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Abstract

Microneedles (MNSs), i.e. minimally invasive three-dimensional microstructures that penetrate the
stratum corneum inducing relatively little or no pain, have been studied as appealing therapeutic
vehicles for transdermal drug delivery (TDD). Over the last years, the fabrication of MNs using
biopolymers, such as polysaccharides and proteins, has sparked the imagination of scientists due
to their recognized biocompatibility, biodegradability, ease of fabrication and sustainable
character. Owing to their wide range of functional groups, polysaccharides and proteins enable the
design and preparation of materials with tunable properties and functionalities. Therefore, these

biopolymer-based MNs take a revolutionary step offering great potential not only in drug
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administration, but also in sensing and response to physiological stimuli. In this review, a critical
and comprehensive overview of the polysaccharides and proteins employed in the design and
engineering of MNs will be given. The strategies adopted for their preparation, their advantages
and disadvantages will be also detailed. In addition, the potential and challenges of using these
matrices to deliver drugs, vaccines and other molecules will be discussed. Finally, this appraisal
ends with a perspective on the possibilities and challenges in research and development of
polysaccharide and protein MNSs, envisioning the future advances and clinical translation of these

platforms as the next generation of drug delivery systems
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1. Introduction

During the past few decades, we have witnessed an enormous progress in the research,
development and improvement of drug delivery systems (DDS) [1-3]. The technological advances
of this burgeoning field emerged as optimized formulations or delivery devices, aiming to enhance
the therapeutic efficacy of the different pharmacological agents, either biotherapeutics (e.g.,
insulin and vaccines) or drugs (e.g., diclofenac and ibuprofen) [3,4]. Notably, considering that the
therapeutic efficiency relies on the administration route, the focus is to overcome the challenges
of conventional drug delivery (DD). The most common limitations are the pharmaceutical’s
degradation in the gastrointestinal tract in oral administration, and the poor patient compliance of
parenteral injections [1,2,5]. Therefore, the field of DD is driving research towards the
development of easy-to-use systems, with good patient compliance, a reduced frequency of dosing
and self-administration at the point-of-care, with lower therapy costs and reduced environmental
impact [6-10].

Among the different DDS, transdermal drug delivery (TDD) aiming at delivering pharmaceuticals
through skin, has attracted a lot of attention. From a global perspective, the transdermal route offers
key benefits such as targeted delivery and lower systemic exposure and toxicity, because drugs
avoid first-pass metabolism, gastrointestinal degradation and food-drug interactions, thus
improving their bioavailability [11-13]. Furthermore, the simple and painless self-application of
TDD systems, coupled with their easy storage and transportation, makes them particularly relevant
for health care in developing countries [6,8,14]. Regardless of these features, TDD success is
hindered by the barrier function provided by skin, which due to its complex and multi-layered
cellular architecture, limits DD efficiency [15]. In general, suitable candidates for TDD are

molecules with potent pharmacological activity, low molecular weight (MW <400 Da, ideally),



balanced lipophilicity (log P(octanol-water partition coefficient) ideally around 2 to 3) and a
measurable solubility both in oil and water [16]. Hence, TDD is restricted to a narrow range of
pharmaceuticals, as a result of the difficulty of finding formulations with appropriate
physicochemical properties to passively permeate through skin [6,13].

To address these limitations and enable successful transdermal delivery of different
pharmaceuticals, a rather-novel strategy involves using microneedles (MNs) [17—-20]. These DDS
are three-dimensional micron-sized needles placed on the underside of a patch, designed to
combine the advantages of both hypodermic needles and transdermal patches as illustrated in
Figure 1 [21].

Throughout the history of MNs fabrication, a wide range of materials has been reported. The first
MNs were fabricated using silicon [22—24],metals (e.g., titanium [25] and stainless steel [26]),
ceramics [27] and glass [28]. Nevertheless, polymers are nowadays playing a central role in the
preparation of MNs [18,29]. This large and versatile class of materials can be tailored with a great
variety of structures and hence, physical and biological functions to meet specific needs [30-32].
In this vein, polymers are considered one of the cornerstones for biomedical applications [32—34].
Currently, as a result of the general concern for sustainability, biopolymers, in particular
polysaccharides and proteins, are receiving unprecedented attention over the synthetic polymers
in the fabrication of MNs. This is due to their biocompatibility and low immunogenicity,
biomimetic features, ability to enhance drug pharmacokinetics, abundance and renewable
character [3,32,35-37]. The panoply of biopolymers available in nature has allowed the fabrication
of MNs with unique characteristics [38—40], and from this perspective, the infinite opportunities

of fabricating sophisticated biopolymer-based MNs are only limited by our imagination.



At the moment, there are several excellent general reviews on the subject of DD using MNs
[17,18,41-45]. For instance, Larrafieta et al. [43] and Rejinold et al. [17] reviewed the composition
and properties of MNs, as well as their applications and clinical translation. On the other hand, Ita
et al. [42] has contributed with insights into the fabrication of MNs and outcomes of clinical trials,
and recently shed light on the general features of ceramic and hollow MNs [41]. Additionally, their
use in biosensing applications was reviewed by Cahill and O’Cearbhaill [44]. Attention has also
been placed on polymeric MNs and Wang et al [18] provided a guideline regarding the fabrication
methods and applications of polymeric MNs, either of synthetic or natural origin. On a different
perspective, Ye et al. [45] focused particularly on the role of polymeric MNs for the transdermal
delivery of proteins.

To the best of our knowledge, no comprehensive appraisals devoted exclusively to biopolymeric
MNs have been published to date. Therefore, considering the current relevance and magnitude of
biopolymers and biopolymeric-based materials, this review addresses the preparation and
challenges of using polysaccharide and protein-based MNs for DD purposes. Herein, we will first
provide a brief overview of the general characteristics and DD strategies of MNs. Then, a
discussion about the potential and challenges of using polysaccharide and protein-based MNs to
deliver drugs, vaccines and other molecules will be given. Finally, a critical overview on the future

and clinical translation of polysaccharide and protein-based MNs will be highlighted.

2. Fundamentals of microneedles
2.1. Definition and characteristics
MNs, first conceptualized in 1976 [46], take the form of transdermal patches with microscale

protrusions designed to disrupt the stratum corneum (SC) of the skin and other epithelial tissues,



creating microconduits through which external molecules can passively diffuse (Figure 1) [47—
49].

Typically, MNs have from 25 to 2000 um in length [50], small enough to avoid stimulation of
peripheral nerve fibers or puncture the blood vessels. Upon application of MNs, DD efficiency can
be dramatically enhanced, and the types of drugs transported via transdermal route can be
significantly diversified [17,18,43]. In 1998, Henry et al. [47] reported the successful fabrication
of solid silicon MNs for TDD of calcein (hydrophilic drug of 622.5 Da), showing for the first time
that the in vitro permeability of human skin could be increased by up to 4 orders of magnitude,
after pierced by 150 um long needles.

Conceptually, the success of MNs results from combining the advantages of traditional TDD
systems with the targeting of conventional hypodermic needles. Some key drivers for this enduring
success are minimal invasiveness, low pain, self-administration, easy disposal and the ability to
increase transcutaneous flux of pharmaceuticals [17,18,43,45]. In contrast, the creation of
microscopic pores that lead to hypersensitivity reactions, delayed onset, reliable dosing and the
potential for misuse, are some of the concerns regarding these DD devices [51]. In general, MNs
can be classified accordingly to their structure (Figure 2 (A)), body shape (Figure 2 (B)) and tip
shape (Figure 2 (C)) [43,52].

MNs are fabricated into two basic designs, the in-plane (Figure 2 (A)a) and out-of-plane (Figure
2 (A)b) [43,52]. The needles of in-plane MNs are parallel to the fabrication surface, whereas the
out-of-plane MNs arise perpendicular to the baseplate. In addition, the out-of-plane MNs can be
classified as hollow (Figure 2 (B)a) or solid (Figure 2 (B)b) shape MNs, with different geometries,
such as cylindrical (Figure 2 (C)a), tapered tip (Figure 2 (C)b), conical (Figure 2 (C)c), square base

or pyramidal (Figure 2 (C)d) and pentagonal-base conical tip (Figure 2 (C)e) [52].



2.2. Drug delivery strategies

The delivery of therapeutic agents using MNs is typically described according to five types of
systems and the associated patterns of DD. Specifically, MNs can be classified as solid (Figure 3
(a)), coated (Figure 3 (b)), dissolving (Figure 3 (c)), hollow (Figure 3 (d)) and hydrogel-forming
MNs (Figure 3 (e)) [43].

Solid, coated and hollow MNs can be fabricated using silicon [22—24], metals and alloys (e.g.,
titanium [25], stainless steel [26], palladium, palladium-cobalt alloys and nickel [53,54]), ceramics
(e.g., ceramic oxides such as alumina, zirconia and fused silica [27]), glass [28,55] and polymers
(e.g., polyvinylpyrrolidone [56], poly(vinyl alcohol) (PVA) [57], poly(y-glutamic acid) [58],
chitosan (CS) [40,59,60], hyaluronic acid (HA) [61-65], among others [66—71]. Dissolving MNs
can be fabricated using sugars (e.g., maltose, trehalose and sucrose [72,73]) or polymers
[56,57,66,74—77] whereas hydrogel-forming MNs are prepared using polymers [17-19,43].

Solid MNs (Figure 3 (a)), employed in the so-called ‘poke with patch’ approach, were developed
as a 1% generation transcutaneous system [78,79]. First, MNs are applied to skin to create transient
pores in the SC. Then, conventional drug formulations like transdermal patches, ointments, creams,
gels or lotions are applied, and the permeation occurs via passive diffusion [78-80].

Coated MNss (Figure 3 (b)) rely on the ‘coat and poke’ strategy which consists in coating the arrays
with therapeutic formulations that are deposited after skin insertion [81]. The pharmaceutical
formulations are applied alone or combined in polymeric matrices, usually by dip coating [81,82].
More recently, scientists have explored additive manufacturing, namely by layer-by-layer (LbL)
approaches to deposit therapeutic agents in different layers, using polyelectrolyte solutions or

polymeric nanocapsules [83,84]. Coated MNs may be an alternative for vaccination purposes or



the delivery of potent drugs, but are not suitable for applications requiring high drug doses due to
the restricted amounts that can be coated onto the finite surface area of the MNs [81].

Dissolving MNs (Figure 3 (c)) is an umbrella term used to describe dissolving or degradable
matrices. The DD strategy is based upon the ‘poke and release’ approach. In brief, the array is
inserted into the skin and after contacting with the interstitial skin fluid (ISF) the needle structure
releases its cargo [12,78]. The pharmaceutical agents can be introduced in the tip of the needle, in
the whole needle structure as part of matrix and also encapsulated in particles [17,85]. The main
limitation of using dissolvable MNs is the deposition of material into skin if they are used on a
regular basis, which possibly can make these devices undesirable [86].

Hollow MNs (Figure 3 (d)) are characterized by having a conduit structure through which the fluid
drug formulation is delivered, by “poke and flow” approach [87,88]. These devices can deliver
larger amounts of substances, when compared with the former types of MNs [89-91]. However, it
is important to highlight that the clogging of needle openings with skin tissue during insertion
raises some concerns [92]. To overcome this limitation, alternative designs suggest the bore-
opening at the side of the needle [93]. Furthermore, the dense tissue around the needles causes
flow resistance [94], which can be overcome by partial needle retraction after skin insertion [90].
A disadvantage of using hollow MNs is that liquid formulations require suitable and complex
reservoirs [95].

