact. Numerous studies 
have investigated the effects of MN geometry on effective 
skin insertion [19, 22, 117, 133, 134]. Within these studies, 
trends have emerged which provide an insight into the most 
important factors that affect MN insertion. For example, one 
study found that increasing the interfacial area of the MN 
tip increased the insertion forces required, and increasing tip 
radius, wall angle and wall thickness increased the fracture 
force [19]. This result was shared with a study that explored 
the effect of MN geometry on skin permeability [22]. The 
study found that increasing the width, length and decreas-
ing the space between needles lead to greater effective skin 
permeability. This is understandable, given that needles of 
increasing width, length and more densely packed MNs lead 
to wider, longer and more densely packed holes, through 
which a greater amount of drug can diffuse through. How-
ever, more densely packed needles may lead to the “bed-of-
nails” effect. Furthermore, increasing the needle tip radius 
may decrease the likelihood of sufficient needle insertion 
due to the wider contact angle, and it may also increase the 
risk of pain due to the increased potential for nerve contact. 
Figure 10 represents different types of geometry used for 
MNs.

Computerized tomography (CT) scanning has been used 
to evaluate the effects of MN geometry on skin penetra-
tion [111]. In this study, laser micromachining was used 
to prepare MNs of varying shapes (triangular, square and 
hexagonal), whilst keeping the space between needles, base 

diameter and MN length the same. The ex vivo penetra-
tion characteristics of each array type were investigated 
using CT-scan imaging. The results indicated that increas-
ing the number of vertices (hexagonal > square > triangular) 
improved the mechanical properties of the needles. How-
ever, the increasing the number of vertices decreased the 
ability of the needles to penetration the skin. Simulation 
software predicted that hexagonal MNs would be able to 
withstand higher critical buckling loads and compressive 
stress than square or triangular MNs and triangular MNs 
showed enhanced skin penetration compared to hexagonal 
MNs. The greater ability to insert into skin was attributed 
to the sharper edges of the triangular and square MNs com-
pared to the hexagonal MNs.

The effects of MN geometry (needle type, density, shape 
and length) on transdermal delivery of zolmitriptan have 
recently been investigated [141]. Various lengths of Admin-
Patch® (SS316L stainless steel) were tested (600, 900, 1200 
and 1500 µm), and with increasing needle length, increas-
ing permeation of zolmitriptan was indicated. This is to be 
expected, as increasing needle length increases the depth 
of drug delivery, and the deeper the drug delivery is, the 
more likely the drug will be delivered into the dermal layer 
and thus will be available for uptake by the dermal micro-
circulation. Of the two types of MNs used (AdminPatch® 
and laboratory-fabricated polymeric MNs, both 600 µm), the 
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Fig. 10  Different microneedle designs and their constructed needles. 
The SEM images of part a [135], b [136], c [135], d [137], e [138], f 
[139], g [140] and h [135] reprinted with permission
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polymeric MNs formed the wider and deeper microconduits, 
thought to be due to their conical shape. This resulted in a 
3.6-fold increase in zolmitriptan delivery from the polymeric 
MN arrays compared to passive delivery, and the Admin-
Patch® delivered 3.17-fold more zolmitriptan compared to 
passive delivery. However, the polymeric MNs were applied 
thrice to maintain a MN density closer to that of the Admin-
Patch®. While this allows a more direct comparison between 
the two patch types, a triple application of the polymeric 
MNs may have contributed to the increase in zolmitriptan 
delivery when compared to the AdminPatch®.

In addition to drug delivery, MNs have been used for 
transcutaneous immunization and the effects of MN geom-
etries on the feasibility of transcutaneous immunization have 
been investigated [142]. In one study, the geometry of dis-
solving MNs was investigated for the delivery of ovalbumin 
[143]. The results of this study indicated that the needle 
morphology of dissolving MNs influenced their mechanical 
properties, dissolution and insertion capacity, which in turn 
affected the immune response. In this study, cone-shaped 
MNs were found to be the optimal shape for ovalbumin 
delivery and transcutaneous immunization [143]. This was 
due to the relationship between apex angles and length-
diameter ratios—cone-cylinder MNs used in this study had 
an increasing apex angle with a decreasing diameter, which 
increased the risk of needle fracture when force was applied. 
The opposite was found to be the case for the optimal cone-
shaped, dissolving MNs. Furthermore, cone-shaped MNs 
were found to have the fastest dissolution time. Therefore, 
greater needle insertion and a fast dissolution time resulted 
in greater ovalbumin delivery and a more potent immune 
response.

With the increasing growth in the transdermal market 
[144] and the push toward clinical application of MNs, it is 
important to create reproducible tests for regulatory accept-
ance criteria. Though ex vivo skin is the closest surrogate 
to human skin and is thus used in numerous experiments 
investigating drug delivery using MNs, such a skin model 
cannot be used to reproducibly evaluate MN insertion. PF 
has been found to be of use for quality control testing of 
MN insertion as described previously [128]. An alternative 
to this method is the use of a computational model, which 
may be able to predict the optimal geometry of MNs for skin 
insertion [145]. Such a computational model has been used 
to predict the optimal MN geometry, specifically for dermal 

vaccination [145]. This study investigated the effect of spac-
ing between MNs, MN length and MN array base radius on 
needle insertion and immune response. The results revealed 
that the optimum distance between MNs was influenced by 
the quantity of activated antigen presenting cells and the 
target site (epidermis or dermis), which was thought to be 
related to the immune response induced by the antigen-pre-
senting cells (Fig. 11a). The maximum number of activated 
antigen-presenting cells occurred when the spacing between 
individual MNs was at a distance of 1 mm and 1.5 mm when 
targeting the epidermis and dermis, respectively. In addition, 
it was found that the MN length affected the quantity of 
antigen-presenting cells that were activated, with increasing 
MN lengths suited to dermal antigen-presenting cell activa-
tion. The array base radius had minimal influence on the 
number of immune cells that responded. Figure 11b repre-
sents the relationship between MN design parameters and 
therapeutic efficacy.

More recently, a computational model was used to assess 
the potential of a novel dissolving MN array design for drug 
delivery applications [18]. A simulation of the MN dissolu-
tion process in a porous medium was executed, which was 
validated using a study of dissolving MNs for drug delivery 
to the cornea. From the obtained results, a new MN shape 
was proposed, consisting of a cone shape with an array of 
hemispherical convexities located in the lower half of the 
MN, to reduce the risk of delivery of an insufficient amount 
of drug if partial needle penetration occurred, reducing drug 
waste, whilst increasing drug flux (Fig. 11c).

The relationship between MN geometry and force 
required to insert MNs has also been investigated [146]. 
The insertion force was found to strongly relate to tip angle 
and the radius of the MN tips curvature. The insertion force 
increased with increasing width of MN shaft, but the relation 
was weak, and the radius was found to have no influence on 
the insertion force.

In relation to the needle density, a phenomenon known 
as the “bed-of-nails” effect may occur. Whilst increasing 
the number of needles  cm−2 on a single baseplate appears 
useful for increasing the amount of drug deliverable using 
MN arrays, applying an equal application force to a MN 
array of higher density may result in a lower force applied 
to each individual MN, resulting in reduced needle inser-
tion and thus reduced drug delivery. This phenomenon has 
been demonstrated numerous times within the literature 
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[147, 148]. For example, human epidermis pretreated with 
MNs (400 µm needle length and 2000 needles  cm−2 den-
sity) resulted in a significant enhancement in aciclovir flux; 
however, when using MNs with the same length but with 
an increased needle density (5625 needle  cm−2), a lower 
enhancement of drug flux occurred [149].

The “bed-of-nails” effect has been explained more 
recently using the finite element analysis of a 3 × 3 hafnium 
oxide MN array [150]. Reducing the spacing between indi-
vidual MNs (from 80 to 20 µm) resulted in smaller MN 
maximal height difference (i.e., the difference in MN height 
after application to the skin when compared to the original 
MN height before application to the skin), which caused a 

reduced maximal stress in skin. Thus, when the same pres-
sure was applied to the MNs of different spacing, the skin 
was not pierced when the MN spacing decreased to 20 µm 
[150].

It is clear from the studies summarized in this review that 
the geometry of MNs can be altered to optimize the insertion 
of MNs into skin. It is important to note that optimization 
of MNs for skin insertion cannot be considered a “one-size-
fits-all” approach and must be considered alongside factors 
such as skin elasticity and, in particular, the transdermal 
target, as can be seen from the Römgens et al.’s study [146]. 
Furthermore, there is a balance that must be struck between 
effective skin insertion and skin permeability. Though 
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MNs exhibiting a greater length, width, and needles with a 
greater density are thought to lead to greater effective skin 
permeability [22], outliers exist in the form of the “bed-of-
nails” effect, which may reduce skin permeability despite 
an increase in needle number within a single array, as 
described above. Furthermore, skin permeability is likely 
to be increased by the length of needles; however, increasing 
MN length increases the risk of nerve contact, resulting in 
pain upon application, which may reduce patient acceptance 
of the device, an important aspect to consider when develop-
ing MNs for clinical applications.

8.2  Microneedle Materials

In addition to the geometry of MNs, the material used to fab-
ricate MNs can have a profound effect on its ability to suf-
ficiently pierce the skin. Whilst the ability to insert efficiently 
may be considered one of the most important factors when 
fabricating MNs, other factors must be considered alongside 
this. Such factors include cost, biocompatibility and batch pro-
duction capabilities, and therefore, MNs that readily insert 
into the skin cannot necessarily be considered viable for clini-
cal applications due to the combination of these other factors.

The first material used for MN fabrication was silicon, 
and this material has a high flexibility in the processes that 
are used to form the material. This has allowed a wealth 
of MN sizes and shapes to be manufactured, which has 
already been discussed as having an influence on MN inser-
tion. Silicon MNs have significant strength mechanically, 
and this allows silicon MNs to sufficiently insert into skin 
[151, 152]. Deformation and stress testing of silicon MNs 
of concave conic shape were undertaken to predict the inci-
dence of MN deformation [153]. A skin penetration study 
was conducted on rat skin, where it was found that with 
increasing load (50–800 g), surface buckling deformation 
did not occur, indicating a good mechanical strength of the 
needles. Previously, there have been concerns surrounding 
silicon biocompatibility due to the possibility of needle frac-
ture into the skin, as although silicon MNs are mechanically 
strong, they are also brittle [154]. However, more recently, 
researchers have character silicon MNs for drug delivery 
applications [155]. The needles passed the Vickers hardness 
test, and thus, the authors believed that these needles would 
be easily inserted into skin for drug delivery applications, 
without the possibility of needle fracture.

Silica glass is an alternative material that has also been 
investigated for MN fabrication. Borosilicate glass in par-
ticular presents lower elastic moduli values (64 Gpa) than 
silicon [156]. However, as indicated in Fig. 6, silica glass 
and silicon have similar fracture toughness values, and this, 
combined with the time inefficiencies associated with silica 
glass fabrication [139], means that glass MNs cannot real-
istically be used commercially and are instead reserved for 
experimental purposes only [157].

Metals are another common material used to fabricate 
MNs. Metals such as titanium and stainless steel have 
already been used for hypodermic needle fabrication, medi-
cal implants and prostheses, and have shown good biocom-
patibility and mechanical strength. Young’s moduli measures 
the elasticity of a material. Metals may be considered com-
parable to the highest possible value of silicon (180 GPa) 
when comparing moduli values; however, metals exhibit a 
higher fracture toughness compared to silicon. Thus, met-
als could be considered a more suitable material for MN 
fabrication compared to silicon [87]. Table 1 represents the 
strengths of materials used in microneedle fabrication.

Table 1  Strengths of materials used in microneedle fabrication

Data obtained from [163] except those mentioned
Ormocer®: “Organically Modified Ceramic Technology,” containing 
inorganic–organic co-polymers in addition to the inorganic silanated 
filler particles [164]

Material Young’s modulus 
(GPa)

Ultimate tensile 
strength (MPa)

Silicon 110 7000
Glass 85 50
Nickel 214 586
Palladium 117 186
Platinum 147 117
Titanium 110 241
Stainless steel 200 1000
Ormocer® 17 30
Polymethyl meth-

acrylate
3 170

Poly(glycolic acid) 12.5 890 [158]
PLGA 75/25 629 [159] 28 [159]
PLGA/PCL/PLGA 

(25/50/25)
26 [159] 2 [159]

PLGA/PCL/PLGA 
(37.5/25/37.5)

20 [159] 2 [159]

Maltose 31 –
Hyaluronic acid 2 ×  10−4 [160] 20 [160]
Poly(d,l-lactide) 2.7 [161] 128 [162]
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Alumina  (Al2O3) is the most popular type of ceramic 
for the production of MNs [165–167].  When com-
pared to monocrystalline silicon, alumina has a suitable 
mechanical strength (fracture toughness of 3.75–4.85 and 
0.83·–0.94 MPa  m1/2) [168]. Though alumina is considered 
to be one of the most stable oxides and thus is not affected 
by adverse environmental conditions, or corrosion [169], it 
is a brittle material (Fig. 6a) and has a lower strength resist-
ance to tension when compared to other materials (Table 1). 
Its brittleness has been demonstrated in mechanical perfor-
mance tests using microindentation techniques eliminating 
shear forces and by manual application of MNs into silicone 
rubber. After manual application of the ceramic MNs, some 
MNs were broken and left in the silicone rubber [165] and 
are therefore unsuitable for insertion into human skin. Zir-
conia is another type of ceramic, which has a better bending 
strength and fracture toughness values compared and bend-
ing strength when compared to alumina, which may be more 
attractive from a MN insertion standpoint, but it has poorer 
wear characteristics [170].

Despite the apparent disadvantages of ceramics for MN 
insertion and thus transdermal drug delivery applications, 
they offer controlled and adjustable porosity, which can be 
taken advantage of to enhance percutaneous drug permea-
tion [171]. The drug is either loaded into the MN pores and 
is able to diffuse out of the pores as a liquid formulation once 
the array pierces the skin and the array comes into contact 
with interstitial fluid, or a drug formulation is loaded into 
MN pores and subsequently dried. Once the needles pierce 
into the skin, the formulation is hydrated with interstitial 
fluid and the drug is transported from the MN pores into 
the skin [168]. This second technique was used to deliver 
ovalbumin to skin dendritic cells using MNs, i.e., biocom-
patible ceramic MNs [172]. These MNs have the advantages 
of ceramic MNs without the problems associated with poly-
meric MNs, such as their low mechanical strength (and thus 
poor skin insertion) and their inability to withstand high 
temperatures during the fabrication process [87, 173, 174]. 
However, insertion studies using ex vivo human skin indi-
cated that 36.4% and 27.5% of 300 and 600 µm length nee-
dles were broken, respectively. The authors did not specify 
whether the needle fragments were found within the ex vivo 
skin, but nonetheless, it appears as though ceramic MNs are 
a poor choice for clinical applications due to their brittle 
nature [172].

Carbohydrates are cheap and safe for human health and 
thus have also been used to fabricate MNs [175]. Some 
studies have indicated that such “sugar MNs” are able to 
penetrate the skin [116, 176]—but even in these cases, the 
needles failed to penetrate near to the depth of the needles 
themselves (i.e., needle length of 508 µm but penetration 
depth of 160 µm). Whilst this could be attributed somewhat 
to skin elasticity, the lack of depth penetration is excessive, 
and thus, a lack of mechanical strength should also be con-
sidered. More recently, a study characterized structural prop-
erties of sugar MNs [109]. Results indicated that carboxy-
methylcellulose/maltose MNs exhibited better mechanical 
strength values when compared to carboxymethylcellulose/
trehalose and carboxymethylcellulose/sucrose MNs. Buck-
ling was the main mode of MN failure (in respect to trans-
dermal propanol delivery), and there was a positive relation-
ship between the order of buckling and Young’s modulus 
values of the sugar components of each MN (Table 1). These 
mechanical issues combined with other disadvantages asso-
ciated with carbohydrate-based MNs [177] are likely to 
impede their commercial development.

Polymers are widely considered as the most popular mate-
rial for MN fabrication, due to their suitable, biodegradabil-
ity, biocompatibility, strength/toughness values, low toxicity 
and low cost [178, 179]. Polymers are used mainly for the 
fabrication of dissolving and hydrogel-forming MNs due to 
their high biocompatibility, reducing concerns surrounding 
potential MN material that may be left within the skin fol-
lowing insertion. Generally, polymers exhibit greater tough-
ness than ceramics or glass, but poorer strength than metals, 
silicon, ceramic and glass (Table 1; Fig. 6c) [87]. Fortu-
nately, different blends of polymers can be used to achieve 
the desired mechanical properties for a specific clinical 
application [81, 180]. If some polymers have insufficient 
piercing abilities, piercing materials can be used in conjunc-
tion with the MNs themselves. For example, one study used 
hyaluronic acid, carboxymethyl cellulose and alginate as a 
piercing material to pierce the skin quickly (through quick 
dissolution) and evenly, thereby allowing underlying MNs 
to interact with interstitial fluid [181]. This study found that 
a sharp needle tip and overall mechanical strength were the 
two most important factors affecting needle insertion. The 
most successful piercing material was hyaluronic acid at a 
concentration of 3% w/w (tip size of approximately 48 µm, 
dissolution time 1 min 30 s).
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8.3  Effect of Filler and Cross‑linking

Whilst there is a large volume of literature which focused 
on the effects of composite on drug delivery, there is little 
regarding the effects of composite on needle insertion. It is 
worth noting that the mechanical strength of MNs may be 
weakened by the presence of drug within the MN matrix 
because drugs are mechanically weaker than polymers 
[182]. On the contrary, incorporating fillers such as metal-
lic and polymeric particles in the matrix increase the elastic 
modulus of the hybrid polymer [91, 183]. In light of this, 
one study focused on the use of silk MNs, and more spe-
cifically, loading needles with silk microparticles to explore 
how this affected needle mechanical strength (Fig. 12) [184]. 

Incorporation of microparticles was found to increase 
mechanical strength of the needles. Pyramid-shaped MNs 
had a mean fracture force of 175 mN/needle, whereas the 
addition of microparticles increased average fracture force 
to 330 mN/needle. Mixing beta-sheet-induced microparti-
cles with a silk solution formed a silk composite. This novel 
composite formulation reinforced the bulk silk material and 
was found to improve the mechanical stability of the result-
ant MNs. Cone-shaped MNs were also found to be supe-
rior in mechanical strength compared to pyramid-shaped 
MNs, again illustrating that MN geometry has an effect on 
mechanical strength [184].

Another study found that the incorporation of layered 
double hydroxide (LDH) nanoparticles within sodium 
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microparticles and post-treatment with water vapor and (iii) MN loaded with microparticles and post-treated with water vapor. Reprinted from 
Ref. [184] with permission from Wiley
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carboxymethylcellulose (CMC) MNs formed a nanocompos-
ite, which increased the mechanical strength of the needles 
without sacrificing dissolution rate [185]. The addition of 
5% LDH nanoparticles was found to increase the mechani-
cal strength of needles most significantly, which was meas-
ured by load–displacement, elastic modulus and hardness. 
For example, much greater loads were required for needle 
penetration of the same depth with increasing LDH concen-
tration. The elastic modulus of pure CMC was 0.993 GPa, 
whereas the elastic modulus of 5% LDH-loaded CMC MNs 
was 2.878 GPa. The hardness of pure CMC polymer was 
0.067 GPa; the hardness when 5% LDH was incorporated 
was 0.111 GPa [185].

Alternatively, one study found similar insertion profiles 
from dissolving MNs loaded with different concentrations 
of a rilpivirine nanosuspension, using the previously estab-
lished PF method [128]. Four formulations were tested, and 
all were capable of piercing three layers of PF (approxi-
mate depth of 378 µm). MNs containing no PVA (100% 
rilpivirine) did not provide sufficient mechanical strength, 
despite being able to penetrate through PF, as some needles 
broke away from the array and were found lodged in the PF® 
[186]. This study indicates that altering the concentration of 
the composite may not necessarily change the mechanical 
strength of MNs; however, the presence of the composite 
may increase the needle mechanical strength. Thus, more 
studies are required to investigate this effect in detail. It is 
likely that such an effect may depend on the initial material 
used to formulate the MNS and may differ on a case-by-case 
basis.

The extent of cross-linking is a critical parameter associ-
ated with hydrogel-forming MNs. MN patches with greater 
cross-linking density need more force to cause the same 
amount of compression, signifying that enhancing cross-
linking time considerably improves the mechanical strength 
of MNs [187]. Accordingly, systems with greater cross-link-
ing density need more force to cause the same amount of 
compression (Fig. 13) [188].

A general rule is that the greater the cross-linking effect, 
the less able the array is to swell, and therefore, this gener-
ates smaller gaps through which a drug can diffuse into the 
interstitial fluid and eventually the dermal microcirculation. 
This is not always the case, and the size of the drug and 
potential interactions between the drug and MN material 
must always be considered. Thus, it is clear that the cross-
linker has a great effect on the ability of a drug to diffuse 

through the MN material and into the skin. However, there 
has been little research into the effects of the cross-linker on 
MN insertion. It appears as though different cross-linking 
times have no effect on insertion capabilities [189]. Moreo-
ver, swelling and super-swelling MNs have been shown to 
have the same insertion depth, despite using different cross-
linking methods [190]. It appears, therefore, that cross-link-
ing does not have an effect on MN insertion, though it is 
nonetheless important to consider for drug delivery. How-
ever, the effect of cross-linking on MN insertion was not the 
main focus for either of these cited studies and should be 
studied in greater depth in the future.

9  Strategies to Enhance MN Insertion

Since MNs were first conceptualized as a drug delivery 
device in 1971 [191], the technology continues to grow and 
more sophisticated and complex types of MNs have been 
developed to overcome the many challenges associated with 
transdermal drug delivery, whilst aiming to create a simple 
and convenient device that the end-user would be happy to 
use.

The large number of studies cited in this review demon-
strates that due to the physicochemical properties of the skin, 
polymeric MNs may be unable to completely insert into the 
skin, leading to inconsistent and random delivery of drug 
cargo within MNs [192]. In the recent decade, significant 
progress has been made to ameliorate the insertion capabil-
ity and efficiency of MNs. In some cases, the mechanical 
fracture force proved that MNs have the desired mechanical 
strength to perforate the skin without breakage, but they are 
unable to successfully insert. The delivery efficiency of MNs 
depends on many different factors; for instance, application 
force and skin elasticity. If the skin is too elastic, MNs tend 
to push the skin instead of penetrating and creating holes to 
deliver the drug cargo. Fabricating MNs over micropillars 
makes it possible to distribute the force over each MN and 
perform a uniform and complete insertion of the whole array 
into the skin (Fig. 14) [192].

Pedestal-based MNs (also known as pillar integrated 
MNs) have an extended length to counteract the elasticity 
of the skin and provide additional mechanical strength to 
aid in successful penetration/insertion [193–197]. Taking 
this into account, pillars could be fabricated by a dissolv-
able polymer, e.g., PVP or PVA, which dissolve immediately 
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after insertion of MNs into the skin. In some other cases, 
polymers like PCL and PLA could be utilized as a separat-
able strong base which eventually separate from the MNs 
upon insertion.

Insertion-responsive MNs (IRMNs) rely upon the strength 
of adhesion between materials for tip separation, rather than 
mechanical interlocking. When IRMNs insert into the skin, 
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mechanical stress is exerted, thereby inducing cracking 
and subsequent separation at the tip–base interface. Upon 
removal, the inserted tips are separated from the base and 
the coated drug or vaccine is released into the skin. IRMNs 
were developed to allow for skin insertion without the need 
for a patch.

One study investigated the effect of base geometry (with 
or without a walled square pyramid stand) on the mechanical 

behavior of IRMNs (Fig. 15) [197]. Pyramidal and square 
hyaluronic acid MN tips with a polycaprolactone base were 
manufactured. Following skin insertion, hyaluronic acid tips 
were separated from the polycaprolactone base due to the 
relatively weak adhesion strength between polycaprolac-
tone base and hyaluronic acid. Ex vivo skin insertion tests 
confirmed that separation of the tips from the base array 
occurred following insertion, irrespective of the presence of 
a wall on the stand. However, only IRMNs with the single-
walled square pyramid stand were deeply embedded within 
the skin. Mechanical testing results illustrated that the when 
a wall was present on the base, the mechanical stability of 
the IRMNs was increased. The presence of the wall also 
allowed for suitable adhesion between the tips and base, pre-
venting tips breakage during insertion, whilst still allowing 
the needle tip to separate from the baseplate upon removal 
[197].

In two studies, such IRMNs were used to deliver canine 
influenza vaccine [198, 199]. Canine influenza vaccine was 
coated onto the tips of water-soluble IRMNs and delivered 
immediately following IRMN insertion into skin. Skin inser-
tion tests were conducted using full-thickness porcine skin 
with fluorescein staining. The needle arrays inserted into 
skin for 10 s; it was observed that 100% of the tips were suc-
cessfully separated from the baseplate and all tips remained 
inserted in the skin following baseplate removal. However, 
due to skin elasticity, the MN tips tended to stick out from 
the skin [198].

The second study conducted insertion tests of both coated 
MNs and IRMNs on ex vivo dog ear skin without hair 
removal for 10 s using thumb pressure and then attached 
to the ear for 15 min [199]. The puncture performance and 
insertion efficacy for both coated and IRMNs were 100%; 
however, the coated MN patch was unsuitable, as the adhe-
sive patch surrounding the coated MNs could not adhere 
sufficiently to the skin. This caused the needles to be lifted 
out of the skin after initial insertion, which corresponded to 
the poor delivery efficiency of coated MN (0.6%). This was 
not the case with the IRMNs, which showed 95% delivery 
efficiency within 10 s of needle application, even without 
prior hair removal from the skin. Whilst the delivery effi-
ciency may not be as important for a vaccine, where only 
enough vaccine must be delivered to trigger the immune 
response, drugs with a narrow therapeutic window will 
require a specific dose to be delivered transdermally. The 
IRMNs in this study delivered almost all of the coated 
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Fig. 15  aI–aVI Insertion-responsive MNs, which use two different materials to form the MN base and MN tips. Upon skin insertion, separation 
of the tip from the rest of the MN occurs immediately and the tip remains embedded within skin tissue, and the rest of the MN is removed from 
the skin, allowing the inserted tip to slowly release the drug [197]. b SEM images of an a single-walled stand (left), and an insertion-responsive 
MN with a single-walled stand (right). Scale bar = 100 µm. c Cross sections of porcine skin following insertion-responsive MN insertion. MNs 
were loaded with fluorescein as a model drug. Scale bar = 300 µm. Reprinted from Ref. [197] with permission from Royal Society of Chemistry
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vaccine cargo without a large amount of waste, unlike the 
coated MNs. Furthermore, leaving some drug on the skin 
surface, as was the case with coated MNs in this study due 
to improper insertion, may be considered unsafe for specific 
compounds. Although IRMN technology has clear poten-
tial by taking advantage of the mechanical properties of the 
MNs, the technology must be refined to ensure complete 
needle deposition occurs.

Another strategy to ensure complete MN insertion without 
retraction out of the skin is to use “implantable MNs.” These 
MNs have been investigated particularly for scenarios where 
sustained release would be advantageous to the system. For 
example, one study detailed the effectiveness of an influenza 
vaccination from “patch-free” chitosan MNs, which con-
sisted of chitosan MNs loaded with vaccine, with a dissolv-
ing supporting array (PVA/PVP), which gave extra length 
to the MNs to allow for complete insertion. The dissolvable 
supporting array was dissolved within the skin during inser-
tion [200]. MNs were applied to the dorsal skin of ICR mice 
and Sprague–Dawley rats, and to the ear skin of crossbred 
LYD pigs to ensure complete insertion over a range of skin 
thicknesses. Following a 15-min insertion time, the support-
ing array fully dissolved, leaving the MNs fully embedded in 
the skin (at a depth of 800 µm in rat skin). All microscopic 
conduits created from MN insertion gradually repaired and 
disappeared within 8 h; thus, skin healing was not delayed. 
The MN-induced immune-enhancing effect from this MN 
system lasted for at least 16 weeks.

In another study, implantable MNs were formulated 
using a photo-triggerable system for patient-controlled 
analgesia (Fig. 16), whereby near-infrared light could be 
used to release the analgesic [193]. Near-infrared absorbers 
and analgesics were combined with a PCL/PLA support-
ing base array. The supporting base array was fabricated by 
casting molten PLA pellets onto a previously constructed 
polydimethylsiloxane mold. The polydimethylsiloxane mold 
was fabricated by a precision electrical discharge machin-
ing technology using a stainless-steel master structure con-
sisting of 81 (9 × 9) tiny structures with center-to-center 
spacing between adjacent 1000-µm needles. The “remov-
able design” of the supporting base array enabled the rapid 
implantation of the MNs into the skin to act as a drug depot, 
therefore reducing patch application time. Following irra-
diation with near-infrared light, the near-infrared absorb-
ers in the implanted MNs absorb light energy and induce a 
phase transition to release the analgesic. Not only does this 

system allow for “on-demand” analgesia, the duration and 
modulation of lidocaine release were found to be control-
lable by varying the irradiation time and switching between 
the “on” and “off” status of the laser. Lidocaine was found to 
be released into the bloodstream within 10 min of MN appli-
cation, and MNs achieved 95% bioavailability compared to 
a subcutaneous injection of the same drug. Whilst this may 
remove the requirement for multiple injections to control 
pain and may enable patients to control their pain more con-
veniently and comfortably, near-infrared light instruments 
are not commonplace within healthcare, and a patient would 
need both the MN patch and such an instrument to facilitate 
drug release. This takes away somewhat from the purpose of 
MNs—to be small, simple and convenient to use. Therefore, 
it is unlikely that such devices will become commonplace 
within health care until near-infrared light devices become 
commonplace, though the technology does illustrate that 
sophisticated MN devices may be formulated to tailor drug 
release to the individual patient.

Implantable MNs have also been used for sustained glu-
cose sensing and insulin delivery [201, 202]. Powder-carry-
ing MNs were developed which lacked a reconstitution step, 
allowing one to implant insulin powder directly without the 
requirement of an adhesive patch [202]. This allows delivery 
of the required dose of insulin without degradation issues, 
a common problem associated with its delivery using dis-
solving MNs. Insulin powder was encased in a CMC micro-
shelled structure. Low fracture forces were observed at 5% 
CMC, indicating the breakage of the outer microshell, which 
occurred at the base of the structure. This was thought to 
potentially cause insertion difficulties via collapsing of the 
entire structure; thus, 10% CMC was used for studies there-
after. However, increasing CMC concentration increased the 
thickness of the microshells due to reduced shrinkage of 
the shells during the drying process, reducing the loading 
capacity of drug [202].

Powder-carrying MNs applied using a patch were not fully 
embedded into the skin, and a gap of 85 µm was observed 
between the tissue and the MN arrays. Complete skin inser-
tion of the powder-carrying MNs only occurred when nee-
dles were applied using a micropillar-based implantation 
system (Fig. 17) [202]. Calcein was used as a control drug, 
and permeation of calcein was 147 and 206 µg for the patch 
group and implantation group, respectively [202]. Whilst the 
results are positive and indicate that powder insulin delivery 
was possible from this system, similarly to the near-infrared 
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system, patients with diabetes will not have access to a 
micropillar-based implantation system, and thus, the results 
from this study are not necessarily translatable to real-life 
use [202]. Currently, patients commonly use patches for 
transdermal drug delivery applications. Thus, the implanta-
tion device used in this study would need to be accessible 
for all patients for this implantable, powder-carrying MN 
system to be viable for commercial use.