Lastly, hydrogel-forming MNs (Figure 3 (¢)) are prepared from cross-linked polymeric materials.
The first systems were designed with a patch drug reservoir attached [96,97]. After insertion, the
hydrogel needles take up ISF and swollen, allowing drugs from the back patch to diffuse through

the structure into the skin. This device enables the intact removal of MNs array after use, leaving



no polymer residues behind. Another strategy involves the introduction of the drug formulation

inside the array rather than in an external patch [98].

2.3. Manufacturing of MNs

MNs of a diversity of sizes and shapes can be fabricated using a plethora of methodologies (Figure
4) [43].

In the extensive body of information related to the preparation of MNSs, the term microfabrication
is usually reported. In fact, microfabrication refers to one precision field responsible to the
development of small three-dimensional micron-sized structures by coupling serial direct-write
technologies with precision machining methods [99]. The first MNs made of silicon were
fabricated based on the conventional microfabrication technology, i.e. micro-electromechanical
systems (MEMS) technology (Figure 4 (a)). It involves three basic techniques, namely deposition,
patterning and etching [100,101].

The initial step consists in the deposition of thin films with varying thickness, from a few nm to
about 100 pm. Then, patterning involves the transfer of a geometric pattern into the film.
Lithography is used to transfer a pattern into a photosensitive material by selectively exposing it
to a radiation source. Photolithography is the most commonly adopted process, but this step can
also be performed using ion beam lithography, electron beam lithography, X-ray lithography and
diamond patterning. The next phase involves etching (either wet or dry), which consists in cutting
the unprotected parts of the material to generate the chosen design, either by using strong acid or

mordant [21].



MEMS technology offers the advantage of allowing the fabrication of both solid and hollow MNs.
However, this complex process involves multiple steps, requiring long fabrication time and clean
room processing, becoming relatively expensive [101,102].

The fabrication of solid or hollow metal MNs can be performed by MEMS technology,
electroplating or electrodeposition, photochemical etching and laser cutting [43]. The most simple
method involves the manual assembly of conventional hypodermic needles [103]. Metallic MNs
can also be integrated into a base substrate by magnetic assembly (Figure 4 (b)) [104]. As an
alternative, to this technology, infrared laser can be used. In this case, infrared laser cuts the metal
structures that are then bend at 90 °C, creating an out-of-plane array [105]. Besides laser cutting
and manual assembly, metal MNs can also be produced using drawing lithography that allows the
creation of relatively ultra-high-aspect-ratio metal MNSs. It consists in using a thin layer of a
thermosetting polymer which then follows controlled drawing by using pillars of defined patterns.
This method enables the creation of three-dimensional solid long polymeric needles that can be
employed as a mold to finally create hollow metallic MNs [106].

Glass MNs are prepared by pulling fire-polished glass pipettes using a micropipette puller. Then,
the blunt-tip can be beveled at an angle of 35-38°. Usually, these MNs are attached to syringes
[28]. On the other hand, ceramic MNs are generally fabricated using micromolding techniques,
either by sintering processes or photo polymerization [43,107].

Micromolding is a set of fabrication methods which involves replicating microstructures using
molds as master structures (Figure 4 (c)). It starts with the fabrication of the master MN templates,
a structure containing a negative or inverse of the desired pattern geometry, followed by the
preparation of the female molds. Then, the ceramic material is introduced onto female molds,

followed by sintering or photo-cross-linking [108].
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Polymeric MN arrays have been fabricated by using different manufacturing methods, namely
micromolding techniques [56,109,110], which includes hot embossing [111], injection [99] and
investment molding [112] and solvent casting [60]. Other processes include drawing lithography
[113], electro-drawing [114,115], droplet-borne air blowing [113], photolithography [116,117]
and continuous liquid interface production [118]. More recently, additive manufacturing by 3D
printing has been studied [119,120]. These technologies take advantage of the versatility of this
class of materials, in terms of viscosity, dissolution properties and post-modification.
Micromolding is the most widely used method due to its cost efficiency, good reproducibility and
scalability [108]. In this case, the polymeric material is introduced onto the female molds, and then
the material is dried or photo-cross-linked, depending on the nature of the polymer. Finally, the
MNs are peeled off from the female molds, which transcribe completely the microstructures of the
master template. The use of master templates made of ceramics [98], poly(vinyl alcohol) [121], or
poly(dimethylsiloxane) [63] has been reported. Among these, poly(dimethylsiloxane) has been
chosen as the most interesting material for small-scale micromolding due to its good transcription
ability, excellent thermo-stability, and poor adhesion, which is beneficial to the separation of the
polymeric MNs arrays from the mold [122].

Some of the most common micromolding techniques are injection molding, hot embossing, and
casting [108]. Injection molding requires the use of thermoplastic materials which are melted in
the injection molding machine. Then, they are injected into the molds, where it cools and solidify
into the final parts. The successful development of MNs depends upon a variety of factors, namely
injection speed, mold cavity temperature, accuracy in design and manufacture of the master
template [99]. In the hot embossing process, the mold and polymer are heated and pressed. Then,

the mold is cooled to room temperature and the MNs arrays are demoulded [111,123,124]. By
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polymer investment molding, two processes are combined, namely the traditional injection
molding with investment casting, enabling the creation of hollow parts [112]. Another example
involves the preparation of hollow MNs by casting, using a sacrificial templated produced through
a double deep X-ray lithography process [111]. This fabrication process does not require a clean
room environment and uses little instrumentation. Among the most common micromolding
techniques, solvent casting is the most adopted [108]. Here, the polymeric material is placed into
the female molds, followed by centrifugation or vacuum to fill the empty spaces and then drying
or photo-cross-linking [98,125,126]. Despite the many advantages of micromolding, there are still
some concerns for biomedical applications. First, the complex multiple fabrication steps are time
consuming. Also, if heat or UV-light are involved in the fabrication process, the use of sensitive
drugs, peptides, proteins and vaccines is rather limited [75].

To simplify the fabrication of MNs and preserve the biological activity of the active ingredients, a
one-step fabrication procedure combining both shape-forming and solidification steps was
reported. This technique, called centrifugal lithography (Figure 4 (d)), takes advantage of polymer
solutions [127], and involves placing drops of polymer into a base (inner plate) of two parallel
fixed plates, followed by centrifugation. The centrifugation step allows the drop to shape into an
hour-glass structure, which will contact the outer-plate and solidifies the MNs. Finally, the plates
are pulled in different directions, allowing the separation of two MNs from one-polymer drop.

A different strategy, the droplet air-blowing technique (Figure 4 (d)), uses forced air-blowing to
shape the viscous polymer solution into MNs and involves six steps [113]. First, polymer droplets
are dispersed over a flat substrate, used to support the MNs base. Then, in the second step, the drug
droplet is dispensed over the baseplate and then, the upper plate follows a downward movement

to enable contact with the dispensed droplets. On the fourth step, the upward movement of the
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upper plate controls the length and then air-blowing is applied to solidify and shape the droplets.
Finally, the two plates are separated to create two MN arrays on both upper and lower plates [113].
During fabrication, the thickness of the baseplate is determined by the volume of the polymer
droplet dispensed in the first step. Drug loading can be easily controlled by the pressure and time
of droplet dispensing. Compared to micromolding methods, the conditions of droplet-borne air
blowing method are more moderate since neither heat nor UV irradiation is involved. The effect
of two droplet-based fabrication methods, namely centrifugal lithography and droplet-born air
blowing was compared, by analyzing the change in activity of the encapsulated drugs, namely
epidermal growth factor which is known as an unstable peptide and ascorbic acid, an easily
oxidized low-molecular-weight chemical compound. The results showed that centrifugal
lithography exerts less stress during the fabrication, which involves low temperatures and vacuum-
drying conditions, minimizing activity loss of the incorporated drugs. Furthermore, the
morphological features and physical properties of the fabricated MNs, such as fracture force and
morphology, were similar [61].

3D printing, also called additive manufacturing, was used as a method to fabricate MNs by adding
materials layer-by-layer, by using a virtual Computer Aided Design model to create a physical
object, in this case MNs [128]. 3D printing technology can use photopolymerization, in which UV-
sensitive polymers are used and are layer-wise cured, allowing the construction of needles. 3D
printers commonly used for printing thermoplastic materials include fused deposition modelling,
as reported for the fabrication of poly(lactic acid) MNs [129]. It was also reported the 3D printing
by stereolithography, as an example using a biocompatible resin [119,120].

SCALING UP THE MANUFACTIRING PROCESSES REMAINS ONE OF THE BIGGEST CHAILENGES OF THE

PHARMACEUTICAL. INDUSIRY AND PROCESS DESIGN IS (RUCIAL TO ACHIEVE STANDARDIZATION AND COSI-
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EHBCTIIVENESS. THE ARCREMENTIONED TECHNALOGIES DISPFLAY SEVERAL ADVANTAGES AND CONSIRAINTS. IF, IN
THE ONE HAND, LITHOGRAPHIC PROCESSES ENAR ETHE PREPARATION OF HIGHLY COMPLEX SHAPED SIRUCTURES,
THE EACTTHAT IS ONLY APPLIED TO PHOTO-(ORAH E POLYMERS, TIME-CONSUMING AND INVALVES A PANORLY OF
SIEPS, CAN MAKE IT UNATIRACTIVE KRR INDUSIRIAL APPLICATIONS. ON THE OIHER HAND, CENIRIFUGAL
LITHOGRAPHY OR DROH FT' AR-BLOWING ENAH E BOTH SHAPE RORMING AND SCLIDIFICATION ATTHE SAME TIME
UNDER MILD CONDITIONS, REDUCING THE PREPARATION TIME AND TRCHNALOGY NEEDED. NEVERIHH ESS, POST-
PROCESSING MIGHT BE REQUIRED, AND THIS APPROACH ONLY WCORKS WITH POLYMERS WITHIN A CERIAIN
VISCOSITY RANGE. INDEED, WITH THE ADVENT OF 3D PRINTING, WHICH PROVIDES A HIGH H EXIBILITY INTHE
FARRICATION OF COMPLEX STRUCTLRES, A MORE RAPID DEVH OPMENT OF THESE TYPE OF MICROSIRUCTLRES IS
EXPECTED IN THE NEAR FUIURE. IN BRIFF, THE SUCCESSHULTRANSLATION OF METHODALOGIES TO MANUEACTLRE
MNS AT AN INDUSIRIALIEVH. WIL DEPEND ON SEVERAL FACICRS, MAINLY ON THE NATLRE OF THE MATIRIAL,
STABILITY OF THE ACTIVE COMPOUNDS, AND THE FACILITIES REQUIRED. IN GENERAL, THESE CORE TECHNAOGIES
HAVE POIENTIAL TO ENSURE COMMERCIAL -SCAL E APPLICATION, BUT'THERR SCALE-UP WIL ALWAYS DEMAND AN

ADJUSTMENT AND OPTIMIZATION OF VARIARLES.

2.4. Mechanical properties

For MNs technology to become a reality, it is imperative to investigate the influence of a variety
of factors related with their properties [130-132]. In general, the main factors affecting skin
insertion ability of MNs are needle geometry such as shape, aspect ratio, and tip radius [132]. Since
MNs experience a wide range of stress, particularly during insertion and removal, they must
possess inherent strength to avoid failure, namely by bending, buckling and fracturing [133,134].
In this vein, mechanical evaluation of MNs is performed in order to infer about their efficiency

and safety prior to use.
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The first mechanical characterization of MN arrays was described by Zahn et al. [133], through
the evaluation of the breaking strength of a single needle. In brief, this test consisted of a single,
hollow silicon MN and a mechanical force gauge that gradually increased the vertical force applied
at the tip (0-20 g) until it fractured. Since then, several tests have been employed to characterize
the mechanical properties of MNs.

To infer about the mechanical properties of MNSs, three tests can be performed, namely the axial
and transverse fracture force tests and the three-point bending test (Figure 5).

The evaluation of the axial force involves applying a force perpendicular to the baseplate [82].
This test records both displacement and force while the MNs are pushed against a hard surface at
a defined rate (Figure 5 (a)) [62,135]. When MNs fracture, a sudden decrease in the force vs
displacement curve is observed. Needle failure force is determined by the maximum force detected
immediately before this drop [135]. This test should be regarded with caution as some of the
reports only use a single MN [132,133] and the failure force of a MN array cannot be strictly
correlated with that of a single structure. Furthermore, this test does not fully simulate the forces
experienced by the needles when inserted into the skin. Instead, they are compressed against a hard
surface, which results in a concentration of the forces at the tip of the MNs, whereas during the
penetration into a soft tissue the forces are distributed over a larger area [136].

The transverse fracture force test evaluates the behavior of MNs during insertion. Because of skin
surface irregularities and its natural elasticity, the MNs arrays are not completely inserted and the
transverse bending of the needles can be detected [62,135]. A mechanical test station is used and
a force is applied to the MN y-axis at a defined point of the needle shaft (Figure 5 (b)). As
aforementioned, a sudden drop in the force-displacement curve defines the MNs failure [62,82].

The main limitation of this test is the need to manually align the metal probe with a defined length

15



[82]. Even when this task is performed with the aid of a microscope camera, it still leads to
experimental inaccuracies [62].

In addition to the mechanical testing of the MNs themselves, evaluating the baseplate is also
important as the fracture of this component during patient application is not acceptable. Thus, this
structure needs to be flexible enough to conform to the topography of the skin without fracturing.
To evaluate the baseplate strength and flexibility, a three-points bending test has been used. The
texture analyzer uses a metal probe to apply forces to the baseplates placed between two aluminium
blocks. In this case, a maximum peak observed in the force-distance curve represents the force
required to break the baseplate. The baseplate bending upon fracture is also determined to evaluate
the flexibility of this structure [82].

Apart from the assessment of the mechanical properties of MNs, it is important to study the force
required for MNs skin insertion. In this vein, Davis et al. [132] determined that about 0.08-0.34
N/needle were needed to ensure skin insertion of metal MNs in human volunteers. This data
confirms the feasibility of manual insertion. Using hollow silicon MNs, the insertion forces were
estimated to range between 0.10 N for the sharpest needle to 4.15 N for MNs with a blunt tip [137].
Furthermore, using ultra-sharp MNs, the insertion force can be reduced to below 10 mN [138]. On
the other hand, Lhernould et al. [139] fabricated polymeric-based MNs using polycarbonate and
confirmed that to ensure successful skin insertion, a maximum force of ~0.15 N/needle is required.
Regarding MNs application, their success is determined by the ability to penetrate through skin.
To evaluate skin penetration, transepidermal water loss measurements can be performed [140].
Microscopic techniques are also useful, either by application of a dye (Figure 6 (a)) over a skin

surface [135] or by cross-sectioning and histological examination (Figure 6 (b)) [90].
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Concerning the histological procedure, the preparation of samples might change the aspect of
micropore structure. As a non-invasive methodology, optical coherence tomography (Figure 6 (c))
is useful, enabling the determination of pore diameter and depth [141]. The insertion studies are
usually performed using biological tissues, either from humans or other animals like pigs or mice
[142,143]. Notwithstanding the value of using biological materials, there are some constraints
associated with the fact that the skin is usually heterogeneous, unstable, can be difficult to collect
and its use must strictly comply with regulations for the use of human or animal tissues [144].
Therefore, Larrafieta et al. [145] reported the use of Parafilm® as a model membrane to simulate
skin insertion. These authors folded the polymeric membrane into an eight-layer film to
approximate skin thickness. Then, when comparing the insertion using neonatal porcine skin, the
insertion depths were lower for Parafilm® but proved to be useful as an alternative to biological
tissue for MNs insertion studies.

In sum, to ascertain the mechanical properties of MNs, a variety of tests can be performed. At the
same time, the diversity of needle geometry and size coupled with the assortment of tests makes
the comparison between MNs quite difficult. In this case, MNs technology and development would

benefit from standardization of procedures to evaluate their mechanical performance.

3. Biopolymer-based microneedles

A wide range of polymers derived from biological systems, i.e. biopolymers, has been employed
in the fabrication of MNs. Biopolymers, such as polysaccharides (e.g., hyaluronic acid (HA)
[146,147], CS [40], cellulose [67,148]), proteins (e.g., gelatin [39,69], silk [149-151] and collagen

[148]) and DNA [152], have been used directly in their native form or after chemical modification
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(e.g., methacrylated hyaluronic acid [38], carboxymethyl cellulose [153-155]), alone, as blends or
composites.

Polysaccharides and proteins play a paramount role in the development of MNs and therefore are
the focus of this review article. These two classes of biopolymers share some chemical similarities
with the components of extracellular matrix and are easily recognized and accepted by the human
body [156]. After absorption, they follow elimination by metabolism or excretion through the renal
system, considering that they are below the glomerular threshold, avoiding tissue accumulation
[157]. In this sense, polysaccharides and proteins used in MNs development are either approved
by the FDA (US Food and Drug Administration) or classified as GRAS (generally recognized as
safe) [158,159].

Polysaccharides and proteins exhibit a great structural diversity and many inherent properties,
which influence the mechanical properties and penetration ability of MNs and determine the
bioactivity and stability of the pharmaceutical ingredients [160-162]. Specific properties such as
polymer weight, swelling behavior, and possible interactions between the biopolymer and the drug
will influence and tailor drug release rate [3,157,163]. Naturally, these myriad features influence
their in vivo dissolution behavior and polysaccharide and protein-based MNs can be grouped into
dissolvable, biodegradable and swellable devices, as summarized in Table 1 and discussed in the
following paragraphs.

Dissolvable biopolymeric MNs are fabricated using water-soluble macromolecules which dissolve
after skin insertion [35], namely using dextran [162,164], sodium chondroitin sulphate [143,162],
HA [85], gelatin [155], a collagen-enriched extract from fish scales [148,165,166] or dissolved
silk fibroin [167]. In general, the array dissolves within several seconds or minutes upon skin

insertion. The fast dissolution is accompanied by the quick release of the pharmaceutical agents,
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which makes them suitable for instant drug release [160-162]. Incorporating different molecular
weights of the same polymer or other components can tailor the dissolution profile. Hence,
dissolution matrices amenable for prolonged DD can also be fabricated [168]. Dissolvable MNs
are poised to provide a beneficial route to the administration of biopharmaceuticals in the lower-
microgram range, in smaller doses than those administered using injections, reducing not only the
systemic effects but also the treatment costs [169]. Additionally, because the drug formulation is
incorporated as part of the dissolving matrix, drug loading and release is precise. However, the
lower mechanical strength of dissolvable MNs may difficult skin insertion.

Biodegradable MNs are fabricated using polysaccharides and proteins that degrade after skin
insertion [149,170]. The term biodegradation refers to the degradation process that takes place in
a biological environment, in this case, inside the body under the influence of enzymes [171].
Usually, mechanisms of biodegradation may require a gradual breakdown of the material which is
a longer process when compared with dissolvable MNs. Therefore, biodegradable MNs are very
attractive for sustained DD. One of the major features that convey significant impact on the
capacity of these biopolymers to be used in biomedical devices is their relative degradation rate,
that can be modulated to provide flexibility in drug release [149,170].

Non-water soluble polysaccharides and proteins such as chitin [172], CS [173,174], starch [175]
and silk [7,63,149,172,173,176] are the most used. More recently, suckerins, proteins extracted
from squids, were also studied in the fabrication of biodegradable MNs [71]. Regarding the
biodegradation ability of MNs, Yin et al. [151] evaluated the enzymatic degradation of modified
silk MNs in vitro. To mimic the ISF, collagenase | and protease XIV were added to in PBS
(phosphate buffered saline). After incubation using protease XIV for 10 days, silk MNs modified

using 2-ethoxyethanol displayed more than 65% mass loss.
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Regarding swellable polysaccharide and protein MNs, these are fabricated using hydrogels which
due to their cross-linked structure, swell in the skin without dissolving [38,151]. On behalf of this
feature, these biopolymers allow not only the release of preloaded drugs but also the extraction of
ISF [177]. To create swellable MNs it is reported the use of methacrylated HA [38] and modified
silk [151]. Compared to the aforementioned types of MNs, these deposit no tip materials in the
skin and have flexibility to stop the treatment if adverse drug reactions or overdose occur [178].
Typically, the swelling ability of these biopolymers is controlled by their cross-linking degree,
which in turn tailor the drug release rate [179]. It is important to highlight that these MNs should
have sufficient mechanical strength in the dry state to allow penetration into the SC and partially
retain this toughness in the hydrated state, in order to enable the intact removal from the skin.

According to their performance in vivo, polysaccharide and protein MNs are employed in the
transdermal drug delivery of small molecules, nanomedicines (e.g. nanocapsules) and
biotherapeutics (e.g., proteins, peptides or vaccines). Polysaccharide and protein-based MNs are
designed to meet the properties of their cargos enabling DD through bolus or sustained
administration. The pharmaceutical ingredients can be incorporated into the MN matrix, namely
the tips, base or backing adhesive layer, or coated onto the surface of the structure. To control drug
release, drugs can also be preloaded into nanoparticles which are then encapsulated in the matrix
[17,18,42,180]. Besides drug administration, biopolymeric MNs have also been studied in fluid
extraction for diagnosis and lastly, for cosmetic purposes [18]. The next sections will give an
overview of the applications of polysaccharide and protein-based MNs and explore their

usefulness and challenges for potential clinical application.

3.1. Polysaccharides-based MNs
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The recent trend of using polysaccharides in the preparation of biomaterials has naturally been
extended to the fabrication of MNs [181]. In fact, polysaccharides like HA [182-185] CS [186—
188], and dextran [189] among others [67,190] have been used alone or combined with other
biopolymers such as amylopectin [153,154,160,168,191] to engineer MNs for the delivery of drugs
such as doxorubicin [192] and lidocaine [193], biopharmaceuticals such as insulin [175,194,195]
or vaccines [196], and also natural extracts. The next sections give an overview of polysaccharides
used in MNs. Table 2 highlights some of the most recent examples of polysaccharide-based MNs
reported in literature in terms of basic components, pharmaceutical ingredients and outcomes of

their application.