Bioinspired design, e.g., those that mimic animal organs, 
can also be used to improve the performance of MNs to 
successfully insert into skin. To prepare such complex struc-
tures, while still maintaining a high resolution, a technique 
often employed is direct laser writing (DLW) [203, 204]. 
This 3D microprinting process uses focused laser pulses 
to trigger highly localized polymerization reactions in a 
photoresist due to a two-photon absorption phenomena. 
By moving the laser focus in space, one can rapidly and 
reliably obtain elaborate fully 3D micro architectures with 
resolutions in the order 100 nm, which cannot be obtained 
with other microfabrication techniques, in a single fabrica-
tion step [205]. In light of this, by using DLW, an array 
of 80-µm-tall pyramid-shaped MNs was prepared with a 
micropatterned surface inspired by insects of the Heterop-
tera group (European true bug) [206]. Such a surface, which 
comprises 45° tilted microcones, is able to carry fluids uni-
directionally along the cones’ direction, even against capil-
lary forces. According to the authors, such structures could 
facilitate the injection of liquid media under the stratum cor-
neum by directional external flow; however, no experimental 
evidence was provided in this study.

In another study, by using 3D printing technology, Suzuki 
et al. tried to mimic the structure of a proboscis of a mos-
quito to achieve painless insertion of hollow needles in the 
skin [207]. The proboscis is composed of different parts 
(e.g., labrum and maxillae), which mosquitos are able to 
move separately to penetrate the stratum corneum (Fig. 18). 
In the study, the authors fabricated a 100-µm-wide bioin-
spired needle composed by two separate parts, which could 
vibrate independently and showed that such design could 
reduce the force necessary to insert (and remove) the needle. 
Moreover, the capillary force generated inside the device 
was sufficient to draw enough blood to perform glucose 
analysis in few seconds. While this is not the first time that 
the proboscis architecture has been replicated by microfab-
rication techniques, the use of DLW allowed for an unprec-
edented 3D freedom during the fabrication process [207].

While bioinspired structures possess metaproperties, 
which can improve the performances of MNs, DLW can be 
used to realize standard needle designs without the com-
plexity typically associated with microfabrication, such as 
cleanroom facilities, expensive equipment, and multi-step 
procedures [209, 210]. For instance, an injection device 
comprising an array of hollow MNs connected to a 2-mm3 
reservoir was fabricated, all was printed in a single step 
using a biocompatible resin [16]. Due to the flexibility of 
DLW, the authors could optimize the dimensions of the nee-
dles to improve skin penetration and flow rate of the drug 
and successfully tested their working devices on mice [16].

Although DLW brings the advantages of 3D printing to 
the microscale, only polymeric materials can be printed with 
adequate resolutions. This often limits the nanowires effi-
cacy because of their mechanical properties (Young modu-
lus < 3.5 GPa) [211]. However, DLW can also be employed 
to realize template prototypes for mold-casting fabrication, 
overcoming the material constraints. This rapid prototyp-
ing technology can be useful for optimization studies which 
require testing of different designs and/or materials in a short 
amount of time [212]. Recently, such an approach was used 
in a comparative study [127]. The performances of vari-
ous MNs heights, shapes, and separation on the penetration 
and drug-releasing characteristics of different biodegradable 
polymer blends were examined. It was shown that 900 µm 
conical and square-pyramidal shapes showed the best inser-
tion performances (up to 90% of their total length) and, con-
sequently, could deliver the highest amount of drug by MN 
dissolution [127].

10  Conclusion and Outlook

Controlled drug delivery has become a promising area of 
research and development over the last decade. Several clini-
cal studies exhibited that MNs cause less pain compared 
to hypodermic needles [30, 31, 32, 33, 138]. However, the 
crucial characteristic of MN technology is the capability of 
piercing the stratum corneum without breaking or bending 
during insertion. This ensures that the release of active com-
pounds from MN patches occurs at the predetermined place 
and time.

Furthermore, mechanical tests using different insertion 
assays and a wide variety of skin models are carried out to 
predict the likelihood of successful needle insertion. Such 
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analysis is performed prior to clinical practice to allow 
researchers to refine and improve upon the insertion process.

Implantable and insertion-responsive MNs (e.g., with 
micropillar or pedestal) are a sophisticated use of MN 
technology, compared to without pedestal-based platforms 
However, solid MNs have been largely replaced due to their 
“two-step” design by the use of “one-step” MNs (i.e., dis-
solving, hydrogel-forming). The use of implantable and 
insertion-responsive MNs appears in some cases to require 
a separate piece of equipment for successful insertion, such 
as a micropillar, or a near-infrared light device. Additionally, 
current fabrication methods used to prepare pedestal-based 
patches are time-consuming. To circumvent this hurdle, 3D 

printing methodologies such as direct laser writing (DLW) 
can pave the way for quicker and more precise fabrication 
of separatable MN patches [127, 213]. Compared to other 
microfabrication technologies, DLW offers several advan-
tages: It can achieve 3D structures with arbitrary complexity 
and sub-micrometric resolutions; it allows an extremely flex-
ible printing process, where design and printing parameters 
can be changed (and tested) rapidly; it does not necessarily 
require cleanroom facilities; and its fabrication methodolo-
gies are intrinsically fast, thus making it a promising tech-
nology when considering the eventual need to scale up MN 
production on an industrial level [214]. However, this tech-
nique can only reliably print polymeric materials (usually 
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acrylates and epoxide-based resins), which may not reach 
high Young moduli (˃ 5 GPa) and are not always biocompat-
ible. While these limitations may be considered difficult to 
overcome, one must also consider that polymeric materials 
and composites have properties and functionalities that can 
be easily tuned over a broad range of possibilities. These 
materials can be optimized to fit one’s needs by means of 
chemical synthesis and design [203]. Moreover, the use of 
3D-printed microstructures to serve as a template for mold-
casting methods can surpass the materials limitations alto-
gether, combining the advantage of DLW resolutions with 
the properties of otherwise unprintable materials [5].

This review clearly details the range of literature that 
explores factors which influence the ability of MNs to 
effectively insert into the skin. Utilizing pillars as a sepa-
rate applicator can be one solution to fully insert the MNs 
into the skin by consistent spreading of the force onto each 
MNs, though this somewhat removes from the simplicity 
and convenience associated with MNs. Several other aspects 
including needle geometry and density/mechanical proper-
ties, distance between two needles, and the employed mate-
rials must be considered to fabricate MNs for successful 
insertion. Such factors may be tailored to achieve the appro-
priate level of MN penetration required for successful drug 
delivery or specific site targeting. Therefore, altering the MN 
design, geometry and fabrication material can affect the nee-
dles ability to overcome skins natural elasticity and pierce 
the skin, all of which can be tailored to maximize drug deliv-
ery on a case-by-case basis. More recently, and in the future, 
computational models may become more popular to predict 
the optimal MN design for transdermal delivery of a specific 
drug [18, 145]. Assuming that computational models may be 
considered accurate, this would remove the need to source 
ex vivo skin tissues, an advantage when considering that 
MNs must be accepted by regulatory authorities to become 
a clinical success, and eliminating the need for ex vivo skin 
tissue for mechanical testing makes regulatory acceptance 
more likely since such samples cannot be used for quality 
control (QC) purposes.

In regard to regulatory authorities, one must understand 
the basic requirements of MNs in order for them to make 
the transition from benchtop to bedside. At their most basic 
level, MNs must be able to reliably insert into the skin for 
transdermal drug delivery. Thus, regulatory authorities must 
decide on what constitutes “sufficient MN insertion” so the 
appropriate QC tests can be designed for testing prior to MN 

release to the public. Furthermore, as no obvious sensation 
occurs from the application of a MN array, some indica-
tion of correct application and delivery may be required for 
the patient [215, 216]. A pressure-indicating film has been 
designed for such a purpose, whereby a color-changing film 
was successfully incorporated into a MN array to indicate 
successful MN insertion, providing visual feedback to the 
end user [217].

Ultimately, regulatory authorities will need to decide 
on the acceptance criteria for MNs—of which, successful 
insertion is just one aspect. MNs hold great potential for 
the transdermal delivery market, and once such regulatory 
hurdles are overcome, the benefits for both patients and the 
pharmaceutical industry will be substantial.

Acknowledgements P.M., M.C. and V.M. acknowledge funding 
from the European Horizon 2020 Research and Innovation Pro-
gramme under Grant Agreement No. 899349 (5D NanoPrinting).

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. R. Jamaledin, P. Makvandi, C.K.Y. Yiu, T. Agarwal, R. Vec-
chione et al., Engineered microneedle patches for controlled 
release of active compounds: recent advances in release pro-
file tuning. Adv. Ther. 3, 2000171 (2020). https:// doi. org/ 10. 
1002/ adtp. 20200 0171

 2. A. Patzelt, W.C. Mak, S. Jung, F. Knorr, M.C. Meinke et al., 
Do nanoparticles have a future in dermal drug delivery? J. 
Control. Release 246, 174–182 (2017). https:// doi. org/ 10. 
1016/j. jconr el. 2016. 09. 015

 3. R. Jamaledin, C. Di Natale, V. Onesto, Z.B. Taraghdari, 
E.N. Zare et al., Progress in microneedle-mediated protein 
delivery. J. Clin. Med. 9, 542 (2020). https:// doi. org/ 10. 3390/ 
jcm90 20542

 4. Z. Baghban-Taraghdari, R. Imani, F. Mohabatpour, A review 
on bioengineering approaches to insulin delivery: a pharma-
ceutical and engineering perspective. Macromol. Biosci. 19, 
1800458 (2019). https:// doi. org/ 10. 1002/ mabi. 20180 0458

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adtp.202000171
https://doi.org/10.1002/adtp.202000171
https://doi.org/10.1016/j.jconrel.2016.09.015
https://doi.org/10.1016/j.jconrel.2016.09.015
https://doi.org/10.3390/jcm9020542
https://doi.org/10.3390/jcm9020542
https://doi.org/10.1002/mabi.201800458


Nano-Micro Lett. (2021) 13:93 Page 33 of 41 93

1 3

 5. M. Battisti, R. Vecchione, C. Casale, F.A. Pennacchio, V. Let-
tera et al., Non-invasive production of multi-compartmental 
biodegradable polymer microneedles for controlled intrader-
mal drug release of labile molecules. Front. Bioeng. Biotech-
nol. 7, 296 (2019). https:// doi. org/ 10. 3389/ fbioe. 2019. 00296

 6. R. Jamaledin, C.K.Y. Yiu, E.N. Zare, L. Niu, R. Vecchione 
et al., Advances in antimicrobial microneedle patches for 
combating infections. Adv. Mater. 32, 2002129 (2020). 
https:// doi. org/ 10. 1002/ adma. 20200 2129

 7. Y.H. Feng, X.P. Zhang, Y.Y. Hao, G.Y. Ren, X.D. Guo, Sim-
ulation study of the pH sensitive directed self-assembly of 
rheins for sustained drug release hydrogel. Colloids Surf. B: 
Biointerfaces 195, 111260 (2020). https:// doi. org/ 10. 1016/j. 
colsu rfb. 2020. 111260

 8. S. Bhatnagar, K. Dave, V.V.K. Venuganti, Microneedles in 
the clinic. J. Control. Release 260, 164–182 (2017). https:// 
doi. org/ 10. 1016/j. jconr el. 2017. 05. 029

 9. X. Jin, D.D. Zhu, B.Z. Chen, M. Ashfaq, X.D. Guo, Insulin 
delivery systems combined with microneedle technology. 
Adv. Drug Deliv. Rev. 127, 119–137 (2018). https:// doi. org/ 
10. 1016/j. addr. 2018. 03. 011

 10. M. Leone, J. Mönkäre, J.A. Bouwstra, G. Kersten, Dissolv-
ing microneedle patches for dermal vaccination. Pharm. 
Res. 34, 2223–2240 (2017). https:// doi. org/ 10. 1007/ 
s11095- 017- 2223-2

 11. Y. Zhang, P. Feng, J. Yu, J. Yang, J. Zhao et  al., ROS-
responsive microneedle patch for acne vulgaris treatment. 
Adv. Ther. 1, 1870006 (2018). https:// doi. org/ 10. 1002/ adtp. 
20187 0006

 12. R. Ali, P. Mehta, M.S. Arshad, I. Kucuk, M.W. Chang 
et al., Transdermal microneedles—a materials perspective. 
AAPS PharmSciTech 21, 12 (2020). https:// doi. org/ 10. 1208/ 
s12249- 019- 1560-3

 13. S. Dharadhar, A. Majumdar, S. Dhoble, V. Patravale, 
Microneedles for transdermal drug delivery: a systematic 
review. Drug Dev. Ind. Pharm. 45, 188–201 (2019). https:// 
doi. org/ 10. 1080/ 03639 045. 2018. 15394 97

 14. T. Waghule, G. Singhvi, S.K. Dubey, M.M. Pandey, G. Gupta 
et al., Microneedles: A smart approach and increasing poten-
tial for transdermal drug delivery system. Biomed. Pharma-
cother. 109, 1249–1258 (2019). https:// doi. org/ 10. 1016/j. 
biopha. 2018. 10. 078

 15. C. Pan, K. Chen, L. Jiang, Z. Chen, L. Ren et al., Magnet-
ization-induced self-assembly method: Micro-needle array 
fabrication. J. Mater. Process. Technol. 227, 251–258 (2016). 
https:// doi. org/ 10. 1016/j. jmatp rotec. 2015. 08. 025

 16. K. Moussi, A. Bukhamsin, T. Hidalgo, J. Kosel, Biocompat-
ible 3D printed microneedles for transdermal, intradermal, 
and percutaneous applications. Adv. Eng. Mater. 22, 1901358 
(2020). https:// doi. org/ 10. 1002/ adem. 20190 1358

 17. B.Z. Chen, M. Ashfaq, D.D. Zhu, X.P. Zhang, X.D. Guo, 
Controlled delivery of insulin using rapidly separating 
microneedles fabricated from genipin-crosslinked gelatin. 
Macromol. Rapid Commun. (2018). https:// doi. org/ 10. 1002/ 
marc. 20180 0075

 18. E.L. Zoudani, M. Soltani, A new computational method of 
modeling and evaluation of dissolving microneedle for drug 
delivery applications: Extension to theoretical modeling of a 
novel design of microneedle (array in array) for efficient drug 
delivery. Eur. J. Pharm. Sci. 150, 105339 (2020). https:// doi. 
org/ 10. 1016/j. ejps. 2020. 105339

 19. S.P. Davis, M.R. Prausnitz, M.G. Allen, Fabrication and 
characterization of laser micromachined hollow micronee-
dles, in: TRANSDUCERS 2003—12th International Confer-
ence on Solid-State Sensors, Actuators Microsystems (Digest 
of Technical Papers, Institute of Electrical and Electronics 
Engineers Inc., 2003), pp. 1435–1438. doi: https:// doi. org/ 
10. 1109/ SENSOR. 2003. 12170 45

 20. M.N. Abser, M. Gaffar, M.S. Islam, Mechanical feasibility 
analysis of process optimized silicon microneedle for bio-
medical applications, in: ICECE 2010—6th International 
Conference on Electrical and Computer Engineering (2010), 
pp. 222–225. doi: https:// doi. org/ 10. 1109/ ICELCE. 2010. 
57006 68

 21. P. Aggarwal, C.R. Johnston, Geometrical effects in mechani-
cal characterizing of microneedle for biomedical applica-
tions. Sens. Actuat. B: Chem. 102, 226–234 (2004). https:// 
doi. org/ 10. 1016/j. snb. 2004. 04. 024

 22. B. Al-Qallaf, D.B. Das, A. Davidson, Transdermal drug 
delivery by coated microneedles: geometry effects on drug 
concentration in blood. Asia-Pacific J. Chem. Eng. 4, 845–
857 (2009). https:// doi. org/ 10. 1002/ apj. 353

 23. M. Kirkby, A.R.J. Hutton, R.F. Donnelly, Microneedle 
mediated transdermal delivery of protein, peptide and 
antibody based therapeutics: current status and future con-
siderations. Pharm. Res. (2020). https:// doi. org/ 10. 1007/ 
s11095- 020- 02844-6