3.1.1. Hyaluronic acid MNs

HA is a major component of the extracellular matrix and cartilage with mucoadhesive properties
[3]. This polysaccharide has negative charge and the salt form is highly soluble in water. In this
vein, HA is mainly used in the fabrication of dissolvable MNs, as reported by Matsuo et al. [183].
Using MNs of 200, 300 and 800 pm in height these authors found that after insertion into mice
and rats skin, the needle tips dissolved within 5 min and the body structure fully dissolved in 1 h
(Figure 7) [182]. Kang et al, [147] fabricated adenosine-loaded HA MNs for cosmetic purposes
and found that 15 min after insertion into porcine skin the needles were fully dissolved, with a
penetration depth of 92% the needle height. During a 10-week clinical test, the use of HA MNs
improved skin wrinkling, density, elasticity and hydration when compared with the topical cream
application.

Instead of incorporating the pharmaceutical ingredients into all the needle matrix, Liu et al. [146]

studied the fabrication of tip-loaded HA MNs which dissolved within 30 seconds. In this work,
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the transdermal delivery of exendin-4, a glucagon-like protein-1 receptor agonist, which mimics
the activity of mammalian hormone glucagon-like peptide 1, was studied and fluorescein
isothiocyanate (FITC) labelled dextran was used for the permeability tests. In vitro studies showed
an initial burst release during the first 30 sec and most labelled dextran was dissolved within 5
min. When comparing with subcutaneous injection of exendin-4 in type 2 diabetic rats, the MNs
produced similar plasma concentration profiles and had comparable effects on glucose tolerance
and insulin secretion, indicating that exendin-4 loaded HA MNs can be used as an alternative for
treatment of type 2 diabetes.

On a different perspective, Chen et al. [197] fabricated HA MNs that dissolved within 10-15 min.
These needles were designed with a deep cave to pack directly live attenuated Bacille Calmette—
Guerin bacillus (Figure 8 (a)), the only licensed vaccine for tuberculosis prevention. With this
strategy, the vaccine powder was exposed to skin ISF (Figure 8 (b-c)), dissolved and diffused into
skin. After 6 h it was spread into the epidermis and after 19 h most vaccine had diffused through
skin (Figure 8 (d)). Overall, this study confirmed the successful delivery without inducing over
inflammation.

Additionally, vaccine’s viability and the penetration ability of MNs was almost not altered during
60 days of storage at room temperature [197]. Accordingly to the World Health Organization
(WHO), Bacille Calmette—Guerin vaccine is stable for at least two years when stored at 2-8 °C
[198].

Despite the short-time stability of Bacille Calmette—Guerin into MNs, when compared with the
conventional method, this study shows the usefulness of these devices in non-developed areas

where cold chain storage is not possible, and the fast administration is the purpose. The authors,
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opened new perspectives in this area of vaccine technology, showing that MNs are also useful for
vaccine storage, with a universal methodology that simplifies fabrication and preparation [197].
Regarding the delivery of nanomedicines, Wang et al. [85] fabricated HA MNs with pH-sensitive
dextran nanoparticles incorporating anti-PD-1 (aPD1, antibodies that block the programmed
death-1 pathway) and glucose oxidase (Figure 9).

The MN matrix was fabricated using cross-linked HA by in situ photopolymerization of N,N'-
methylenebis(acrylamide). The nanoparticles are composed of an acid-degradable polymeric
matrix, fabricated by derived dextran (conjugated with ethoxypropene enabling substitution of
hydroxyl to acetal group), alginate (a polyelectrolyte surfactant), glucose oxidase/catalase system
and aPD1.

Hence, this system was applied towards a melanoma site with a simple administration. Dextran
nanoparticles convert glucose into gluconic acid, creating an acidic environment which then
promotes nanoparticle dissociation and release of the antibodies (Figure 9 (a)). These authors
found that a single administration induces robust immune responses in B16F10 mouse melanoma
(Figure 9 (b)). The release of aPD1 was pH-dependent and glucose-mediated and the bioactivity
of the antibodies remained at over 90% after one-month storage at 4 °C. This system did not induce
any significant decrease in cell viability and skin recovered quickly, with no significant
inflammation detected 2 days after administration. This work allows concluding that the antitumor
ability of the MN patch is due to the sustained release of aPD1 and the enhanced retention in a
tumor microenvironment.

Despite these biomacromolecules, the incorporation of cells was also studied. For instance, HA
MNs loaded with adipose-derived stromal vascular fraction cells was evaluated on diabetic wound

healing. Cell incorporation resulted into an accelerated wound healing in porcine models when
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compared with HA MNs or the use of cells fraction alone. Therefore, the local administration of
HA and derived cells using MNs may be an alternative method for treatment of wounds in diabetic
patients [199].

In a different perspective, to decrease the dissolution rate and increase the mechanical strength of
HA microneedles, Park et al. [168] introduced amylopectin into a MNs system designed to deliver
model cosmetic ingredients, namely niacin and ascorbic acid. In this study, the mechanical strength
of the MNs increased with increasing amounts of amylopectin added up to a ratio of 1:2.3
(HA:amylopectin). However, higher amylopectin contents led to stiffer and brittle structures, too
difficult to peel off the mold without breaking. Dong et al. [200] fabricated HA MNs loaded with
Au nanocages and doxorubicin. These Au nanoparticles were incorporated to reinforce the
mechanical properties of the dissolving MNs and to make use of their excellent photothermal
effect. Hence, this system initiates a photothermal effect after irradiation using near-infrared light,
which coupled with the chemotherapeutic effect of doxorubicin, is able to synergistically destroy
superficial skin tumors.

In a different perspective, to tailor drug release, Kim et al. [201] added trehalose and
poly(vinylpyrrolidone) to HA MNs and found that both additives could facilitate the release of
peptides. It was also found that poly(vinylpyrrolidone) may prevent peptide aggregation and
enzymatic degradation, resulting in a more efficient diffusion of the drug into the systemic
circulation.

Besides the incorporation of other polymers or particles, the functionalization ability of
biopolymers is evidenced by a study reported by Wang et al. [18] In literature, the development of
swellable MNs using methacrylated HA for timely metabolic analysis (Figure 10 (a)) is reported

[85].
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This chemically modified biopolymer was prepared by reaction of HA with methacrylic anhydride
followed by cross-linking of the methacrylated moieties by radical polymerization under UV light
at different times, from 3, 5, 10 to 15 min. Methacrylated HA MNs showed full skin insertion after
being pressed with 1.5 N into porcine skin. The patch was removed intact from skin and only a
slight deformation of MNs was detected, as a result of swelling. The swelling speed of these MNs
is similar (Figure 10 (b)). They swell visibly within the first 5 sec and reach a plateau within 1
min, regardless of the previous UV exposure time. Nevertheless, the swelling ratio provided
different results and the lower the cross-linking degree, less liquid is extracted by the patch. For
example, MNs prepared with 3 and 15 min of UV exposure were able to extract liquid as nine and
two times its own mass, respectively as a reflex of the increasing network density. In addition, a
lower network density is related with an easy recovery of the extracted fluids from the MNs. After
insertion into mouse skin in vivo, the patches were able to extract 1.4 mg of ISF after 1 min and
about 2.3 mg after 10 min. Furthermore, 30 min after removal, the skin spots were recovered
indicating decreased potential of infection. Still, despite deformation by liquid absorption, all MN
arrays were able to retain shape and left no residual waste in the skin. Hence, this study was an
important contribution to demonstrate the possibility of ISF extraction using MNs since this fluid
makes up to 45% of the volume fraction of human skin (Figure 10 (c) and (d)).

Cross-linking HA using 1,4-butanediol diglycidyl ether tailors the degradation and swelling ability
of HA MNs, enabling tailoring drug release [64,65]. MNs formulated with cross-linked HA are
proposed to delay drug release. HA solutions are highly viscous solutions and MNs display no
permanent swelling behavior is due to its water-soluble character whereas cross-linked HA forms

an hydrogel in water that lasts longer after swelling due to retarded enzymatic degradation [64].
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Zhang et al. [65] formulated HA MNs with HA particles cross-linked using 1,4-butanediol
diglycidyl ether. The incorporation of HA particles improved the MNs mechanical strength and
decreased the degradation of the matrix by enhancing the in situ swelling ability.

Therefore, these MNs are more interesting for prolonged drug delivery of HA, used as dermal filler
for cosmetic anti-wrinkle treatments. Another cross-linking methodology was described by
Larrafieta et al. [202] who prepared hydrogels using HA and Gantrez S97, a copolymer of methyl
vinyl ether and maleic acid. The multiple acid groups of Gantrez, enable the establishment of ester
bonds with HA hydroxyl groups. Hence, using methylene blue as a model molecule, these authors
found that HA cross-linked MNs can sustain the release up to 2 days. Due to the antimicrobial
ability of these hydrogels, these MNs are proposed to mitigate device-associated infections.
Monkaré et al. [169] fabricated 1gG-loaded HA MNs, avoiding elevated temperatures or high pH.
As a result, they found that about 82% of the protein was recovered and fluorescence microscopy
unveiled that its tertiary structure was not changed after MNs fabrication. Liu et al. [184] found
that storage of insulin-loaded HA MNs at —40, 4, 20, and 40 °C during a month did not altered the
stability of the peptide, with more than 90% of insulin detected in the MN patches. Furthermore,
the authors also found that insulin is rapidly released from MNs after storage. The complete
dissolution and delivery of insulin-loaded MNs within 1 h and that MNs containing from 0.13-
0.44 U of insulin promoted a decrease in glycemia levels from 43% to 88%, tuning the
hypoglycemic response were demonstrated. In a different study, HA MNs incorporating all-trans
retinoic acid (used as model compound due to its poor water solubility), dissolved almost
completely in 2 h, delivering up to 90% of its content. During the first hour, only 76% of the all-
trans retinoic acid was delivered and the structure was not completely dissolved. Then, to establish

the stability of all-trans retinoic acid and tetanus toxoid/diphtheria toxoid divalent vaccine into
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HA MNs they were stored at different temperatures. Retinoic acid content was reduced to 78%
after 1 week at room temperature (25 °C) and after 24 weeks the reduction reached 45%. On the
other hand, during 24 weeks under refrigerated conditions (4 °C) a decrease of 13% was observed.
Regarding the tetanus toxoid/diphtheria toxoid vaccine, the MN arrays were stored during 6 and
12 months at 4, 25 and 40 °C in heat-sealed aluminium laminated sachets. After vaccination of
rats, both anti-tetanus toxoid and anti-diphtheria toxoid titers were induced, showing that storage
temperature did not affected the loaded tetanus toxoid and diphtheria toxoid and hence, the
immune response [182].

In addition, HA MNs inhibited ascorbic acid 2-glucoside degradation after e-beam sterilization
(40 kGy). HA MNs maintained their morphological features and fracture force after sterilization
and did not affect the dissolution rate and drug release of HA MNs. Furthermore, sterilization
could effectively reduce microorganism and endotoxin contamination levels. This work shows the
potential in using HA as a biopolymeric matrix which offers the advantage of allowing the

sterilization requirements without activity loss of encapsulated pharmaceuticals [201].