 24. D.L. Ellison, Physiology of Pain. Crit. Care Nurs. Clin. N. 
Am. 29, 397–406 (2017). https:// doi. org/ 10. 1016/j. cnc. 2017. 
08. 001

 25. M.S. Gold, G.F. Gebhart, Nociceptor sensitization in pain 
pathogenesis. Nat. Med. 16, 1248–1257 (2010). https:// doi. 
org/ 10. 1038/ nm. 2235

 26. A.I. Basbaum, D.M. Bautista, G. Scherrer, D. Julius, Cel-
lular and molecular mechanisms of pain. Cell 139, 267–284 
(2009). https:// doi. org/ 10. 1016/j. cell. 2009. 09. 028

 27. C.E. Steeds, The anatomy and physiology of pain. Surgery 
(Oxford) 34, 55–59 (2016). https:// doi. org/ 10. 1016/j. mpsur. 
2015. 11. 005

 28. S. Bourne, A.G. Machado, S.J. Nagel, Basic anatomy and 
physiology of pain pathways. Neurosurg. Clin. North Am. 
25, 629–638 (2014). https:// doi. org/ 10. 1016/j. nec. 2014. 06. 
001

 29. M.J. Hudspith, Anatomy, physiology and pharmacology of 
pain. Anaesth. Intensive Care Med. 20, 419–425 (2019). 
https:// doi. org/ 10. 1016/j. mpaic. 2019. 05. 008

 30. D. Ignatavicius, M.L. Workman, Assessment and care of 
patients with pain, in Medical-Surgical Nursing: Patient-
Centered Collaborative Care, 8th ed. (Elsevier, St Louis, 
MO, 2016). doi: https:// doi. org/ 10. 1016/j. ejps. 2008. 06. 016

https://doi.org/10.3389/fbioe.2019.00296
https://doi.org/10.1002/adma.202002129
https://doi.org/10.1016/j.colsurfb.2020.111260
https://doi.org/10.1016/j.colsurfb.2020.111260
https://doi.org/10.1016/j.jconrel.2017.05.029
https://doi.org/10.1016/j.jconrel.2017.05.029
https://doi.org/10.1016/j.addr.2018.03.011
https://doi.org/10.1016/j.addr.2018.03.011
https://doi.org/10.1007/s11095-017-2223-2
https://doi.org/10.1007/s11095-017-2223-2
https://doi.org/10.1002/adtp.201870006
https://doi.org/10.1002/adtp.201870006
https://doi.org/10.1208/s12249-019-1560-3
https://doi.org/10.1208/s12249-019-1560-3
https://doi.org/10.1080/03639045.2018.1539497
https://doi.org/10.1080/03639045.2018.1539497
https://doi.org/10.1016/j.biopha.2018.10.078
https://doi.org/10.1016/j.biopha.2018.10.078
https://doi.org/10.1016/j.jmatprotec.2015.08.025
https://doi.org/10.1002/adem.201901358
https://doi.org/10.1002/marc.201800075
https://doi.org/10.1002/marc.201800075
https://doi.org/10.1016/j.ejps.2020.105339
https://doi.org/10.1016/j.ejps.2020.105339
https://doi.org/10.1109/SENSOR.2003.1217045
https://doi.org/10.1109/SENSOR.2003.1217045
https://doi.org/10.1109/ICELCE.2010.5700668
https://doi.org/10.1109/ICELCE.2010.5700668
https://doi.org/10.1016/j.snb.2004.04.024
https://doi.org/10.1016/j.snb.2004.04.024
https://doi.org/10.1002/apj.353
https://doi.org/10.1007/s11095-020-02844-6
https://doi.org/10.1007/s11095-020-02844-6
https://doi.org/10.1016/j.cnc.2017.08.001
https://doi.org/10.1016/j.cnc.2017.08.001
https://doi.org/10.1038/nm.2235
https://doi.org/10.1038/nm.2235
https://doi.org/10.1016/j.cell.2009.09.028
https://doi.org/10.1016/j.mpsur.2015.11.005
https://doi.org/10.1016/j.mpsur.2015.11.005
https://doi.org/10.1016/j.nec.2014.06.001
https://doi.org/10.1016/j.nec.2014.06.001
https://doi.org/10.1016/j.mpaic.2019.05.008
https://doi.org/10.1016/j.ejps.2008.06.016


 Nano-Micro Lett. (2021) 13:9393 Page 34 of 41

https://doi.org/10.1007/s40820-021-00611-9© The authors

 31. H.S. Gill, D.D. Denson, B.A. Burris, M.R. Prausnitz, Effect 
of microneedle design on pain in human volunteers. Clin. J. 
Pain 24, 585–594 (2008). https:// doi. org/ 10. 1097/ AJP. 0b013 
e3181 6778f9

 32. J. Gupta, D.D. Denson, E.I. Felner, M.R. Prausnitz, Rapid 
local anesthesia in human subjects using minimally invasive 
microneedles. Clin. J. Pain 28, 129 (2012). https:// doi. org/ 10. 
1097/ AJP. 0b013 e3182 25dbe9

 33. J. Gupta, S.S. Park, B. Bondy, E.I. Felner, M.R. Prausnitz, 
Infusion pressure and pain during microneedle injection into 
skin of human subjects. Biomaterials 32, 6823–6831 (2011). 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2011. 05. 061

 34. M.I. Haq, E. Smith, D.N. John, M. Kalavala, C. Edwards 
et al., Clinical administration of microneedles: Skin puncture, 
pain and sensation. Biomed. Microdevices 11, 35–47 (2009). 
https:// doi. org/ 10. 1007/ s10544- 008- 9208-1

 35. S. Kaushik, A.H. Hord, D.D. Denson, D.V. McAllister, S. 
Smitra et al., Lack of pain associated with microfabricated 
microneedles. Anesth. Analg. 92, 502–504 (2001). https:// 
doi. org/ 10. 1213/ 00000 539- 20010 2000- 00041

 36. B. Sezgin, B. Ozel, H. Bulam, K. Guney, S. Tuncer et al., 
The effect of microneedle thickness on pain during minimally 
invasive facial procedures: A clinical study. Aesthetic Surg. 
J. 34, 757–765 (2014). https:// doi. org/ 10. 1177/ 10908 20X14 
532941

 37. C. Griffiths, J. Barker, T.O. Bleiker, R. Chalmers, D. Creamer, 
Rook’s Textbook of Dermatology (Wiley, Hoboken, 2016).

 38. M.D. Shoulders, R.T. Raines, Collagen structure and stability. 
Annu. Rev. Biochem. 78, 929–958 (2009). https:// doi. org/ 10. 
1146/ annur ev. bioch em. 77. 032207. 120833

 39. J.M. Benítez, F.J. Montáns, The mechanical behavior of skin: 
Structures and models for the finite element analysis. Com-
put. Struct. 190, 75–107 (2017). https:// doi. org/ 10. 1016/j. 
comps truc. 2017. 05. 003

 40. J. Kim, S. Park, G. Nam, Y. Choi, S. Woo et al., Bioinspired 
microneedle insertion for deep and precise skin penetration 
with low force: Why the application of mechanophysical 
stimuli should be considered. J. Mech. Behav. Biomed. Mater. 
78, 480–490 (2018). https:// doi. org/ 10. 1016/j. jmbbm. 2017. 
12. 006

 41. J.G. Murphy, Evolution of anisotropy in soft tissue. Proc. R. 
Soc. A Math. Phys. Eng. Sci. 470, 20130548 (2014)

 42. T. Walimbe, A. Panitch, Proteoglycans in biomedicine: resur-
gence of an underexploited class of ECM molecules. Front. 
Pharmacol. 10, 1661 (2020)

 43. W. Montagna, The Structure and Function of Skin (Elsevier, 
Amsterdam, 2012).

 44. M.B. Murphrey, J.H. Miao, P.M. Zito, Histology, stratum cor-
neum, in: StatPearls [Internet] (StatPearls Publishing, 2020)

 45. Y. Har-Shai, I. Zilinsky, R. Ogawa, C. Huang, Bio-mechan-
ical stimulation of skin fibroblasts. Mesenchymal Cell Act. 
by Biomech. Stimul. Its Clin. Prospect. 35 (2016)

 46. A.M. Zöllner, M.A. Holland, K.S. Honda, A.K. Gosain, E. 
Kuhl, Growth on demand: reviewing the mechanobiology of 

stretched skin. J. Mech. Behav. Biomed. Mater. 28, 495–509 
(2013). https:// doi. org/ 10. 1016/j. jmbbm. 2013. 03. 018

 47. F. Groeber, M. Holeiter, M. Hampel, S. Hinderer, K. Schenke-
Layland, Skin tissue engineering—in vivo and in vitro appli-
cations. Adv. Drug Deliv. Rev. 63, 352–366 (2011). https:// 
doi. org/ 10. 1016/j. addr. 2011. 01. 005

 48. Y. Fung, Biomechanics: Mechanical Properties of Living Tis-
sues (Springer, Berlin, 2013).

 49. L.B. Sandberg, Elastin structure in health and disease. in: 
International Review of Connective Tissue Research (Else-
vier, 1976), pp. 159–210. doi: https:// doi. org/ 10. 1016/ B978-
0- 12- 363707- 9. 50010-1

 50. F. Xu, T. Lu, Introduction to Skin Biothermomechanics and 
Thermal Pain (Springer, Berlin, 2011).

 51. J.W.Y. Jor, M.D. Parker, A.J. Taberner, M.P. Nash, P.M.F. 
Nielsen, Computational and experimental characterization 
of skin mechanics: identifying current challenges and future 
directions. Wiley Interdiscip. Rev. Syst. Biol. Med. 5, 539–
556 (2013). https:// doi. org/ 10. 1002/ wsbm. 1228

 52. R.H. Nygaard, S. Maynard, P. Schjerling, M. Kjær, K. Qvor-
trup et al., Acquired localized cutis laxa due to increased elas-
tin turnover. Case Rep. Dermatol. 8, 42–51 (2016). https:// 
doi. org/ 10. 1159/ 00044 3696

 53. J. Gosline, M. Lillie, E. Carrington, P. Guerette, C. Ortlepp 
et al., Elastic proteins: biological roles and mechanical prop-
erties. Philos. Trans. R. Soc. Lond. Ser. B: Biol. Sci. 357, 
121–132 (2002). https:// doi. org/ 10. 1098/ rstb. 2001. 1022

 54. A.J. Schriefl, G. Zeindlinger, D.M. Pierce, P. Regitnig, G.A. 
Holzapfel, Determination of the layer-specific distributed 
collagen fibre orientations in human thoracic and abdomi-
nal aortas and common iliac arteries. J. R. Soc. Interface 9, 
1275–1286 (2012). https:// doi. org/ 10. 1098/ rsif. 2011. 0727

 55. L. Nuytinck, M. Freund, L. Lagae, G.E. Pierard, T. Her-
manns-Le et al., Classical Ehlers–Danlos syndrome caused 
by a mutation in type I collagen. Am. J. Hum. Genet. 66, 
1398–1402 (2000). https:// doi. org/ 10. 1086/ 302859

 56. V.R. Sherman, Y. Tang, S. Zhao, W. Yang, M.A. Meyers, 
Structural characterization and viscoelastic constitutive mod-
eling of skin. Acta Biomater. 53, 460–469 (2017). https:// doi. 
org/ 10. 1016/j. actbio. 2017. 02. 011

 57. S.H. Hussain, B. Limthongkul, T.R. Humphreys, The biome-
chanical properties of the skin. Dermatol. Surg. 39, 193–203 
(2013). https:// doi. org/ 10. 1111/ dsu. 12095

 58. J.T.J. Huang, C.E. Bolton, B.E. Miller, R. Tal-Singer, R.A. 
Rabinovich et  al., Age-dependent elastin degradation is 
enhanced in chronic obstructive pulmonary disease. Eur. 
Respir. J. 48, 1215–1218 (2016). https:// doi. org/ 10. 1183/ 
13993 003. 01125- 2016

 59. V. Marcos-Garcés, P. Molina-Aguilar, C. Bea-Serrano, V. 
García-sssBustos, J. Benavent-Seguí et al., Age-related der-
mal collagen changes during development, maturation and 
ageing—a morphometric and comparative study. J. Anat. 
225, 98–108 (2014). https:// doi. org/ 10. 1111/ joa. 12186

 60. M. Tronnier, Cutaneous disorders characterized by elas-
tolysis or loss of elastic tissue. JDDG J. Der Dtsch. 

https://doi.org/10.1097/AJP.0b013e31816778f9
https://doi.org/10.1097/AJP.0b013e31816778f9
https://doi.org/10.1097/AJP.0b013e318225dbe9
https://doi.org/10.1097/AJP.0b013e318225dbe9
https://doi.org/10.1016/j.biomaterials.2011.05.061
https://doi.org/10.1007/s10544-008-9208-1
https://doi.org/10.1213/00000539-200102000-00041
https://doi.org/10.1213/00000539-200102000-00041
https://doi.org/10.1177/1090820X14532941
https://doi.org/10.1177/1090820X14532941
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1146/annurev.biochem.77.032207.120833
https://doi.org/10.1016/j.compstruc.2017.05.003
https://doi.org/10.1016/j.compstruc.2017.05.003
https://doi.org/10.1016/j.jmbbm.2017.12.006
https://doi.org/10.1016/j.jmbbm.2017.12.006
https://doi.org/10.1016/j.jmbbm.2013.03.018
https://doi.org/10.1016/j.addr.2011.01.005
https://doi.org/10.1016/j.addr.2011.01.005
https://doi.org/10.1016/B978-0-12-363707-9.50010-1
https://doi.org/10.1016/B978-0-12-363707-9.50010-1
https://doi.org/10.1002/wsbm.1228
https://doi.org/10.1159/000443696
https://doi.org/10.1159/000443696
https://doi.org/10.1098/rstb.2001.1022
https://doi.org/10.1098/rsif.2011.0727
https://doi.org/10.1086/302859
https://doi.org/10.1016/j.actbio.2017.02.011
https://doi.org/10.1016/j.actbio.2017.02.011
https://doi.org/10.1111/dsu.12095
https://doi.org/10.1183/13993003.01125-2016
https://doi.org/10.1183/13993003.01125-2016
https://doi.org/10.1111/joa.12186


Nano-Micro Lett. (2021) 13:93 Page 35 of 41 93

1 3

Dermatologischen Gesellschaft. 16, 183–191 (2018). https:// 
doi. org/ 10. 1111/ ddg. 13430

 61. E. Berardesca, J. de Rigal, J.L. Leveque, H.I. Maibach, 
In vivo biophysical characterization of skin physiological 
differences in races. Dermatology 182, 89–93 (1991). https:// 
doi. org/ 10. 1159/ 00024 7752

 62. M.F. Leyva-Mendivil, A. Page, N.W. Bressloff, G. Limbert, 
A mechanistic insight into the mechanical role of the stratum 
corneum during stretching and compression of the skin. J. 
Mech. Behav. Biomed. Mater. 49, 197–219 (2015). https:// 
doi. org/ 10. 1016/j. jmbbm. 2015. 05. 010

 63. P.P. Purslow, T.J. Wess, D.W. Hukins, Collagen orientation 
and molecular spacing during creep and stress-relaxation in 
soft connective tissues. J. Exp. Biol. 201, 135–142 (1998)

 64. K.D. Butz, A.J. Griebel, T. Novak, K. Harris, A. Kornoko-
vich et al., Prestress as an optimal biomechanical parameter 
for needle penetration. J. Biomech. 45, 1176–1179 (2012). 
https:// doi. org/ 10. 1016/j. jbiom ech. 2012. 01. 049

 65. M.T. Hoang, K.B. Ita, D.A. Bair, Solid microneedles for 
transdermal delivery of amantadine hydrochloride and prami-
pexole dihydrochloride. Pharmaceutics 7, 379–396 (2015). 
https:// doi. org/ 10. 3390/ pharm aceut ics70 40379

 66. E. Larrañeta, M.T.C. McCrudden, A.J. Courtenay, R.F. Don-
nelly, Microneedles: a new frontier in nanomedicine delivery. 
Pharm. Res. 33, 1055–1073 (2016). https:// doi. org/ 10. 1007/ 
s11095- 016- 1885-5

 67. J. Gupta, H.S. Gill, S.N. Andrews, M.R. Prausnitz, Kinetics 
of skin resealing after insertion of microneedles in human 
subjects. J. Control. Release 154, 148–155 (2011). https:// 
doi. org/ 10. 1016/j. jconr el. 2011. 05. 021

 68. G.K. Menon, K.R. Feingold, P.M. Elias, Lamellar body secre-
tory response to barrier disruption. J. Invest. Dermatol. 98, 
279–289 (1992). https:// doi. org/ 10. 1111/ 1523- 1747. ep124 
97866

 69. C. Curdy, A. Naik, Y.N. Kalia, I. Alberti, R.H. Guy, Non-
invasive assessment of the effect of formulation excipients on 
stratum corneum barrier function in vivo. Int. J. Pharm. 271, 
251–256 (2004). https:// doi. org/ 10. 1016/j. ijpha rm. 2003. 11. 
016

 70. L. Daugimont, N. Baron, G. Vandermeulen, N. Pavselj, D. 
Miklavcic et al., Hollow microneedle arrays for intradermal 
drug delivery and DNA electroporation. J. Membr. Biol. 236, 
117–125 (2010). https:// doi. org/ 10. 1007/ s00232- 010- 9283-0

 71. N.N. Aung, T. Ngawhirunpat, T. Rojanarata, P. Patroja-
nasophon, P. Opanasopit et  al., HPMC/PVP Dissolving 
microneedles: a promising delivery platform to promote 
trans-epidermal delivery of alpha-arbutin for skin lighten-
ing. AAPS PharmSciTech 21, 25 (2020). https:// doi. org/ 10. 
1208/ s12249- 019- 1599-1

 72. G. Kang, S. Kim, H. Yang, M. Jang, L. Chiang et al., Com-
binatorial application of dissolving microneedle patch and 
cream for improvement of skin wrinkles, dermal density, 
elasticity, and hydration. J. Cosmet. Dermatol. 18, 1083–1091 
(2019). https:// doi. org/ 10. 1111/ jocd. 12807

 73. R. Al-Kasasbeh, A.J. Brady, A.J. Courtenay, E. Larrañeta, 
M.T.C. McCrudden et al., Evaluation of the clinical impact 

of repeat application of hydrogel-forming microneedle array 
patches. Drug Deliv. Transl. Res. 10, 690–705 (2020). https:// 
doi. org/ 10. 1007/ s13346- 020- 00727-2

 74. E.M. Vicente-Perez, E. Larrañeta, M.T.C. McCrudden, 
A. Kissenpfennig, S. Hegarty et al., Repeat application of 
microneedles does not alter skin appearance or barrier func-
tion and causes no measurable disturbance of serum biomark-
ers of infection, inflammation or immunity in mice in vivo. 
Eur. J. Pharm. Biopharm. 117, 400–407 (2017). https:// doi. 
org/ 10. 1016/j. ejpb. 2017. 04. 029

 75. A.P. Sgouros, G. Kalosakas, K. Papagelis, C. Galiotis, 
Compressive response and buckling of graphene nanorib-
bons. Sci. Rep. 8, 9593 (2018). https:// doi. org/ 10. 1038/ 
s41598- 018- 27808-0

 76. M.R. Maschmann, Q. Zhang, R. Wheeler, F. Du, L. Dai et al., 
In situ SEM observation of column-like and foam-like CNT 
array nanoindentation. ACS Appl. Mater. Interfaces 3, 648–
653 (2011). https:// doi. org/ 10. 1021/ am101 262g

 77. F.P. Beer, Mechanics of Materials (McGraw-Hill, New York, 
2012).

 78. E.R. Parker, M.P. Rao, K.L. Turner, C.D. Meinhart, N.C. 
MacDonald, Bulk micromachined titanium microneedles. J. 
Microelectromech. Syst. 16, 289–295 (2007). https:// doi. org/ 
10. 1109/ JMEMS. 2007. 892909

 79. J.-H. Park, M.R. Prausnitz, Analysis of mechanical failure of 
polymer microneedles by axial force. J. Korean Phys. Soc. 
56, 1223–1227 (2010). https:// doi. org/ 10. 3938/ jkps. 56. 1223

 80. S.P. Davis, B.J. Landis, Z.H. Adams, M.G. Allen, M.R. 
Prausnitz, Insertion of microneedles into skin: measurement 
and prediction of insertion force and needle fracture force. J. 
Biomech. 37, 1155–1163 (2004). https:// doi. org/ 10. 1016/j. 
jbiom ech. 2003. 12. 010

 81. J.H. Park, M.G. Allen, M.R. Prausnitz, Biodegradable poly-
mer microneedles: Fabrication, mechanics and transdermal 
drug delivery. J. Control Release 104, 51–66 (2005). https:// 
doi. org/ 10. 1016/j. jconr el. 2005. 02. 002

 82. E. Forvi, M. Soncini, M. Bedoni, F. Rizzo, M. Casella et al., 
A method to determine the margin of safety for microneedles 
arrays, in: Proceedings of the World Congress on Engineering 
(2010)

 83. Y.K. Demir, Z. Akan, O. Kerimoglu, Characterization of 
polymeric microneedle arrays for transdermal drug delivery. 
PLoS ONE 8, e77289 (2013). https:// doi. org/ 10. 1371/ journ 
al. pone. 00772 89

 84. S.C. Park, M.J. Kim, S.-K. Baek, J.-H. Park, S.-O. Choi, 
Spray-formed layered polymer microneedles for controlled 
biphasic drug delivery. Polymers 11, 369 (2019). https:// doi. 
org/ 10. 3390/ polym 11020 369

 85. S. Lin, G. Quan, A. Hou, P. Yang, T. Peng et al., Strategy 
for hypertrophic scar therapy: Improved delivery of triamci-
nolone acetonide using mechanically robust tip-concentrated 
dissolving microneedle array. J. Control Release 306, 69–82 
(2019). https:// doi. org/ 10. 1016/j. jconr el. 2019. 05. 038

 86. K. Saraswathy, G. Agarwal, A. Srivastava, Hyaluronic acid 
microneedles-laden collagen cryogel plugs for ocular drug 

https://doi.org/10.1111/ddg.13430
https://doi.org/10.1111/ddg.13430
https://doi.org/10.1159/000247752
https://doi.org/10.1159/000247752
https://doi.org/10.1016/j.jmbbm.2015.05.010
https://doi.org/10.1016/j.jmbbm.2015.05.010
https://doi.org/10.1016/j.jbiomech.2012.01.049
https://doi.org/10.3390/pharmaceutics7040379
https://doi.org/10.1007/s11095-016-1885-5
https://doi.org/10.1007/s11095-016-1885-5
https://doi.org/10.1016/j.jconrel.2011.05.021
https://doi.org/10.1016/j.jconrel.2011.05.021
https://doi.org/10.1111/1523-1747.ep12497866
https://doi.org/10.1111/1523-1747.ep12497866
https://doi.org/10.1016/j.ijpharm.2003.11.016
https://doi.org/10.1016/j.ijpharm.2003.11.016
https://doi.org/10.1007/s00232-010-9283-0
https://doi.org/10.1208/s12249-019-1599-1
https://doi.org/10.1208/s12249-019-1599-1
https://doi.org/10.1111/jocd.12807
https://doi.org/10.1007/s13346-020-00727-2
https://doi.org/10.1007/s13346-020-00727-2
https://doi.org/10.1016/j.ejpb.2017.04.029
https://doi.org/10.1016/j.ejpb.2017.04.029
https://doi.org/10.1038/s41598-018-27808-0
https://doi.org/10.1038/s41598-018-27808-0
https://doi.org/10.1021/am101262g
https://doi.org/10.1109/JMEMS.2007.892909
https://doi.org/10.1109/JMEMS.2007.892909
https://doi.org/10.3938/jkps.56.1223
https://doi.org/10.1016/j.jbiomech.2003.12.010
https://doi.org/10.1016/j.jbiomech.2003.12.010
https://doi.org/10.1016/j.jconrel.2005.02.002
https://doi.org/10.1016/j.jconrel.2005.02.002
https://doi.org/10.1371/journal.pone.0077289
https://doi.org/10.1371/journal.pone.0077289
https://doi.org/10.3390/polym11020369
https://doi.org/10.3390/polym11020369
https://doi.org/10.1016/j.jconrel.2019.05.038


 Nano-Micro Lett. (2021) 13:9393 Page 36 of 41

https://doi.org/10.1007/s40820-021-00611-9© The authors

delivery. J. Appl. Polym. Sci. 137, 49285 (2020). https:// doi. 
org/ 10. 1002/ app. 49285

 87. E. Larrañeta, R.E.M. Lutton, A.D. Woolfson, R.F. Donnelly, 
Microneedle arrays as transdermal and intradermal drug 
delivery systems: materials science, manufacture and com-
mercial development. Mater. Sci. Eng. R Reports 104, 1–32 
(2016). https:// doi. org/ 10. 1016/j. mser. 2016. 03. 001

 88. A.C. Anselmo, Y. Gokarn, S. Mitragotri, Non-invasive deliv-
ery strategies for biologics. Nat. Rev. Drug Discov. 18, 19–40 
(2019). https:// doi. org/ 10. 1038/ nrd. 2018. 183

 89. E. Abd, S.A. Yousef, M.N. Pastore, K. Telaprolu, Y.H. 
Mohammed et al., Skin models for the testing of transdermal 
drugs. Clin. Pharmacol. Adv. Appl. 8, 163 (2016). https:// doi. 
org/ 10. 2147/ CPAA. S64788

 90. G.E. Flaten, Z. Palac, A. Engesland, J. Filipović-Grčić, Ž 
Vanić et al., In vitro skin models as a tool in optimization 
of drug formulation. Eur. J. Pharm. Sci. 75, 10–24 (2015). 
https:// doi. org/ 10. 1016/j. ejps. 2015. 02. 018

 91. L.Y. Dong, Y. Li, Z. Li, N. Xu, P. Liu et al., Au nanocage-
strengthened dissolving microneedles for chemo-photother-
mal combined therapy of superficial skin tumors. ACS Appl. 
Mater. Interfaces 10, 9247–9256 (2018). https:// doi. org/ 10. 
1021/ acsami. 7b182 93

 92. H. Lee, T.K. Choi, Y.B. Lee, H.R. Cho, R. Ghaffari et al., A 
graphene-based electrochemical device with thermorespon-
sive microneedles for diabetes monitoring and therapy. Nat. 
Nanotechnol. 11, 566 (2016). https:// doi. org/ 10. 1038/ nnano. 
2016. 38

 93. W. Li, R.N. Terry, J. Tang, M.R. Feng, S.P. Schwendeman 
et al., Rapidly separable microneedle patch for the sustained 
release of a contraceptive. Nat. Biomed. Eng. 3, 220 (2019). 
https:// doi. org/ 10. 1038/ s41551- 018- 0337-4

 94. H. Todo, Transdermal permeation of drugs in various animal 
species. Pharmaceutics 9, 33 (2017). https:// doi. org/ 10. 3390/ 
pharm aceut ics90 30033

 95. J.C.J. Wei, G.A. Edwards, D.J. Martin, H. Huang, M.L. 
Crichton et al., Allometric scaling of skin thickness, elastic-
ity, viscoelasticity to mass for micro-medical device transla-
tion: from mice, rats, rabbits, pigs to humans. Sci. Rep. 7, 
15885 (2017). https:// doi. org/ 10. 1038/ s41598- 017- 15830-7

 96. E. Larraneta, J. Moore, E.M. Vicente-Perez, P. Gonzalez-
Vazquez, R. Lutton et al., A proposed model membrane and 
test method for microneedle insertion studies. Int. J. Pharm. 
472, 65–73 (2014). https:// doi. org/ 10. 1016/j. ijpha rm. 2014. 
05. 042

 97. A.D. Permana, M. Mir, E. Utomo, R.F. Donnelly, Bacteri-
ally sensitive nanoparticle-based dissolving microneedles 
of doxycycline for enhanced treatment of bacterial biofilm 
skin infection: A proof of concept study. Int. J. Pharm. X. 2, 
100047 (2020). https:// doi. org/ 10. 1016/j. ijpx. 2020. 100047

 98. A.D. Permana, A.J. Paredes, F. Volpe-Zanutto, Q.K. Anjani, 
E. Utomo et al., Dissolving microneedle-mediated dermal 
delivery of itraconazole nanocrystals for improved treatment 
of cutaneous candidiasis. Eur. J. Pharm. Biopharm. 154, 
50–61 (2020). https:// doi. org/ 10. 1016/j. ejpb. 2020. 06. 025

 99. M.-C. Chen, M.-H. Ling, K.-W. Wang, Z.-W. Lin, B.-H. Lai 
et al., Near-infrared light-responsive composite microneedles 
for on-demand transdermal drug delivery. Biomacromol 16, 
1598–1607 (2015). https:// doi. org/ 10. 1021/ acs. biomac. 5b001 
85

 100. A. Arora, I. Hakim, J. Baxter, R. Rathnasingham, R. Srini-
vasan et al., Needle-free delivery of macromolecules across 
the skin by nanoliter-volume pulsed microjets. Proc. Natl. 
Acad. Sci. 104, 4255–4260 (2007). https:// doi. org/ 10. 1073/ 
pnas. 07001 82104

 101. D.F.S. Fonseca, P.C. Costa, I.F. Almeida, P. Dias-Pereira, I. 
Correia-Sá et al., Swellable gelatin methacryloyl micronee-
dles for extraction of interstitial skin fluid toward minimally 
invasive monitoring of urea. Macromol. Biosci. 20, 2000195 
(2020). https:// doi. org/ 10. 1002/ mabi. 20200 0195

 102. V.V.T. Padil, J.Y. Cheong, K. Akshaykumar, R. Torres-
Mendieta, E.N. Zareh et al., Electrospun fibers from natural 
carbohydrate polymers and their multidimensional applica-
tions. ACS Appl. Polym. Mater. 247, 116705 (2020). https:// 
doi. org/ 10. 1016/j. carbp ol. 2020. 116705

 103. T. Salzano, Biodegradable Polymeric Microneedle Patches 
for Transdermal and Controlled Drug Delivery. Thesis (2016)

 104. M. Shabani, K. Jahani, M. Di Paola, M.H. Sadeghi, Fre-
quency domain identification of the fractional Kelvin-Voigt’s 
parameters for viscoelastic materials. Mech. Mater. 137, 
103099 (2019). https:// doi. org/ 10. 1016/J. MECHM AT. 2019. 
103099

 105. S. Aoyagi, H. Izumi, M. Fukuda, Biodegradable polymer nee-
dle with various tip angles and consideration on insertion 
mechanism of mosquito’s proboscis. Sens. Actuat. A Phys. 
143, 20–28 (2008). https:// doi. org/ 10. 1016/j. sna. 2007. 06. 007

 106. I. Xenikakis, M. Tzimtzimis, K. Tsongas, D. Andreadis, 
E. Demiri et al., Fabrication and finite element analysis of 
stereolithographic 3D printed microneedles for transdermal 
delivery of model dyes across human skin in vitro. Eur. J. 
Pharm. Sci. 137, 104976 (2019). https:// doi. org/ 10. 1016/j. 
ejps. 2019. 104976

 107. X.Q. Kong, P. Zhou, C.W. Wu, Numerical simulation of 
microneedles’ insertion into skin. Comput. Methods Bio-
mech. Biomed. Eng. 14, 827–835 (2011). https:// doi. org/ 10. 
1080/ 10255 842. 2010. 497144