3.1.2. Chondroitin sulphate MNs

Sodium chondroitin sulphate is used inexhaustibly in the fabrication of biomaterials, and similarly
to HA, is a component of the extracellular matrix and cartilage [3] and the salt is highly soluble in
water [66]. Fukushima et al. [66] studied the transdermal delivery of human growth hormone and
desmopressin in rats using MNs fabricated with sodium chondroitin sulphate and dextran. In this
study, the MNs performed similarly and the pharmacokinetic profile was characterized by a fast
attainment of peak concentration at the first 15 min. Then, it was followed by a gradual decrease

in human growth hormone plasma levels, with a terminal half-life of around 25 min. Upon
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application of both sodium chondroitin sulphate and dextran-MNs, these authors found a direct
relationship between dose and concentration. Furthermore, drug bioavailability was about 95% in
sodium chondroitin sulphate MNs and 73% in dextran MNs. When compared with the intravenous
injection, human growth hormone displayed much shorter elimination half-life, of about 4 mins.
Therefore, the increased terminal half-life of 25 mins upon MNSs application is attributed to the
absorption rather than to the elimination phase. Regarding desmopressin (1.07 kDa) delivery,
sodium chondroitin sulphate needles showed an absorption phase half-life of 14 mins and the
pharmacokinetic profiles were characterized by a peak concentration within the first 30 min. Also,
a terminal half-life of approximately 2 h was determined. Regarding storage, these devices proved
to be stable for at least 1 month under refrigeration or freezing conditions. Yukako et al. [40]
studied the administration of leuprolide acetate, with 1.2 kDa) using sodium chondroitin sulphate
MNs and reported a low bioavailability of the peptide. In vitro tests showed that the peptide was
released within 3 min. Then, after application into rat skin, plasma concentration reached its
maximum within 15 min whereas 20 min were necessary for sodium chondroitin sulphate
administration. Nevertheless, the degradation rate of leuprolide acetate was very fast leading to

only 32% of drug being bioavailable.

3.1.3. Cellulose based MNs

Carboxymethyl cellulose and (hydroxypropyl)methyl cellulose are cellulose derivatives widely
used for biomedical purposes. These water-soluble polymers are mainly employed due to their
ability as thickening, binding and stabilizing agents, and also due to their film-forming ability

[203,204].

28



Kim et al. [205] reported the development of (hydroxypropyl)methyl cellulose MNs incorporating
donepezil hydrochloride (an acetylcholinesterase inhibitor used in the treatment of Alzheimer’s
disease) in the needle tips. In this work, over 95% of the drug was delivered within 5 min of
insertion and all MNs were fully dissolved in skin within 15 min.

Zaric et al. [206] prepared MNs using carboxymethyl cellulose and used sucrose as protein
stabilizer. A recombinant human adenovirus type 5 vector encoding HIV-1 gag, to generate robust
antigen-specific CD8" T cells in the tissue was also added. The MN patch was able to dissolve
about two-thirds in length within 3 min of application, which was appropriate for effective delivery
of the virus onto the dorsal skin of mice. In this study it was shown that this type of vaccination
leads to the production of antigen-specific CD8" T cells, validating the delivery efficiency of the
MN patch. In this case, the major problem in vaccine administration using MNs is overcome, since
it is possible to maintain the immunogenicity of live vaccines after lyophilization or drying. These
are retained at the mucosal sites and can quickly expand in response to locally released antigenic
challenge. If these advantages are combined with the benefits of using MNs, namely easy storage
and transportation, with no cold-chain requirements, increased safety as no sharp wastes generated,
easy self-administration and patient compliance, these MNs can easily be translated into clinic
applications. Using carboxymethyl cellulose MNs, the administration of probiotics was also
evaluated using Lactobacillus. The effectiveness was supported by the production of lactic acid ex
vivo in pig skin and in vivo in rats. This work demonstrates that the probiotics delivered by MNs
were bioactive and functional in a pain-free manner and may improve local skin health and
immune functions [207]. In a total different vein, Lahiji et al. [208] reported the fabrication of

carboxymethyl cellulose MNs incorporating valproic acid to induce hair regrowth (Figure 11 (a)).
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After incorporation into MNSs, the active ingredient showed no activity loss, proving to activate
Wt receptor cells, which are involved in initiating hair follicle growth. The cumulative release of
valproic acid using MNs was higher and faster than using a topical formulation. About 120 min
after application, 87% and 21 % of valproic acid was delivered using MNs and topical formulation
respectively, showing the higher efficiency of valproic acid delivery using MNSs. Finally, to
evaluate hair- regrowth, valproic acid was administered into mice skin at telogen phase, once a
day, for 28 days. The results showed that at the last day of treatment, mice treated with valproic
acid-loaded MNs and two (out of seven) treated with topical valproic acid evidenced hair regrowth
(Figure 11 (b)). Using topical valproic acid, the hair regrowth mostly in the center of the shaved
area, whereas the use of MNs led to a uniformly covered area, with high accuracy over the affected
area. Consequently, more hair follicles were found on skin of valproic acid-loaded MNs (Figure
11 (c)). Overall, valproic acid-loaded MNs elevates hair follicles regrowth, accelerating telogen-

to anagen transition, with clear evidence of not damaging the hair shafts or the epidermis layer.

3.1.4. Chitin and chitosan MNs

Chitin is the second most abundant natural polysaccharide, after cellulose, and by deacetylation
originates CS, a polysaccharide widely studied for biomedical applications [172-174]. At slightly
acidic aqueous conditions, CS possesses a high density of positive charges which enables tissue
adhesion and mucoadhesion [209]. CS is degraded by hydrolysis of the acetylated residues and its
degradation rate is correlated with the molecular mass and its deacetylation degree [157]. The
conversion to glucosamine derivatives, which are excreted or used in the amino sugar pool, avoids
CS accumulation in tissues [210]. In addition, FDA recognizes CS as GRAS and is approved for

use in wound dressings and cartilage repair [159,211,212]. Furthermore, some CS-based
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formulations for drug delivery are being studied in clinical trials [212]. Chitin and CS have also
been used for the preparation of MNs for sustained drug delivery. Jin et al. [172] prepared
biodegradable coated chitin MNs arrays, for tuberculosis skin test. Chitin MNs are mechanically
robust and physiologically inert, water-insoluble and did not showed significant swelling. Upon
application to guinea pig skin, these MNs ensured the delivery of a mixture of tuberculosis antigens
that gave a true- positive test, confirming the potential of using these MNs as a convenient
diagnostic tool [172].

Chen et al. [173] fabricated biodegradable CS MNs for sustained delivery of bovine serum albumin
(BSA). Using a homemade applicator these CS MNs were easily inserted into porcine skin and
after 30 min a burst release of 20% BSA was detected. Then, in the following 8 days, a slower and
sustained release was observed, with 95% of BSA released during this time. However, this study
showed that CS MNs soften and break after insertion, leaving behind some polymeric parts that
were detected in skin, in the 4 days after insertion. Regarding proteins stability, circular dichroism
revealed that both the fabrication procedure and storage were gentle enough to avoid denaturation
of the model protein, which unveils the usefulness of using CS MNs to incorporate a myriad of
biopharmaceuticals [173]. In a distinct study, Chen et al. [188] reported the fabrication of CS MNs
to allow a sustained release of the model antigen ovalbumin (Figure 12 (a)).

This implantable system comprises a dissolving backing layer of a synthetic polymer, poly(L-
lactide-co-D,L-lactide), to overcome skin indentation during insertion and provide a more effective
skin penetration. The needle tips are composed by ovalbumin-loaded CS. After insertion, the back-
layer dissolves and the CS tips release ovalbumin (Figure 12 (b)). The micropores produced due
to skin disruption were not detected after 6 h. Histological section of rat skin showed that the

implanted MN tips became smaller with time and at the 28th day, there was still fluorescence of
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the Alexa-ovalbumin in the small MN tips. Considering the biodegradability of CS within 3-4
weeks, this study suggests that these devices can release antigens within a timeline of 4 weeks
(Figure 12 (c)). Regarding the in vivo release behavior, about 50% of the antigen was released
from the MNs within the first two days and after 3 weeks little fluorescence was detected (Figure
12 (d)).

In addition, CS MNs enabled immunization with a lower dose of antigen, decreased from 500 to
200 pg, a 2.5-fold reduction, when compared with conventional injection. These MNs induced a
stronger immune response probably by prolonging antigen retention in skin. Overall, this system
offers the benefit of guaranteeing the delivery of the intended dose into skin avoiding waste,
providing useful option for long-term delivery of vaccines into skin. Interestingly, this study
demonstrated immunization with one administration of non-living antigen, which is usually
difficult with a single injection, as it usually fails to elicit robust and durable immunity.

By using the same system, in which CS needles are the tips of a dissolvable system, Chen et al.
[186] delivered luteinizing hormone analogs, currently the androgen-deprivation therapy used in
the management of prostate cancer. After MNs application in mice, these authors detected an
increase in serum luteinizing hormone levels which declined at day 7. Testosterone increased up
to day 14 and then declined to at day 21, producing a castration state and proving the usefulness

of these CS MNs into an androgen-deprivation state.

3.1.5. Starch-based MNs
Starch is a natural polysaccharide with a long tradition in the pharmaceutical industry [213]. Its
ease of processing and filmogenic ability when gelatinized, make it attractive for the development

of materials for biomedical applications [214]. In the development of MNSs, it was blended with
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other biopolymers due to its brittle behavior. Ling et al. [175] physically blended starch with
gelatin to deliver insulin and found that MNs penetrated to approximately 200-250 um, about one
third of the needle length. In addition, they delivered the entire payload in the first 5 minutes and
efficiently lowered blood glucose levels. Interestingly, it was found that more than 90% of the
insulin was stable after storage 25 or 37 °C for one month. This indicates the convenience of using

these starch MNs while reducing the cost of cold chain storage and transportation.

3.2. Proteins-based MNs

Regarding protein-based MNs, these have been fabricated mainly with gelatin [69,195,215] and
silk [63,150,151,176] for the delivery of small drugs, namely lidocaine [148] and tamoxifen [70],
and biopharmaceuticals, namely insulin [39,195] and vaccines against influenza, Clostridium
difficile, and Shigella [176]. Other proteins from animal source, particularly suckerins [71] and
collagen extracts [166], are seldomly employed. A general overview of the proteins used in the

fabrication of MNs is given in Table 3.

3.2.1. Gelatin MNs

Gelatin is a water-soluble biopolymer which results from the partial hydrolysis of collagen from
skin. Due to its highly conserved domains, gelatin promotes cell adhesion with a non-immunogenic
response, with relevance for biomedical purposes [216]. Regarding the fabrication of gelatin MNs,
An et al. [69] reported its use as the structural material and the component for biological activity.
The intracutaneous delivery of gelatin proved to locally reduce the adipose tissue (Figure 13).
MNs were inserted into skin for 2 days (Figure 13 (a)) and Franz diffusion tests showed that 70%

of the dissolving polymer diffused through the skin layer. In vivo tests using rats showed that after
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application of gelatin MNs the adipose tissue weight was reduced by 20% when compared with
the control. In addition, the fat area was reduced by 60%, with clear evidence of adipocyte size
reduction with subsequent shriveling. In particular, gelatin administration is correlated with
repressed transcription of lipogenic enzymes and an ability to reduce fat accumulation. Overall,
this biopolymer was used not only as structural element but also as the active agent which can
regulate fat metabolism and have an active role in local reduction of fatty tissue. These MNs open
new perspectives regarding the incorporation of other pharmaceutical ingredients such as anti-
obesity active principles.