 108. M.F. Leyva-Mendivil, J. Lengiewicz, A. Page, N.W. Bress-
loff, G. Limbert, Skin microstructure is a key contributor to 
its friction behaviour. Tribol. Lett. 65, 12 (2016). https:// doi. 
org/ 10. 1007/ s11249- 016- 0794-4

 109. E.Z. Loizidou, N.A. Williams, D.A. Barrow, M.J. Eaton, J. 
McCrory et al., Structural characterisation and transdermal 
delivery studies on sugar microneedles: Experimental and 
finite element modelling analyses. Eur. J. Pharm. Biopharm. 
89, 224–231 (2015). https:// doi. org/ 10. 1016/j. ejpb. 2014. 11. 
023

 110. O. Olatunji, D.B. Das, M.J. Garland, L. Belaid, R.F. Don-
nelly, Influence of array interspacing on the force required 
for successful microneedle skin penetration: theoretical and 
practical approaches. J. Pharm. Sci. 102, 1209–1221 (2013). 
https:// doi. org/ 10. 1002/ jps. 23439

https://doi.org/10.1002/app.49285
https://doi.org/10.1002/app.49285
https://doi.org/10.1016/j.mser.2016.03.001
https://doi.org/10.1038/nrd.2018.183
https://doi.org/10.2147/CPAA.S64788
https://doi.org/10.2147/CPAA.S64788
https://doi.org/10.1016/j.ejps.2015.02.018
https://doi.org/10.1021/acsami.7b18293
https://doi.org/10.1021/acsami.7b18293
https://doi.org/10.1038/nnano.2016.38
https://doi.org/10.1038/nnano.2016.38
https://doi.org/10.1038/s41551-018-0337-4
https://doi.org/10.3390/pharmaceutics9030033
https://doi.org/10.3390/pharmaceutics9030033
https://doi.org/10.1038/s41598-017-15830-7
https://doi.org/10.1016/j.ijpharm.2014.05.042
https://doi.org/10.1016/j.ijpharm.2014.05.042
https://doi.org/10.1016/j.ijpx.2020.100047
https://doi.org/10.1016/j.ejpb.2020.06.025
https://doi.org/10.1021/acs.biomac.5b00185
https://doi.org/10.1021/acs.biomac.5b00185
https://doi.org/10.1073/pnas.0700182104
https://doi.org/10.1073/pnas.0700182104
https://doi.org/10.1002/mabi.202000195
https://doi.org/10.1016/j.carbpol.2020.116705
https://doi.org/10.1016/j.carbpol.2020.116705
https://doi.org/10.1016/J.MECHMAT.2019.103099
https://doi.org/10.1016/J.MECHMAT.2019.103099
https://doi.org/10.1016/j.sna.2007.06.007
https://doi.org/10.1016/j.ejps.2019.104976
https://doi.org/10.1016/j.ejps.2019.104976
https://doi.org/10.1080/10255842.2010.497144
https://doi.org/10.1080/10255842.2010.497144
https://doi.org/10.1007/s11249-016-0794-4
https://doi.org/10.1007/s11249-016-0794-4
https://doi.org/10.1016/j.ejpb.2014.11.023
https://doi.org/10.1016/j.ejpb.2014.11.023
https://doi.org/10.1002/jps.23439


Nano-Micro Lett. (2021) 13:93 Page 37 of 41 93

1 3

 111. E.Z. Loizidou, N.T. Inoue, J. Ashton-Barnett, D.A. Barrow, 
C.J. Allender, Evaluation of geometrical effects of micronee-
dles on skin penetration by CT scan and finite element analy-
sis. Eur. J. Pharm. Biopharm. 107, 1–6 (2016). https:// doi. org/ 
10. 1016/j. ejpb. 2016. 06. 023

 112. O. Olatunji, C.C. Igwe, A.S. Ahmed, D.O.A. Alhassan, G.O. 
Asieba et al., Microneedles from fish scale biopolymer. J. 
Appl. Polym. Sci. (2014). https:// doi. org/ 10. 1002/ app. 40377

 113. A. Boonma, R. Narayan, Y.-S. Lee, Analytical modeling and 
evaluation of microneedles apparatus with deformable soft 
tissues for biomedical applications. Comput. Aided. Des. 
Appl. 10, 139–157 (2013). https:// doi. org/ 10. 3722/ cadaps. 
2013. 139- 157

 114. S. Song, J.D. Kim, J. Bae, S. Chang, S. Kim et al., In vivo 
optical coherence tomography imaging of dissolution of hya-
luronic acid microneedles in human skin (Conference Pres-
entation), in Visualizing and Quantifying Drug Distribution 
in Tissue. ed. by C.L. Evans, K.F. Chan (SPIE, Bellingham, 
2017), p. 17. https:// doi. org/ 10. 1117/ 12. 22517 72

 115. M. Pearton, C. Allender, K. Brain, A. Anstey, C. Gateley 
et al., Gene delivery to the epidermal cells of human skin 
explants using microfabricated microneedles and hydrogel 
formulations. Pharm. Res. 25, 407–416 (2008). https:// doi. 
org/ 10. 1007/ s11095- 007- 9360-y

 116. C.S. Kolli, A.K. Banga, Characterization of solid malt-
ose microneedles and their use for transdermal delivery. 
Pharm. Res. 25, 104–113 (2008). https:// doi. org/ 10. 1007/ 
s11095- 007- 9350-0

 117. S.M. Bal, A.C. Kruithof, R. Zwier, E. Dietz, J.A. Bouwstra 
et al., Influence of microneedle shape on the transport of a 
fluorescent dye into human skin in vivo. J. Control. Release 
147, 218–224 (2010). https:// doi. org/ 10. 1016/j. jconr el. 2010. 
07. 104

 118. M.-T. Tsai, I.-C. Lee, Z.-F. Lee, H.-L. Liu, C.-C. Wang et al., 
In vivo investigation of temporal effects and drug delivery 
induced by transdermal microneedles with optical coherence 
tomography. Biomed. Opt. Express 7, 1865 (2016). https:// 
doi. org/ 10. 1364/ boe.7. 001865

 119. Y. Ye, J. Wang, Q. Hu, G.M. Hochu, H. Xin et al., Synergistic 
transcutaneous immunotherapy enhances antitumor immune 
responses through delivery of checkpoint inhibitors. ACS 
Nano 10, 8956–8963 (2016). https:// doi. org/ 10. 1021/ acsna 
no. 6b049 89

 120. S. Bal, A.C. Kruithof, H. Liebl, M. Tomerius, J. Bouwstra 
et al., In vivo visualization of microneedle conduits in human 
skin using laser scanning microscopy. Laser Phys. Lett. 7, 
242–246 (2010). https:// doi. org/ 10. 1002/ lapl. 20091 0134

 121. F.J. Verbaan, S.M. Bal, D.J. van den Berg, J.A. Dijksman, M. 
van Hecke et al., Improved piercing of microneedle arrays 
in dermatomed human skin by an impact insertion method. 
J. Control. Release 128, 80–88 (2008). https:// doi. org/ 10. 
1016/j. jconr el. 2008. 02. 009

 122. I. Abiandu, K. Ita, Transdermal delivery of potassium chlo-
ride with solid microneedles. J. Drug Deliv. Sci. Technol. 53, 
101216 (2019). https:// doi. org/ 10. 1016/j. jddst. 2019. 101216

 123. N. El-Sayed, L. Vaut, M. Schneider, Customized fast-sepa-
rable microneedles prepared with the aid of 3D printing for 
nanoparticle delivery. Eur. J. Pharm. Biopharm. 154, 166–
174 (2020). https:// doi. org/ 10. 1016/j. ejpb. 2020. 07. 005

 124. M.A. Khalil, A.A. Saleh, S.M. Gohar, D.H. Khalil, M. Said, 
Optical coherence tomography findings in patients with bipo-
lar disorder. J. Affect. Disord. 218, 115–122 (2017). https:// 
doi. org/ 10. 1016/j. jad. 2017. 04. 055

 125. R.F. Donnelly, R. Majithiya, T.R.R. Singh, D.I.J. Morrow, 
M.J. Garland et al., Design, optimization and characterisa-
tion of polymeric microneedle arrays prepared by a novel 
laser-based micromoulding technique. Pharm. Res. 28, 41–57 
(2011). https:// doi. org/ 10. 1007/ s11095- 010- 0169-8

 126. W. Yu, G. Jiang, Y. Zhang, D. Liu, B. Xu et al., Near-infrared 
light triggered and separable microneedles for transdermal 
delivery of metformin in diabetic rats. J. Mater. Chem. B 5, 
9507–9513 (2017). https:// doi. org/ 10. 1039/ C7TB0 2236K

 127. A.S. Cordeiro, I.A. Tekko, M.H. Jomaa, L. Vora, E. McAl-
ister et  al., Two-photon polymerisation 3D printing of 
microneedle array templates with versatile designs: appli-
cation in the development of polymeric drug delivery sys-
tems. Pharm. Res. 37, 174 (2020). https:// doi. org/ 10. 1007/ 
s11095- 020- 02887-9

 128. E. Larrañeta, J. Moore, E.M. Vicente-Pérez, P. González-
Vázquez, R. Lutton et al., A proposed model membrane and 
test method for microneedle insertion studies. Int. J. Pharm. 
472, 65–73 (2014). https:// doi. org/ 10. 1016/J. IJPHA RM. 
2014. 05. 042

 129. G. Wang, N. Fang, Detecting and tracking nonfluorescent 
nanoparticle probes in live cells, in: Methods Enzymol (Else-
vier, 2012), pp. 83–108. doi: https:// doi. org/ 10. 1016/ B978-
0- 12- 391857- 4. 00004-5

 130. L.L. Drey, M.C. Graber, J. Bieschke, Counting unstained, 
confluent cells by modified bright-field microscopy. Biotech-
niques 55, 28–33 (2013). https:// doi. org/ 10. 2144/ 00011 4056

 131. M. Pearton, V. Saller, S.A. Coulman, C. Gateley, A.V. Anstey 
et al., Microneedle delivery of plasmid DNA to living human 
skin: Formulation coating, skin insertion and gene expres-
sion. J. Control. Release 160, 561–569 (2012). https:// doi. 
org/ 10. 1016/j. jconr el. 2012. 04. 005

 132. Y.A. Gomaa, D.I.J. Morrow, M.J. Garland, R.F. Donnelly, 
L.K. El-Khordagui et al., Effects of microneedle length, 
density, insertion time and multiple applications on human 
skin barrier function: assessments by transepidermal water 
loss. Toxicol. Vitr. 24, 1971–1978 (2010). https:// doi. org/ 10. 
1016/j. tiv. 2010. 08. 012

 133. J.S. Kochhar, T.C. Quek, W.J. Soon, J. Choi, S. Zou et al., 
Effect of microneedle geometry and supporting substrate on 
microneedle array penetration into skin. J. Pharm. Sci. 102, 
4100–4108 (2013). https:// doi. org/ 10. 1002/ jps. 23724

 134. S.D. Gittard, B. Chen, H. Xu, A. Ovsianikov, B.N. Chichkov 
et al., The effects of geometry on skin penetration and failure 
of polymer microneedles. J. Adhes. Sci. Technol. 27, 227–
243 (2013). https:// doi. org/ 10. 1080/ 01694 243. 2012. 705101

 135. A.R. Johnson, C.L. Caudill, J.R. Tumbleston, C.J. 
Bloomquist, K.A. Moga et al., Single-step fabrication of 

https://doi.org/10.1016/j.ejpb.2016.06.023
https://doi.org/10.1016/j.ejpb.2016.06.023
https://doi.org/10.1002/app.40377
https://doi.org/10.3722/cadaps.2013.139-157
https://doi.org/10.3722/cadaps.2013.139-157
https://doi.org/10.1117/12.2251772
https://doi.org/10.1007/s11095-007-9360-y
https://doi.org/10.1007/s11095-007-9360-y
https://doi.org/10.1007/s11095-007-9350-0
https://doi.org/10.1007/s11095-007-9350-0
https://doi.org/10.1016/j.jconrel.2010.07.104
https://doi.org/10.1016/j.jconrel.2010.07.104
https://doi.org/10.1364/boe.7.001865
https://doi.org/10.1364/boe.7.001865
https://doi.org/10.1021/acsnano.6b04989
https://doi.org/10.1021/acsnano.6b04989
https://doi.org/10.1002/lapl.200910134
https://doi.org/10.1016/j.jconrel.2008.02.009
https://doi.org/10.1016/j.jconrel.2008.02.009
https://doi.org/10.1016/j.jddst.2019.101216
https://doi.org/10.1016/j.ejpb.2020.07.005
https://doi.org/10.1016/j.jad.2017.04.055
https://doi.org/10.1016/j.jad.2017.04.055
https://doi.org/10.1007/s11095-010-0169-8
https://doi.org/10.1039/C7TB02236K
https://doi.org/10.1007/s11095-020-02887-9
https://doi.org/10.1007/s11095-020-02887-9
https://doi.org/10.1016/J.IJPHARM.2014.05.042
https://doi.org/10.1016/J.IJPHARM.2014.05.042
https://doi.org/10.1016/B978-0-12-391857-4.00004-5
https://doi.org/10.1016/B978-0-12-391857-4.00004-5
https://doi.org/10.2144/000114056
https://doi.org/10.1016/j.jconrel.2012.04.005
https://doi.org/10.1016/j.jconrel.2012.04.005
https://doi.org/10.1016/j.tiv.2010.08.012
https://doi.org/10.1016/j.tiv.2010.08.012
https://doi.org/10.1002/jps.23724
https://doi.org/10.1080/01694243.2012.705101


 Nano-Micro Lett. (2021) 13:9393 Page 38 of 41

https://doi.org/10.1007/s40820-021-00611-9© The authors

computationally designed microneedles by continuous liq-
uid interface production. PLOS ONE 11, e0162518 (2016). 
https:// doi. org/ 10. 1371/ journ al. pone. 01625 18

 136. H.-R. Jeong, H.-S. Lee, I.-J. Choi, J.-H. Park, Considerations 
in the use of microneedles: pain, convenience, anxiety and 
safety. J. Drug Target 25, 29–40 (2017). https:// doi. org/ 10. 
1080/ 10611 86X. 2016. 12005 89

 137. A.R. Johnson, A.T. Procopio, Low cost additive manufactur-
ing of microneedle masters. 3D Print Med 5, 2 (2019). https:// 
doi. org/ 10. 1186/ s41205- 019- 0039-x

 138. B.Z. Chen, L.Q. Zhang, Y.Y. Xia, X.P. Zhang, X.D. Guo, A 
basal-bolus insulin regimen integrated microneedle patch for 
intraday postprandial glucose control. Sci. Adv. 6, eaba7260 
(2020). https:// doi. org/ 10. 1126/ sciadv. aba72 60

 139. D.V. McAllister, P.M. Wang, S.P. Davis, J.-H.J.-H. Park, 
P.J. Canatella et al., Microfabricated needles for transdermal 
delivery of macromolecules and nanoparticles: fabrication 
methods and transport studies. Proc. Natl. Acad. Sci. 100, 
13755–13760 (2003). https:// doi. org/ 10. 1073/ pnas. 23313 
16100

 140. H.S. Gill, M.R. Prausnitz, Coated microneedles for trans-
dermal delivery. J. Control. Release 117, 227–237 (2007). 
https:// doi. org/ 10. 1016/j. jconr el. 2006. 10. 017

 141. A. Davidson, B. Al-Qallaf, D.B. Das, Transdermal drug 
delivery by coated microneedles: geometry effects on effec-
tive skin thickness and drug permeability. Chem. Eng. Res. 
Des. 86, 1196–1206 (2008). https:// doi. org/ 10. 1016/j. cherd. 
2008. 06. 002

 142. C. Wang, Y. Ye, G.M. Hochu, H. Sadeghifar, Z. Gu, Enhanced 
cancer immunotherapy by microneedle patch-assisted deliv-
ery of anti-PD1 antibody. Nano Lett. 16, 2334–2340 (2016). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 5b050 30

 143. Y. Li, X. Hu, Z. Dong, Y. Chen, W. Zhao et al., Dissolving 
microneedle arrays with optimized needle geometry for trans-
cutaneous immunization. Eur. J. Pharm. Sci. 151, 105361 
(2020). https:// doi. org/ 10. 1016/j. ejps. 2020. 105361

 144. Technavio, Transdermal Drug Delivery Market, 2019.
 145. A.M. Römgens, D.L. Bader, J.A. Bouwstra, C.W.J. Oomens, 

Predicting the optimal geometry of microneedles and their 
array for dermal vaccination using a computational model. 
Comput. Methods Biomech. Biomed. Eng. 19, 1599–1609 
(2016). https:// doi. org/ 10. 1080/ 10255 842. 2016. 11736 84

 146. B. Ahn, Optimal microneedle design for drug delivery based 
on insertion force experiments with variable geometry. Int. 
J. Control. Autom. Syst. 18, 143–149 (2020). https:// doi. org/ 
10. 1007/ s12555- 019- 0220-8

 147. A.L. Teo, C. Shearwood, K.C. Ng, J. Lu, S. Moochhala, 
Transdermal microneedles for drug delivery applications. 
Mater. Sci. Eng. B 132, 151–154 (2006). https:// doi. org/ 10. 
1016/J. MSEB. 2006. 02. 008

 148. J.A. Mikszta, J.B. Alarcon, J.M. Brittingham, D.E. Sutter, 
R.J. Pettis et al., Improved genetic immunization via micro-
mechanical disruption of skin-barrier function and targeted 
epidermal delivery. Nat. Med. 8, 415–419 (2002). https:// doi. 
org/ 10. 1038/ nm0402- 415

 149. G. Yan, K.S. Warner, J. Zhang, S. Sharma, B.K. Gale, Evalu-
ation needle length and density of microneedle arrays in the 
pretreatment of skin for transdermal drug delivery. Int. J. 
Pharm. 391, 7–12 (2010). https:// doi. org/ 10. 1016/j. ijpha rm. 
2010. 02. 007

 150. Y.H. Zhang, S.A. Campbell, S. Karthikeyan, Finite element 
analysis of hollow out-of-plane  HfO2 microneedles for trans-
dermal drug delivery applications. Biomed. Microdevices 20, 
1–7 (2018). https:// doi. org/ 10. 1007/ s10544- 018- 0262-z

 151. P. Khanna, K. Luongo, J.A. Strom, S. Bhansali, Axial and 
shear fracture strength evaluation of silicon microneedles. 
Microsyst. Technol. 16, 973–978 (2010). https:// doi. org/ 10. 
1007/ s00542- 010- 1070-4

 152. P. Khanna, B.R. Flam, B. Osborn, J.A. Strom, S. Bhansali, 
Skin penetration and fracture strength testing of silicon 
dioxide microneedles. Sens. Actuat. A Phys. 170, 180–186 
(2011). https:// doi. org/ 10. 1016/j. sna. 2010. 09. 024

 153. H.E. Zainal-Abidin, P.C. Ooi, T.Y. Tiong, N. Marsi, A. 
Ismardi et al., Stress and deformation of optimally shaped 
silicon microneedles for transdermal drug delivery. J. Pharm. 
Sci. 109, 2485–2492 (2020). https:// doi. org/ 10. 1016/j. xphs. 
2020. 04. 019

 154. C. O’Mahony, Structural characterization and in-vivo reli-
ability evaluation of silicon microneedles. Biomed. Micro-
devices 16, 333–343 (2014). https:// doi. org/ 10. 1007/ 
s10544- 014- 9836-6

 155. S. Pradeep-Narayanan, S. Raghavan, Solid silicon micronee-
dles for drug delivery applications. Int. J. Adv. Manuf. 
Technol. 93, 407–422 (2017). https:// doi. org/ 10. 1007/ 
s00170- 016- 9698-6

 156. N. Bouras, M.A. Madjoubi, M. Kolli, S. Benterki, M. Hami-
douche, Thermal and mechanical characterization of boro-
silicate glass. Phys. Procedia. 2, 1135–1140 (2009). https:// 
doi. org/ 10. 1016/j. phpro. 2009. 11. 074

 157. P.M. Wang, M. Cornwell, J. Hill, M.R. Prausnitz, Precise 
microinjection into skin using hollow microneedles. J. Invest. 
Dermatol. 126, 1080–1087 (2006). https:// doi. org/ 10. 1038/ 
sj. jid. 57001 50

 158. G. Wypych, PGA poly(glycolic acid), in: Handbook of Poly-
mers (Elsevier, 2016), pp. 419–421. doi: https:// doi. org/ 10. 
1016/ B978-1- 895198- 92-8. 50128-2

 159. S.H. Choi, T.G. Park, Synthesis and characterization of elas-
tic PLGA/PCL/PLGA tri-block copolymers. J. Biomater. Sci. 
Polym. Ed. 13, 1163–1173 (2002). https:// doi. org/ 10. 1163/ 
15685 62023 20813 864

 160. B. Tavsanli, O. Okay, Mechanically strong hyaluronic acid 
hydrogels with an interpenetrating network structure. Eur. 
Polym. J. 94, 185–195 (2017). https:// doi. org/ 10. 1016/j. eurpo 
lymj. 2017. 07. 009

 161. P. Gentile, V. Chiono, I. Carmagnola, P.V. Hatton, An over-
view of poly(lactic-co-glycolic) Acid (PLGA)-based bio-
materials for bone tissue engineering. Int. J. Mol. Sci. 15, 
3640–3659 (2014). https:// doi. org/ 10. 3390/ ijms1 50336 40

 162. T. Michinobu, M. Bito, M. Tanimura, Y. Katayama, E. 
Masai et al., Mechanical properties of poly(l-lactide) films 
controlled by blending with polyesters of lignin-derived 

https://doi.org/10.1371/journal.pone.0162518
https://doi.org/10.1080/1061186X.2016.1200589
https://doi.org/10.1080/1061186X.2016.1200589
https://doi.org/10.1186/s41205-019-0039-x
https://doi.org/10.1186/s41205-019-0039-x
https://doi.org/10.1126/sciadv.aba7260
https://doi.org/10.1073/pnas.2331316100
https://doi.org/10.1073/pnas.2331316100
https://doi.org/10.1016/j.jconrel.2006.10.017
https://doi.org/10.1016/j.cherd.2008.06.002
https://doi.org/10.1016/j.cherd.2008.06.002
https://doi.org/10.1021/acs.nanolett.5b05030
https://doi.org/10.1016/j.ejps.2020.105361
https://doi.org/10.1080/10255842.2016.1173684
https://doi.org/10.1007/s12555-019-0220-8
https://doi.org/10.1007/s12555-019-0220-8
https://doi.org/10.1016/J.MSEB.2006.02.008
https://doi.org/10.1016/J.MSEB.2006.02.008
https://doi.org/10.1038/nm0402-415
https://doi.org/10.1038/nm0402-415
https://doi.org/10.1016/j.ijpharm.2010.02.007
https://doi.org/10.1016/j.ijpharm.2010.02.007
https://doi.org/10.1007/s10544-018-0262-z
https://doi.org/10.1007/s00542-010-1070-4
https://doi.org/10.1007/s00542-010-1070-4
https://doi.org/10.1016/j.sna.2010.09.024
https://doi.org/10.1016/j.xphs.2020.04.019
https://doi.org/10.1016/j.xphs.2020.04.019
https://doi.org/10.1007/s10544-014-9836-6
https://doi.org/10.1007/s10544-014-9836-6
https://doi.org/10.1007/s00170-016-9698-6
https://doi.org/10.1007/s00170-016-9698-6
https://doi.org/10.1016/j.phpro.2009.11.074
https://doi.org/10.1016/j.phpro.2009.11.074
https://doi.org/10.1038/sj.jid.5700150
https://doi.org/10.1038/sj.jid.5700150
https://doi.org/10.1016/B978-1-895198-92-8.50128-2
https://doi.org/10.1016/B978-1-895198-92-8.50128-2
https://doi.org/10.1163/156856202320813864
https://doi.org/10.1163/156856202320813864
https://doi.org/10.1016/j.eurpolymj.2017.07.009
https://doi.org/10.1016/j.eurpolymj.2017.07.009
https://doi.org/10.3390/ijms15033640


Nano-Micro Lett. (2021) 13:93 Page 39 of 41 93

1 3

stable metabolic intermediate. 2-pyrone-4,6-dicarboxylic 
acid (PDC). Polym. J. 41, 843–848 (2009). https:// doi. org/ 
10. 1295/ polymj. PJ200 9133

 163. S.D. Gittard, R.J. Narayan, Applications of microneedle 
technology to transdermal drug delivery, in Toxicology of 
the Skin. ed. by N.A. Monteiro-Riviere (CRC Press, Boca 
Raton, 2010), p. 307

 164. S. Kalra, A. Singh, M. Gupta, V. Chadha, Ormocer: An aes-
thetic direct restorative material; an in vitro study comparing 
the marginal sealing ability of organically modified ceram-
ics and a hybrid composite using an ormocer-based bond-
ing agent and a conventional fifth-generation bonding agent. 
Contemp. Clin. Dent. 3, 48 (2012). https:// doi. org/ 10. 4103/ 
0976- 237x. 94546

 165. S. Bystrova, R. Luttge, Micromolding for ceramic micronee-
dle arrays. Microelectron. Eng. 88, 1681–1684 (2011). 
https:// doi. org/ 10. 1016/j. mee. 2010. 12. 067

 166. M. Verhoeven, S. Bystrova, L. Winnubst, H. Qureshi, T.D. 
De Gruijl et al., Applying ceramic nanoporous microneedle 
arrays as a transport interface in egg plants and an ex-vivo 
human skin model, in: Microelectronic Engineering (Else-
vier, 2012), pp. 659–662. doi: https:// doi. org/ 10. 1016/j. mee. 
2012. 07. 022

 167. M.A. Boks, W.W.J. Unger, S. Engels, M. Ambrosini, Y. 
Van Kooyk et al., Controlled release of a model vaccine by 
nanoporous ceramic microneedle arrays. Int. J. Pharm. 491, 
375–383 (2015). https:// doi. org/ 10. 1016/j. ijpha rm. 2015. 06. 
025

 168. K. van der Maaden, R. Luttge, P.J. Vos, J. Bouwstra, G. 
Kersten, I. Ploemen, Microneedle-based drug and vaccine 
delivery via nanoporous microneedle arrays. Drug Deliv. 
Transl. Res. 5, 397–406 (2015). https:// doi. org/ 10. 1007/ 
s13346- 015- 0238-y

 169. R. Pignatello, Biomaterials: Applications for Nanomedicine, 
1st edn. (InTech, Rijeka, 2011).

 170. R.J. Napier, A.J. Shimmin, Ceramic-on-ceramic bearings in 
total hip arthroplasty: “The future is now.” Semin. Arthro-
plasty 27, 235–238 (2016). https:// doi. org/ 10. 1053/j. sart. 
2017. 03. 001

 171. B. Cai, W. Xia, S. Bredenberg, H. Engqvist, Self-setting 
bioceramic microscopic protrusions for transdermal drug 
delivery. J. Mater. Chem. B 2, 5992–5998 (2014). https:// 
doi. org/ 10. 1039/ C4TB0 0764F

 172. H. Vallhov, W. Xia, H. Engqvist, A. Scheynius, Bioceramic 
microneedle arrays are able to deliver OVA to dendritic cells 
in human skin. J. Mater. Chem. B 6, 6808–6816 (2018). 
https:// doi. org/ 10. 1039/ c8tb0 1476k

 173. W. Yu, G. Jiang, D. Liu, L. Li, Z. Tong et al., Transdermal 
delivery of insulin with bioceramic composite microneedles 
fabricated by gelatin and hydroxyapatite. Mater. Sci. Eng. C 
73, 425–428 (2017). https:// doi. org/ 10. 1016/j. msec. 2016. 12. 
111

 174. Y.-C.C. Kim, J.-H.H. Park, M.R. Prausnitz, Microneedles for 
drug and vaccine delivery. Adv. Drug Deliv. Rev. 64, 1547–
1568 (2012). https:// doi. org/ 10. 1016/j. addr. 2012. 04. 005

 175. T. Miyano, Y. Tobinaga, T. Kanno, Y. Matsuzaki, H. Takeda 
et al., Sugar micro needles as transdermic drug delivery sys-
tem. Biomed. Microdevices 7, 185–188 (2005). https:// doi. 
org/ 10. 1007/ s10544- 005- 3024-7

 176. G. Li, A. Badkar, S. Nema, C.S. Kolli, A.K. Banga, In vitro 
transdermal delivery of therapeutic antibodies using maltose 
microneedles. Int. J. Pharm. 368, 109–115 (2009). https:// doi. 
org/ 10. 1016/j. ijpha rm. 2008. 10. 008

 177. R.F. Donnelly, D.I.J. Morrow, T.R.R. Singh, K. Migalska, 
P.A. McCarron et al., Processing difficulties and instability 
of carbohydrate microneedle arrays. Drug Dev. Ind. Pharm. 
35, 1242–1254 (2009). https:// doi. org/ 10. 1080/ 03639 04090 
28822 80

 178. R.F. Donnelly, T.R.R. Singh, D.I.J. Morrow, D.A. Woolfson, 
Microneedle-Mediated Transdermal and Intradermal Drug 
Delivery, 1st edn. (Wiley, Sussex, 2012).

 179. X. Hong, L. Wei, F. Wu, Z. Wu, L. Chen et al., Dissolving 
and biodegradable microneedle technologies for transdermal 
sustained delivery of drug and vaccine. Drug Des. Devel. 
Ther. 7, 945–952 (2013). https:// doi. org/ 10. 2147/ DDDT. 
S44401

 180. M. Wang, L. Hu, C. Xu, Recent advances in the design of 
polymeric microneedles for transdermal drug delivery and 
biosensing. Lab Chip 17, 1373–1387 (2017). https:// doi. org/ 
10. 1039/ C7LC0 0016B

 181. G. Bonfante, H. Lee, L. Bao, J. Park, N. Takama et  al., 
Comparison of polymers to enhance mechanical proper-
ties of microneedles for bio-medical applications. Micro 
Nano Syst. Lett. 8, 13 (2020). https:// doi. org/ 10. 1186/ 
s40486- 020- 00113-0

 182. S.F. Chou, K.A. Woodrow, Relationships between mechani-
cal properties and drug release from electrospun fibers of 
PCL and PLGA blends. J. Mech. Behav. Biomed. Mater. 65, 
724–733 (2017). https:// doi. org/ 10. 1016/j. jmbbm. 2016. 09. 
004

 183. L. Yan, A.P. Raphael, X. Zhu, B. Wang, W. Chen et al., 
Nanocomposite-strengthened dissolving microneedles for 
improved transdermal delivery to human skin. Adv. Heal. 
Mater. 3, 555–564 (2014). https:// doi. org/ 10. 1002/ adhm. 
20130 0312

 184. W.K. Raja, S. MacCorkle, I.M. Diwan, A. Abdurrob, J. Lu 
et al., Transdermal delivery devices: fabrication, mechan-
ics and drug release from silk. Small 9, 3704–3713 (2013). 
https:// doi. org/ 10. 1002/ smll. 20120 2075

 185. L. Yan, A.P. Raphael, X. Zhu, B. Wang, W. Chen et al., 
Nanocomposite-strengthened dissolving microneedles for 
improved transdermal delivery to human skin. Adv. Healthc. 
Mater. 3, 555–564 (2014). https:// doi. org/ 10. 1002/ adhm. 
20130 0312

 186. M.T.C. Mc-Crudden, E. Larrañeta, A. Clark, C. Jarrahian, 
A. Rein-Weston et al., Design, formulation and evaluation of 
novel dissolving microarray patches containing a long-acting 
rilpivirine nanosuspension. J. Control. Release 292, 119–129 
(2018). https:// doi. org/ 10. 1016/j. jconr el. 2018. 11. 002