Gelatin and sucrose based MNs were studied for the delivery of inactivated polio vaccine [217].
Gelatin MNs were able to penetrate pig and monkey skin and dissolved almost completely after
15 minutes leaving no residual sharp wastes (Figure 13 (a)).

Inactivated polio vaccine administration showed that after the first week the neutralizing titers
were weak. However, 100% seroconversion was achieved as reflected by the dramatically increase
in the antibody titers (Figure 13 (b)). Therefore, using gelatin MNs for polio vaccination displayed
immunogenic ability in rhesus macaques and may offer a simpler method for mass vaccination to
facilitate polio eradication.

As water dissolving matrices, gelatin MNs dissolve quickly and different strategies have been
studied aiming to control drug release. Yu et al. [68] prepared bio-ceramic MNs by adding
hydroxyapatite to gelatin in the formulation of the DD devices. These MNs exhibited low
cytotoxicity against RAW 246.7 cells and excellent cytocompatibility for maintaining biological
activity of insulin. In the administration of insulin using MNs the results showed that insulin
concentration increases quickly and then declines slowly. On the other hand, the subcutaneous

injection of insulin leads to a sharp increase of the plasma insulin concentration and then decreased.
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Hence, and owing to the fact that plasma insulin level can be maintained for longer periods of
time, insulin delivery is sustained.

Using genipin as cross-linking agent in rapidly separating gelatin MNs, Chen et al. [218] found
that insulin delivery could be tailored (Figure 14).

The incorporation of PVA as a back layer allows the proper insertion and dissolution of gelatin
tips into skin (Figure 14 (a-b)). The degree of cross-linking enhances the mechanical strength and
the resistance to humidity. Furthermore, the in vitro (Figure 14 (c-d)) and in vivo insulin release
tests showed significant changes in the release rates in MNs with different cross-linking degrees.
The hypoglycemic effect in diabetic mice demonstrated that the higher cross-linking resulted in
controlled insulin release compared with other treatments and prolonged effectiveness in virtue of

genipin as a cross-linking agent for producing biocompatible MNs.

3.2.2. Silk fibroin MNs

Silk consists mainly of two proteins, i.e., silk fibroin which constitute the center of silk and sericin,
hydrophilic proteins that coat these fibers. Silk fibroin is a protein approved by FDA for biomedical
purposes, insoluble in water and characterized by f-sheet structure with high tensile strength and
toughness [219]. Silk degradation occurs due to the action of proteolytic enzymes such as
chymotrypsin, actinase and carboxylase. First, the protein is adsorbed by different enzymes
through binding domains on the protein’s surface. Then, after digestion, the amino acids are easily
absorbed [220,221]. The interest in using dissolved silk fibroin, relies on the fact that this protein
generates non-inflammatory products, which can be metabolized by cells [221]. In addition, this
matrix possesses adjustable mechanical properties owing to its crystalline domains responsible for

improving rigidity and therefore, the mechanical strength of MNs [167].
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Regarding the preparation of MNs from silk fibroin, Raja et al. [7] studied the fabrication of a
series of arrays with various shapes and sizes. Different strategies of drug loading demonstrated
the ability of using silk fibroin to tailor DD. Loading BSA directly in the MN array enabled a
sustained delivery of the compound, with only 0.4% being released after 16h of insertion. The
maximum drug released was achieved using MNs loaded and coated with drug leading to more
than 5 pg of BSA delivered in 3 h. After 16 h, almost 10 pg of drug was delivered from the MNs
loaded and coated with drug. This study unveils the successful use of silk fibroin in tuning drug
release and can be useful in providing a sustained administration of macromolecules.

On the other hand, Stinson et al. [176] reported the fabrication of silk fibroin MNs for vaccination
purposes. These needles were coated with influenza, Clostridium difficile, and Shigella vaccine
antigens, and silk fibroin to provide thermostability during drying and storage. After application
into mice skin, humoral responses were generated confirming the successful delivery of antigens.
Owing to the incomplete elution of the antigens from the patch, the specific 1gG and IgA were
lower than those obtained after injection with the same dose. However, these results are promising
and the preparation of silk fibroin MNs offer good potential in the MNs area.

Yin et al. [151] reported the fabrication of a swellable MN system based on modified silk fibroin.
Herein, the authors prepared swellable MNs by blending silk with different low molecular agents
(urea, glycine, dimethylformamide and 2-ethoxyethanol). The modified resulting silk fibroin MNs
exhibited decreased dissolution abilities and an extraordinary swelling property. The 2-
ethoxyethanol-silk fibroin MNs were the most promising ones, showing minimal dissolution, less
than 10%, and a great swelling ability (500%) at a mixing ratio of 1:10 (w/w). These MNs
successfully penetrated skin and after introduction into PBS it is possible to verify that there is a

correlation between pore dimension and swelling ability. For instance, a swelling ratio of 650%
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can be achieved using a ratio of 0.5:10 (2-ethoxyethanol:silk fibroin) and using a ratio of 3.0:10, a
swelling ratio of 250% can be achieved. To access the enzymatic degradation in vivo these authors
used protease XIV and collagenase | and found that there is a negative correlation between
degradation and blending ratio. For instance, MNs fabricated with 0.5:10 (2-ethoxyethanol:silk
fibroin) exhibited more than 65% mass loss within 10 days using protease XIV. This assay also
shows that these swellable systems do not cause irritation or skin sensitization. Using these
swellable silk MNs, the release of FITC-dextrans was about 2-10 times larger than the
corresponding control. In this process of drug administration, the porous dimensions play a critical
role. Also, the release profile unveils that there is a direct relationship between releasing kinetics
and swelling ability. Higher swelling MNs incorporating 40 kDa FITC-dextran exhibited higher
releasing kinetics than MNs with lower swelling degrees (250%) and incorporating 20 kDa FITC-
dextran. Therefore, this type of system holds a huge potential in controlled delivery systems.

On a different perspective, DeMuth et al. [222] fabricated silk MNs for enhanced immunogenicity
by loading vaccine into the silk tips. These silk tips were implanted into a MN system with a
dissolvable base. After dissolution the silk material remained in skin releasing the immunogenic
agent, for two weeks. MNs loaded with a fraction of vaccine dose induced stronger CD8™T cell
proliferation, increasing percent tetramer® CD8" T cell proliferation. Furthermore, silk loaded tips
led to increased induced 10-fold higher T-cell and humoral responses when compared with

injection.

3.2.3. Other protein-based MNs

Suckerins, are a group of proteins extracted from jumbo squid and characterized by containing a

high content of f-sheets as building blocks which in turn, self-assemble into a supramolecular
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network. These proteins are reported to be useful due to their thermoplastic properties and
solubility in weak acidic solvents [126,223,224]. Ding et al. [71] prepared MNs based on suckerins
with good penetration ability (Figure 15 (a)).

Their mechanical strength can be tuned by a variation of pH or by the addition of a hydrogen bond
disruptor, which tailor the secondary structure of these proteins and hence, their drug release ability
(Figure 15 (b)) These authors were able to tailor the Young’s modulus of suckerins-based MNs
over nearly 6 orders of magnitude simply by incubation in different pH solutions or urea. This data
suggests a direct relationship between Young’s modulus and f-sheet content which is consistent
with the load bearing functionality of nanoscale S-sheets. The authors took advantage of exploiting
the easy of processing, biocompatibility and f-sheet induced supramolecular self-assembly. A
decrease in elastic modulus in MNs is associated with increased swelling and hence, chain
mobility, inducing an increase in the mesh size of the polymeric network, which is then expected
to increase the permeability for drug diffusion [71]. Using rhodamine, a fast drug release was
observed in the first 10 h and after that a continuous sustained release was observed over time.
With 2 M urea, up to 28% rhodamine was released after 100 h (Figure 15 (c)). After the
incorporation of an antibiotic agent, kanamycin, a decrease in bacterial density was detected after
MNs insertion (Figure 15 (d)). Regarding the biocompatibility, human dermal fibroblasts were
selected for this study and upon contact they started to spread and continued to proliferate up to
day 7 with almost no dead cells observed.

Fish scale biopolymer, a collagen enriched extract obtained from tilapia (Oreochromis spp.) has
good film forming ability and a good candidate for preparation of MNs by micromolding. Olatunji
et al. [166] reported the preparation of fish scale-based MNs showing that they can successfully

penetrate porcine skin and dissolved over time. By blending this matrix with cellulose
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nanocrystals, the dissolution of the needles was prevented and these were able to absorb up to
300% its own weight in water [165]. The incorporation of lidocaine into these composite MNs was
successfully demonstrated in permeation studies. An increased drug permeation was observed for
all four loading concentrations (2.5-10% wi/w) and a pseudo steady state profile was observed for
5.0-10.0% wi/w lidocaine MN loading after 30 h with an apparent flux shows increasing trends for
2.5-7.5% wi/w after 36 h.

The fabrication of MNs using zein was recently reported. Zein is a plant-sourced protein which
enables the preparation of glossy, tough, and greaseproof films with also low water vapor
permeability and resistance to microbial attack [225]. Zein enables the preparation of structures
with good mechanical performance and therefore, good penetration ability. Using ovalbumin as a
model antigen, Bhatnagar et al. [70] showed that zein MNs provide lower microbial skin
penetration when compared with hypodermic needles. Using ovalbumin coated or entrapped into
the zein matrix, these MNs displayed efficient DD. Nevertheless, a greater dose of ovalbumin
needs to be deposited into the needles to elicit a similar antibody response comparable with that
of intradermal administration. These results support the convenient use and safety of zein MNs for

transcutaneous immunization

3.3. Mechanical properties of polysaccharide and protein MNs

Polysaccharide and protein MNs are frequently evaluated by the above-mentioned axial force test.
Usually these MNs exhibit force-displacement curves with no discontinuity in the process, which
indicates no distinct transition point with indication of buckling failure. An overview of the data
already published about mechanical tests in polysaccharide and protein MNs is summarized in

Table 4. The failure force, in this case, the axial fracture force, should be above the force needed
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for skin insertion to ensure proper skin insertion. Polysaccharide and protein MNs can have failure
forces between 0.12 N/needle for MNs fabricated with fish scale, a collagen-enriched extract, to
0.8 N/needle for carboxymethyl cellulose MNs. As summarized in Table 4, most polysaccharide
and protein MNs display a fracture force higher than 0.15 N/needle. Particularly, when comparing
biopolymeric-based MNs with the other materials, namely silicon, metals and ceramics, these
display lower strength. Still, in general polymers have better toughness than glass and ceramics
[43]. Considering that ~0.15 N/needle are required for skin insertion, most biopolymeric MNs
insert skin successfully.

To determine skin insertion, the parameter of margin of safety is usually determined. This is the
ratio of MN fracture force: insertion force. To guarantee skin insertion MNs should be designed
in order to increase this parameter [43].