 187. Z. Luo, W. Sun, J. Fang, K. Lee, S. Li et al., Biodegrad-
able gelatin methacryloyl microneedles for transdermal drug 

https://doi.org/10.1295/polymj.PJ2009133
https://doi.org/10.1295/polymj.PJ2009133
https://doi.org/10.4103/0976-237x.94546
https://doi.org/10.4103/0976-237x.94546
https://doi.org/10.1016/j.mee.2010.12.067
https://doi.org/10.1016/j.mee.2012.07.022
https://doi.org/10.1016/j.mee.2012.07.022
https://doi.org/10.1016/j.ijpharm.2015.06.025
https://doi.org/10.1016/j.ijpharm.2015.06.025
https://doi.org/10.1007/s13346-015-0238-y
https://doi.org/10.1007/s13346-015-0238-y
https://doi.org/10.1053/j.sart.2017.03.001
https://doi.org/10.1053/j.sart.2017.03.001
https://doi.org/10.1039/C4TB00764F
https://doi.org/10.1039/C4TB00764F
https://doi.org/10.1039/c8tb01476k
https://doi.org/10.1016/j.msec.2016.12.111
https://doi.org/10.1016/j.msec.2016.12.111
https://doi.org/10.1016/j.addr.2012.04.005
https://doi.org/10.1007/s10544-005-3024-7
https://doi.org/10.1007/s10544-005-3024-7
https://doi.org/10.1016/j.ijpharm.2008.10.008
https://doi.org/10.1016/j.ijpharm.2008.10.008
https://doi.org/10.1080/03639040902882280
https://doi.org/10.1080/03639040902882280
https://doi.org/10.2147/DDDT.S44401
https://doi.org/10.2147/DDDT.S44401
https://doi.org/10.1039/C7LC00016B
https://doi.org/10.1039/C7LC00016B
https://doi.org/10.1186/s40486-020-00113-0
https://doi.org/10.1186/s40486-020-00113-0
https://doi.org/10.1016/j.jmbbm.2016.09.004
https://doi.org/10.1016/j.jmbbm.2016.09.004
https://doi.org/10.1002/adhm.201300312
https://doi.org/10.1002/adhm.201300312
https://doi.org/10.1002/smll.201202075
https://doi.org/10.1002/adhm.201300312
https://doi.org/10.1002/adhm.201300312
https://doi.org/10.1016/j.jconrel.2018.11.002


 Nano-Micro Lett. (2021) 13:9393 Page 40 of 41

https://doi.org/10.1007/s40820-021-00611-9© The authors

delivery. Adv. Healthc. Mater. 8, 1801054 (2019). https:// doi. 
org/ 10. 1002/ adhm. 20180 1054

 188. X. Zhou, Z. Luo, A. Baidya, H. Kim, C. Wang et al., Bio-
degradable β-cyclodextrin conjugated gelatin methacryloyl 
microneedle for delivery of water-insoluble drug. Adv. 
Healthc. Mater. 9, 2000527 (2020). https:// doi. org/ 10. 1002/ 
adhm. 20200 0527

 189. E. Larrañeta, R.E.M. Lutton, A.J. Brady, E.M. Vicente-Pérez, 
A.D. Woolfson et al., Microwave-assisted preparation of 
hydrogel-forming microneedle arrays for transdermal drug 
delivery applications. Macromol. Mater. Eng. 300, 586–595 
(2015). https:// doi. org/ 10. 1002/ mame. 20150 0016

 190. T.R. Raj-Singh, M.J. Garland, K. Migalska, E.C. Salvador, 
R. Shaikh et al., Influence of a pore-forming agent on swell-
ing, network parameters, and permeability of poly(ethylene 
glycol)-crosslinked poly(methyl vinyl ether-co-maleic acid) 
hydrogels: Application in transdermal delivery systems. J. 
Appl. Polym. Sci. 125, 2680–2694 (2012). https:// doi. org/ 
10. 1002/ app. 36524

 191. M.S. Gerstel, V.A. Place, Drug Delivery Device, 3964482 
(1971)

 192. S. Lee, S. Fakhraei-Lahiji, J. Jang, M. Jang, H. Jung, Micro-
pillar integrated dissolving microneedles for enhanced trans-
dermal drug delivery. Pharmaceutics 11, 402 (2019). https:// 
doi. org/ 10. 3390/ pharm aceut ics11 080402

 193. M.-C. Chen, H.-A. Chan, M.-H. Ling, L.-C. Su, Implantable 
polymeric microneedles with phototriggerable properties as 
a patient-controlled transdermal analgesia system. J. Mater. 
Chem. B 5, 496–503 (2017). https:// doi. org/ 10. 1039/ C6TB0 
2718K

 194. M.C. Chen, K.Y. Lai, M.H. Ling, C.W. Lin, Enhancing 
immunogenicity of antigens through sustained intradermal 
delivery using chitosan microneedles with a patch-dissolvable 
design. Acta Biomater. (2018). https:// doi. org/ 10. 1016/j. act-
bio. 2017. 11. 004

 195. M.-C. Chen, S.-F. Huang, K.-Y. Lai, M.-H. Ling, Fully 
embeddable chitosan microneedles as a sustained release 
depot for intradermal vaccination. Biomaterials 34, 3077–
3086 (2013). https:// doi. org/ 10. 1016/j. bioma teria ls. 2012. 12. 
041

 196. J.M. Mazzara, L.J. Ochyl, J.K.Y. Hong, J.J. Moon, M.R. 
Prausnitz et al., Self-healing encapsulation and controlled 
release of vaccine antigens from PLGA microparticles 
delivered by microneedle patches. Bioeng. Transl. Med. 4, 
116–128 (2019). https:// doi. org/ 10. 1002/ btm2. 10103

 197. H. Jun, M.H. Ahn, I.J. Choi, S.K. Baek, J.H. Park et al., 
Immediate separation of microneedle tips from base array 
during skin insertion for instantaneous drug delivery. RSC 
Adv. 8, 17786–17796 (2018). https:// doi. org/ 10. 1039/ c8ra0 
2334d

 198. I.J. Choi, A. Kang, M.H. Ahn, H. Jun, S.K. Baek et al., Inser-
tion-responsive microneedles for rapid intradermal delivery 
of canine influenza vaccine. J. Control. Release 286, 460–466 
(2018). https:// doi. org/ 10. 1016/j. jconr el. 2018. 08. 017

 199. I.J. Choi, W. Na, A. Kang, M.H. Ahn, M. Yeom et al., Patch-
less administration of canine influenza vaccine on dog’s ear 

using insertion-responsive microneedles (IRMN) without 
removal of hair and its in vivo efficacy evaluation. Eur. J. 
Pharm. Biopharm. 153, 150–157 (2020). https:// doi. org/ 10. 
1016/j. ejpb. 2020. 06. 006

 200. Y.H. Chen, K.Y. Lai, Y.H. Chiu, Y.W. Wu, A.L. Shiau et al., 
Implantable microneedles with an immune-boosting func-
tion for effective intradermal influenza vaccination. Acta 
Biomater. (2019). https:// doi. org/ 10. 1016/j. actbio. 2019. 07. 
048

 201. D. Chen, C. Wang, W. Chen, Y. Chen, J.X.J. Zhang, PVDF-
Nafion nanomembranes coated microneedles for in vivo 
transcutaneous implantable glucose sensing. Biosens. Bio-
electron. 74, 1047–1052 (2015). https:// doi. org/ 10. 1016/j. 
bios. 2015. 07. 036

 202. S. Kim, H. Yang, J. Eum, Y. Ma, S. Fakhraei-Lahiji et al., 
Implantable powder-carrying microneedles for transdermal 
delivery of high-dose insulin with enhanced activity. Bioma-
terials 232, 119733 (2020). https:// doi. org/ 10. 1016/j. bioma 
teria ls. 2019. 119733

 203. M. Carlotti, V. Mattoli, Functional materials for two-pho-
ton polymerization in microfabrication. Small 15, 1902687 
(2019). https:// doi. org/ 10. 1002/ smll. 20190 2687

 204. D.M. Zuev, A.K. Nguyen, V.I. Putlyaev, R.J. Narayan, 3D 
printing and bioprinting using multiphoton lithography. Bio-
printing 20, e00090 (2020). https:// doi. org/ 10. 1016/j. bprint. 
2020. e00090

 205. I. Sakellari, E. Kabouraki, D. Gray, V. Purlys, C. Fotakis 
et al., Diffusion-assisted high-resolution direct femtosecond 
laser writing. ACS Nano 6, 2302–2311 (2012). https:// doi. 
org/ 10. 1021/ nn204 454c

 206. C. Plamadeala, S.R. Gosain, S. Purkhart, B. Buchegger, W. 
Baumgartner et al., Three-dimensional photonic structures 
fabricated by two-photon polymerization for microfluidics 
and microneedles. in: International Conference on Trans-
parent Optical Networks. 2018-July, 2018–2021 (2018). doi: 
https:// doi. org/ 10. 1109/ ICTON. 2018. 84736 47

 207. M. Suzuki, T. Takahashi, S. Aoyagi, 3D laser lithographic 
fabrication of hollow microneedle mimicking mosquitos and 
its characterisation. Int. J. Nanotechnol. 15, 157–173 (2018). 
https:// doi. org/ 10. 1504/ IJNT. 2018. 089545

 208. A.D.R. Li, K.B. Putra, L. Chen, J.S. Montgomery, A. Shih, 
Mosquito proboscis-inspired needle insertion to reduce tis-
sue deformation and organ displacement. Sci. Rep. 10, 1–14 
(2020). https:// doi. org/ 10. 1038/ s41598- 020- 68596-w

 209. S.D. Gittard, A. Ovsianikov, B.N. Chichkov, A. Doraiswamy, 
R.J. Narayan, Two-photon polymerization of microneedles 
for transdermal drug delivery. Expert Opin. Drug Deliv. 7, 
513–533 (2010). https:// doi. org/ 10. 1517/ 17425 24100 36281 
71

 210. M. Kavaldzhiev, J.E. Perez, Y. Ivanov, A. Bertoncini, C. 
Liberale et al., Biocompatible 3D printed magnetic micro 
needles. Biomed. Phys. Eng. Express 3, 25005 (2017). https:// 
doi. org/ 10. 1088/ 2057- 1976/ aa5ccb

 211. E.D. Lemma, F. Rizzi, T. Dattoma, B. Spagnolo, L. Sileo 
et al., Mechanical properties tunability of three-dimensional 
polymeric structures in two-photon lithography. IEEE Trans. 

https://doi.org/10.1002/adhm.201801054
https://doi.org/10.1002/adhm.201801054
https://doi.org/10.1002/adhm.202000527
https://doi.org/10.1002/adhm.202000527
https://doi.org/10.1002/mame.201500016
https://doi.org/10.1002/app.36524
https://doi.org/10.1002/app.36524
https://doi.org/10.3390/pharmaceutics11080402
https://doi.org/10.3390/pharmaceutics11080402
https://doi.org/10.1039/C6TB02718K
https://doi.org/10.1039/C6TB02718K
https://doi.org/10.1016/j.actbio.2017.11.004
https://doi.org/10.1016/j.actbio.2017.11.004
https://doi.org/10.1016/j.biomaterials.2012.12.041
https://doi.org/10.1016/j.biomaterials.2012.12.041
https://doi.org/10.1002/btm2.10103
https://doi.org/10.1039/c8ra02334d
https://doi.org/10.1039/c8ra02334d
https://doi.org/10.1016/j.jconrel.2018.08.017
https://doi.org/10.1016/j.ejpb.2020.06.006
https://doi.org/10.1016/j.ejpb.2020.06.006
https://doi.org/10.1016/j.actbio.2019.07.048
https://doi.org/10.1016/j.actbio.2019.07.048
https://doi.org/10.1016/j.bios.2015.07.036
https://doi.org/10.1016/j.bios.2015.07.036
https://doi.org/10.1016/j.biomaterials.2019.119733
https://doi.org/10.1016/j.biomaterials.2019.119733
https://doi.org/10.1002/smll.201902687
https://doi.org/10.1016/j.bprint.2020.e00090
https://doi.org/10.1016/j.bprint.2020.e00090
https://doi.org/10.1021/nn204454c
https://doi.org/10.1021/nn204454c
https://doi.org/10.1109/ICTON.2018.8473647
https://doi.org/10.1504/IJNT.2018.089545
https://doi.org/10.1038/s41598-020-68596-w
https://doi.org/10.1517/17425241003628171
https://doi.org/10.1517/17425241003628171
https://doi.org/10.1088/2057-1976/aa5ccb
https://doi.org/10.1088/2057-1976/aa5ccb


Nano-Micro Lett. (2021) 13:93 Page 41 of 41 93

1 3

Nanotechnol. 16, 23–31 (2016). https:// doi. org/ 10. 1109/ 
TNANO. 2016. 26258 20

 212. C.N. LaFratta, O. Simoska, I. Pelse, S. Weng, M. Ingram, 
A convenient direct laser writing system for the creation of 
microfluidic masters. Microfluid. Nanofluidics 19, 419–426 
(2015). https:// doi. org/ 10. 1007/ s10404- 015- 1574-4

 213. A. Aksit, D.N. Arteaga, M. Arriaga, X. Wang, H. Watanabe 
et al., In-vitro perforation of the round window membrane via 
direct 3-D printed microneedles. Biomed. Microdevices 20, 
47 (2018). https:// doi. org/ 10. 1007/ s10544- 018- 0287-3

 214. D. Ricci, M.M. Nava, T. Zandrini, G. Cerullo, M.T. Raimondi 
et al., Scaling-up techniques for the nanofabrication of cell 
culture substrates via two-photon polymerization for indus-
trial-scale expansion of stem cells. Materials 10, 66 (2017). 
https:// doi. org/ 10. 3390/ ma100 10066

 215. R.F. Donnelly, Clinical Translation and Industrial Develop-
ment of Microneedle-based Products, in Microneedles Drug 
Vaccine Delivery, 1st edn., ed. by R.F. Donnelly, T.R.R. 
Singh (Wiley, Chichester, 2018), pp. 307–322

 216. J.C. Birchall, R. Clemo, A. Anstey, D.N. John, Microneedles 
in clinical practice–an exploratory study into the opinions 
of healthcare professionals and the public. Pharm. Res. 28, 
95–106 (2011). https:// doi. org/ 10. 1007/ s11095- 010- 0101-2

 217. E.M. Vicente-Pérez, H.L. Quinn, E. McAlister, S. O’Neill, 
L.-A. Hanna et al., The use of a pressure-indicating sensor 
film to provide feedback upon hydrogel-forming microneedle 
array self-application in vivo. Pharm. Res. 33, 1–10 (2016). 
https:// doi. org/ 10. 1007/ s11095- 016- 2032-z

https://doi.org/10.1109/TNANO.2016.2625820
https://doi.org/10.1109/TNANO.2016.2625820
https://doi.org/10.1007/s10404-015-1574-4
https://doi.org/10.1007/s10544-018-0287-3
https://doi.org/10.3390/ma10010066
https://doi.org/10.1007/s11095-010-0101-2
https://doi.org/10.1007/s11095-016-2032-z

	Engineering Microneedle Patches for Improved Penetration: Analysis, Skin Models and Factors Affecting Needle Insertion
	Highlights
	Abstract 
	1 Introduction
	2 Pain Management
	3 Skin Structure and Its Mechanical Behavior
	4 Skin Resealing
	5 Mechanical Analysis
	6 Skin Models: An Overview on In Vitro and In Vivo Models
	7 Skin Penetration Analysis
	7.1 Numerical Simulation
	7.2 In Vitro and In Vivo Models

	8 Parameters Affecting MN Insertion
	8.1 Geometry
	8.2 Microneedle Materials
	8.3 Effect of Filler and Cross-linking

	9 Strategies to Enhance MN Insertion
	10 Conclusion and Outlook
	Acknowledgements 
	References