Apart from the materials choice, the geometry, aspect ratio and humidity also affect the MNs
mechanical properties. In general, the polysaccharide and protein MNs prepared hitherto present
two typical shapes: pyramidal and conical. In 2008, Lee et al. [160] found that carboxymethyl
cellulose polymeric MNs with pyramidal shapes exhibited better mechanical strength than those
with conical shapes, probably due to their larger cross- sectional area at the same base
width/diameter. In addition, gelatin MNs were fabricated into two different shapes, namely conical
and bullet shape and after an axial force load, it was found that bullet-type MNs have higher
mechanical strength. These microstructures preserve structural integrity with higher force loading
and proved to be more suitable for insertion as they increase deliver of gelatin when compared
with the conical ones [69].

Also, the mechanical strength of MNs with the same shape could be further improved by increasing

the base width/diameter, i.e. decreasing the aspect ratio [135]. Notwithstanding the important
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achievements reported by Lee et al. [160] and Park et al. [135] it should be noted that widening
the MN base to decrease the aspect ratio may result in inefficient skin insertion. In this vein, Chen
et al. [173] reported that increasing tip sharpness facilitates skin insertion. Using pyramidal CS
MNs with a tip radius of 5 um these authors observed an insertion depth twice than that obtained
with MNs with a tip radius of 10 um. Also, MNs with the smallest aspect ratio exhibited the highest
mechanical strength and the deepest insertion depth. Furthermore, these authors reported that there
is no significant difference in mechanical strength for MNs with the same aspect ratio and different
dimensions and that both shapes and aspect ratios are crucial in influencing the mechanical
properties of the arrays.

Owing to the fact that the exposure of MNs to air humidity can influence their mechanical
properties, Wang et al. [131] simulated the exposure of MNs to different RH conditions with the
temperature fixed at 25 °C and studied the effect on the mechanical strength and insertion ability
of dissolving MNs fabricated with HA, CS and gelatin. The authors found that when analyzing the
mechanical properties, the force-displacement curves showed that when the displacement went
from 0 to 0.25 mm, the compression forces were of 0.40, 0.38 and 0.39 N for HA, CS and gelatin
respectively. In addition, all these microneedles showed 100% insertion rate.

Then, to understand the effect of RH the samples were conditioned at different RH, from 20, 40,
60 and 80% for 30 min. For the HA MNs, compared with dried MNs, when the RH increased at
20%, the mechanical strength remained unaltered (displacement of 0.2mm with force of almost
0.4 N) but after storage at 40 and 60% RH (RH), a slight reduction was observed, with MNs
presenting values closer to 0.2 N/needle with a displacement of 0.2 mm. Nevertheless, the insertion
ratio was always close to 100%. However, with 80% RH the mechanical strength reduced

drastically to <0.1 N /needle at 0.2 mm displacement. Regarding chitosan and gelatin MNs, the
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mechanical strength and insertion ability showed little change after storage at 20% RH. Similarly,
to HA MNs mentioned above, there is a slight decrease in the mechanical strength at 40 and 60%
RH with successful insertion kept almost at 100%. In this case, at 80% RH MNs tips disappeared,
so, the force-displacement values were not determined.

In fact, when compared with chitosan and gelatin, HA MNs were able to keep the needle-like
shape. After storage at 80% RH, the structure loses strength and MNs can no longer be inserted in
skin. In summary, dissolving MNs showed different changes in response to varying RH storage
conditions. When conditioning samples at 20% RH the samples showed no water absorption.
However, at 40, 60% and 80% RH for HA MNs, the water absorption rate increased from 0.5 to
4.9% and to 11.8%, respectively. Regarding chitosan and gelatin, the water absorption increased
slightly when the samples were conditioned at 40 and 60% RH, but at 80% the absorption rates
were of 8.0 and 9.6%. Overall, all these MNs can be used within 30 min after opening the
packaging, which is supported by their good insertion rates.

One of the main drawbacks of using dissolvable biopolymers relies on their hygroscopic nature
which will negatively impact the mechanical strength of these patches or drug stability after
exposure to environment humidity. Hiraishi et al. [182] studied the performance of HA MNs
incorporating HA, dextran and poly(vinylpyrrolidone). These devices were conditioned in a
desiccator with 75% RH and after 1 week, the mechanical strength decreased 50% in relation to
the dried patch, to 0.14 N/needle. The incorporation of different pharmaceutical ingredients,
namely all-trans retinoic acid and ovalbumin also had a significant impact on the mechanical
strength of MNs. Loading MNs with all-trans retinoic acid decreased the mechanical strength in
about 50%, with the failure forces ranging between 0.04-0.056 N/needle for needles of 300 um in

height and 0.073-0.1 N/needle for MNs of 800 um. The same tendency was observed for MNs
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incorporated with ovalbumin, which presented lower mechanical strength regardless the protein

concentration.

4. Conclusions and Future Perspectives

Drug delivery systems enhancing percutaneous drug absorption have progressed remarkably, one
of which, the MNs patch, aids drug permeation by creating numerous microchannels in the SC.
During the past fifteen years, the face of materials science has changed drastically and the
exploitation of biopolymers for therapeutic purposes has been one of the main achievements
[163,232]. Drug delivery systems enhancing percutaneous drug absorption have progressed
remarkably, one of which, the MNs patch, aids drug permeation by creating numerous
microchannels in the SC. During the past fifteen years, the face of materials science has changed
drastically and the exploitation of biopolymers for therapeutic purposes has been one of the main
achievements.

Remarkably, the use of polysaccharides and proteins offers a wide range of advantages due to their
low toxicity, inherent biocompatibility and degradability and renewable character. However, the
polysaccharide and protein-based MNs faces some limitations as well. The intrinsic variability of
biopolymers, associated specially with animal and plant sourcing, coupled with its lack of
standardization and changes in aesthetics during storage or processing, are some of the factors that
should be noted when these enter into large scale production [232]. To overcome these challenges,
proper evaluation and full characterization of biopolymers must be carried out. Another important
aspect focuses on the possibility of denaturation, decomposition or contamination of these

materials during their extraction and processing.
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Naturally, some polysaccharides and proteins exhibit poor mechanical properties. This reflects the
need for blending with other polymers [175] or nanostructures [200], and also cross-linking [218],
to ensure sufficient strength to enable skin disruption. The mechanical properties can be also
affected by the batch to batch variability which makes their characterization imperative before use.
Polysaccharides and proteins from natural sources require purification and their technological
manipulation may be more elaborate. Commercially available biopolymers can be expensive but
their use for specific purposes can justify their costs.

Regarding the preparation of polysaccharide and protein MNs some aspects of research need to be
re-designed. For example, for hygroscopic biopolymers, tests envisioning storage at impermeable
packages should be performed. In this vein it would be possible to infer about the possibility of
using these patches in countries with high RH such as the WHO Climatic Zone IV, lacking
adequate accessibility and infrastructures [233]. One of the greatest advantages of MNs is the
ability of self-administration. However, in mass production and self-use, a special applicator
should be considered to enable appropriate administration. Using an applicator might increase the
overall costs of these devices but it is important to consider the benefit of ensuring a pre-set force
to guarantee skin insertion [79]. Although many active pharmaceutical ingredients are stable
enough not to be affected by MNs fabrication steps, in those cases where their stability has to be
taken into account, the INCORPORATION OF STABILIZERS INTO THE BIOPOLYMERIC FKORMULATIONS MIGHT BE
REQUIRED NOTONLY TO STABILIZE THE ACTIVE PHARMACEUTICAL INGREDIENTS DURING FABRICATION BUT'TORETAIN
AND PROVIDELONGA ASTING ACTIVITY OF BIQLOGICAL SUBSIRATES.

Regarding DD purposes, the real application of MNs has been delayed because the regulatory

guidelines are still being gathered. However, the academia keeps delivering new though-provoking
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reports on this area. This increases the difficulty in keeping up with the ever-increasing new
scientific developments.

The establishment of guidelines to fabricate and evaluate the safety of MNs is imperative to
guarantee standardization of a set of specifications and ensure consistent production. An excellent
review of Larrafieta et al. [43] gives a brief summary for the establishment of microneedle
specifications that need to be addressed [152,187,200,234,235]. It is important to highlight that
despite the small dimensions of MNs, and near invisibility of MN tips, we should not create a false
perception that these devices are totally benign and could be dismissed as possessing little or no
danger. So, despite the main purpose of using MNs, we should not forget that they are penetrating
skin and the material interacts with deeper skin tissue. Those micropores are expected to heal
within a few hours after puncturing the skin [236]. Nevertheless, under real conditions, the
micropores created in skin might be an entry for the transport of bacteria, even though the potential
of bacterial infection is considerably lower than by conventional injections [237]. Still, the use of
MN based DD systems should always encompass preventive disinfection measures, namely using
alcoholic solutions, to reduce infection risks [236]. MNs insertion may also contribute to a pro-
inflammatory microenvironment and immunological effects, especially if these are to be used on
a frequent basis. Hence, it is perceived that the efficacy of MNs is partially supported by the natural
mechanisms of skin for sensing and response to natural infections. The success of MNs is hindered
by its ability to pierce the SC. Presently, there are some applicators that press MN patches against
skin under a standard force value. To guarantee proper skin insertion, regulation should require
that MNs should be able to insert skin at a define force value. If inserted by hand, the great
variability of forces applied by different individuals might be challenging. Still, considering that

are some studies addressing the average force applied by a group of volunteers, the needles should
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obey at least, to the following rule: the MN patches should withstand enough force to allow skin
insertion at a defined range of applied forces. To guarantee that MNs are successfully applied, they
could have some responsive marker visible on the backpatch.

Another important issue (as in any other pharmaceutical formulation and/or medical device) is
related with the sterilization of the MNs. This step is imperative to guarantee safety of
microneedles and regulatory bodies will demand it. Sterilization might in some cases impact the
stability of pharmacological agents owing to the fact that, as in any other type of pharmaceutical
formulation, CAN INDUCE DEGRADATION OF TEMPERATURE CRRADIATION SENSITIVE ACTIVE PRINCIPLES.
INRESPECTTOTHE SICRAGE, ITIS ENVISIONEDTHAT MNS SHOU D BEARLETO BELHTAT AMBIENT TEMPERATURES
AAND NO NEED OF G D (HAIN OR SPECIAL ENVIRONMENT. HENCE, TO GUARANIEE QUALITY AND SAFETY OF THESE
DEVICES, SOME PARAMEIERS NEEDTO BE DETERMINED KR EACH SYSTEM. FOR EXAMPLE, HOW LONG WILTHE
ACTIVE PHARMACO OGICAL AGENTS BE ACTIVE WITHINTHE MIN ARRAY ? WHAT IS THE BEFFRCT OF TEMPERATURE IN
THE STABLITY OFTHE MNS SYSIEMS? ANSWHERING THESE QUESTIONS WILL BE (RUCIALTO EVALUATETHE BFRCT
OF STCRAGE CONDITIONS OVERTHE MN'S, NAMH_Y THER MECHANICAL PERRERMANCE AND BIOLOGICALACTIVITY.
Another important aspect focuses on the disposal of MN patches. Since there is a possibility of
MNs transferring blood borne pathogens through blood or ISF, the risk of contamination with
pathogens or residual drugs extends to environmental contamination if these devices are not
discharged properly [237].

The future of polysaccharide and protein for the development of MNs depends largely on the
development of smart devices for DD, ISF and diagnosis using nanocarriers and nanostructured
polymers. Investigation has been actively studying the creation of MNs that sense pH or
temperature changes. The advent of nanotechnology will possibly allow the creation of smart

diagnostic MNs. As low invasive devices, MNs for diagnostic might succeed in the clinic. This
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field holds huge potential and it should eventually be very successful. It is imperative to highlight
that these MN devices are poised to provide an alternative to conventional administration of
pharmaceuticals via oral route. Regarding the limitations of the oral route, the portability and well-
known acceptability by patients, should be considered.

To conclude, elegant structures and remarkable combinations of polysaccharides and proteins have
worked towards the successful delivery of different pharmacological agents using MNs, with a
range of applications in several areas of human endeavor. As such, biopolymer-based MNs are
playing an essential role in modern healthcare. These are poised to provide exciting breakthroughs
in the realm of DD and may herald an important contribution to drug administration. In this vein,
it is expected that in a few years some devices may be validated at clinical level bringing

inspiration from nature into daily DD applications.
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Table captions

TABLE 1. ADVANIAGES AND DISADVANTAGES OF DISSALVAH E, BIODEGRADAH E AND SWHI1AH E POLYMERIC

MICRONEELLES [18].

TABRLE 2. OVERVIEW OF POLYSACCHARIDE-BASED MNS FORTHE DH IVERY OF ACTIVE PHARMACHUTICAL

INGREDIENIS.

TAHRLE 3. OVERVIEW OF PROIEIN-BASED MNS RORTHE DH IVERY OF ACTTVE PHARMACEUTICAL INGREDIENTS.

TABLE 4. FAILRE FORCE AFTFR AN AXIAL FORCET OAD OF POLYSACCHARIDE AND PROTEIN-BASED

MICRONEH1ES.

Figure captions

Figure 1. Schematic representation of the side view of microneedles inserted into the skin.

Figure 2. Schematic illustration of microneedles. (A) Microneedle structure defined as (a) in-plane

and (b) out-of-plane. (B) Shape defined as (a) hollow and (b) solid shape. (C) Geometry of needles

defined as (a) cylindrical, (b) tapered tip, (c) conical, (d) pyramidal and (e) pentagonal-base

canonical tip. Reproduced with permission from ref. 43 (Copyright © 2011, Molecular Diversity

Preservation International).
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FIGURE 3. (A ASSIFICATION OF MICRONEE ES ACCCRDINGLY TO PATIERNS OF DRUG DHIVERY. (A) SOLD, (B)

COATED, (C) DISSALVING, (D) HALOW, (E) HYDROGH FORMING MICRONEELLES [43].

Figure 4. Representative illustration of (a) conventional microfabrication technology. Reproduced
with permission from ref.[99] (Copyright © 2016, Molecular Diversity Preservation International);
(b) magnetic assembly process. Reproduced with permission from ref. [100] (Copyright © 2016,
PLoS ONE); (c) general micromolding process. Reproduced with permission from ref. [100]
(Copyright © 2017, Royal Society of Chemistry); (d) Droplet-based methods, namely droplet-born
air blowing and centrifugal lithography. Reproduced with permission from ref. [61] (Copyright ©

2018, Elsevier).

FIGURE 5. FORCE (N) VERSUS DISHLACEMENT (LRVES OF MICRONEELI ESREGARDING (A) AXIAL RCRCETEST AND

(B) TRANSVERSE FORCETEST. REPRODUCED WITH PERMISSION ROMREF. [62] (COPYRIGHT © 2013, PLOSONE).

FIGURE 6. SKIN PENEIRATION VISUALIZATION USING (A) DYES; (B) HEMAIOXYLIN EOSIN STAINING.
REPRODUCED WITH PERMISSIONFROMREF. [ 141 ] (COPYRIGHT © 2010, NATURE); AND (C) OPTICALCOHFRENCE

TOMOGRAPHY. REPRODUCED WITH PERMISSION FROMREE. [142] (COPYRIGHT © 2010, BLSEVIRR).

FIGURE 7. BRIGHT FIH.D MICROGRAPH OF 800 uM HYALTRONIC ACID MICRONEEILE ARRAYS (A) BERCRE SKIN
INSERTION AND AFTER (B) 5 AND (C) 60 MINUIES. REPRODUCED WITH PERMISSION FROMREF. 182 (COPYRIGHT

© 2012, BLSEVIRR).

78



FIGURE 8. THREE-DIMENSIONAL IMAGES OF SIDE VIEW OF MICRONEELIES OBTAINED BY TWO PHOION
CGONFOCAL MICROSCOPY. (A) INTEGRAL MICRONEELLEAT (B) TWO, (C) 7 AND (D) 19H AFTER INSERTION INTO SKIN.

REPRODUCED WITH PERMISSION FROMREF. [203] (COPYRIGHT © 2017, ELSEVIER).

FIGURE 9. (A) SCHEMATIC REPRESENTATION OF MICRONEEIXES RR SKIN TUMCR TREATMENT. (B) IN VIVO
BIQLUMINESCENCE IMAGING OF THE TUMCRS OF DIffERENT GROUPS INDICATED (1, UNIREATED; 2, MN-GOX;
3, REEAPDI; 4, MN-APDI; 5, MN-GOX-APD1). (C) QUANIIfIED TUMCR SIGNALS ACCCRDINGTO KAR AN
- MEIER SURVIVAL (URVES RCR THE TREATED AND THE CONIRCL MICE. SHOWN ARE EIGHT MICE PER TREAIMENT
GROUP. REPRODUCED WIIH PERMISSION FROM RFF. [85] (COPYRIGHT © 2016, AMERICAN CHEMICAL

SOCIETY).

FIGURE 10. SWHIAR E MICRONEELIES FABRICATED USING METHACRYL ATED HYALTRONIC ACID. (A) SCHEMATIC
REPRESENTATION OF THE (ROSSTINKED NETWCRK. (B) SWHIING BEHAVIOUR OF METHARYL ATED MICRONEFI1ES
WIHTIME. (C) CORRHATION OF THERFAL G JCOSE CONCENIRATIONS IN HYTROGH. WITHTHE CALQUATED VALLES
BASED ON EXTRACTION AND THERBCOVERY USING 10 KRPM CENIRIFUGATION KR 5 MIN. THE DOTS WEREFITTED
ASLINE WITH R? = 0.98391. (D) CORRH.ATION OF THE REAL CHOLESTERCL CONCENIRATIONS IN HYDROGH. WITH
THE CALOUATED VALUES BASED ONTHE EXIRACTION AND THERECOVERY USING 10 000 RPM CENIRIFUGATIONHR
5 MIN. THE DOTS WEREFIITED ASLINE WITH R?= 0.98467. *P < (0.05. REPRODUCED WITH PERMISSION FROM

REF. [85] (COPYRIGHT © 2017, WILEY).

FIGURE 11. SCHEMATIC REPRESENTATION OF MICRONEELLES DH IVERING VALFROIC ACID. (B) HIUCRESCENCE

IMAGES OF VALFROIC ACID DHIVERY IN MICE. (C) PHOIOQRAPH OF HARR REGROWIH IN MICE. REPRODUCED

WITH PERMISSION FROMREF. [210] (COPYRIGHT © 2018, ELSEVIRR).
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FIGURE 12. CHITOSAN MNS WITH A DISSOLVARE PEDESTAL KR OVALBUMIN DHIVERY. (A) SCHEMATIC
REFRESENIATION. (B) FUORESCENCE MICROGRAPH OF THE FITC-MICRONEELIES AFIRR INSERTION. (C)
OVAL BUMIN-SPECIFICLEVHSS OF IGG AFTFR ADMINISIRATION OF MICRONEFLLES. (D) IN VIVO SKIN REIENTION

PROFILE OF OVALBUMIN. REPRODUCED WITH PERMISSION FROMREE. [189] (COPYRIGHT © 2013, FLSEVIER)

FIGURE 13. (A) GH ATIN MICRONEEL ES BERCRE AND AFIRR INSERTION INTO PIG SKIN. (B) SERA OGICRESPONSE
AND NEUIRALIZING ANIBODY TIIERS TO POLIOVIRUS FOILOWING VACCINATION. RHESUS MACAQUES WERE
VACCINATED AT WEEK 0 AND WEEK 8 WIH IPV GIVEN EDHR BY MICRONEENE (MN) PATCH (R
INIRAMUSCOULAR (IM) INJECTION. SERUM WAS CAIRCTED WEEKLY AND ANALYSED USING A SHROTYPE-SPECIFIC
MICRONEUIRALIZATION ASSAY. EACH DATA POINTREPRESENTS A SING_E ANIMAL WHIL E THELINES REPRESENTTHE

MEDIAN OF EACH QROUP. REPRODUCED WITH PERMISSION ROMREF. [231] (COPYRIGHT © 2015, FLSEVIRR).

FIGURE 14. (A) GHATIN MICRONEELES BERCRE AND AFTFR INSERTION INTO PIG SKIN. (B) SERA OGICRESPONSE
AND NEUIRALIZING ANTIBODY TIIERS TO PALIOVIRUS FOILOWING VACCINATION. RHESUS MACAQUES WERE
VACCINATED AT WEEK 0 AND WEEK 8 WIH IPV GIVEN EODHR BY MICRONEELXE (MN) PATCH (R
INIRAMUSCUAR (IM) INJECTION. SERUM WAS CALBCTED WEEKLY AND ANALYSED USING A SFROTYPE-SPECIFIC
MICRO-NEUIRALIZATION ASSAY . EACH DATA POINTREPRESENTS A SING_ E ANIMAL WHILE THELINESREPRESENTTHE

MEDIAN OF EACH GROUP. REPRODUCED WITH PERMISSION ROMREF. [231] (COPYRIGHT © 2015, ELSEVIRR).

FIGURE 15. ERFICIENCY OF SUCKERIN MICRONEEII ES IN TRUG DHIVERY. (A) HAEMATOXYL IN-EOSIN STAINING
OFRAT SKIN SHOWING SKIN BREAKAGE (ARROWS) AFTER PENEIRATION. (B) MECHANICAL PROPERTIES OF SUCKERIN

MICRONEEILES IN DIFFFRENT CONDITIONS OBTAINED. (C) ACOCUMULATIVE RH FASE PROFILES OF RHODAMINE B
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FROM SUCKERIN MICRONEELL ES UNDRR DIffERENT' CONDITIONS. (D) PHOTOGRAPH OF INHIBITION OF E. aaJ
EXPOSED TO KANAMYCINA OADED SUCKERIN MICRONEEDLES. REPRODUCED WITH PERMISSION FROMREF. [71]

(COPYRIGHT © 2017, ROYAL SOCIETY OF CHEMISIRY).
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TAHRE 1. ADVANTAGES AND DISADVANTAGES OF DISSOLVAH E, BIODEGRADAH E AND SWHIAH E POLYMERIC

MICRONEELYES [18].

MICGRONEEOLES  ADVANIAGES

DISADVANTAGES

DISSOLVES WITHIN SHCRT PERIODS AILOWING A FAST

IRUGRHFASE

DISsa.VAHE INCREASED DRUG LOADING BY ENCAPSUATION (R

COATING

PRECISE DRUGLOADING

PATIENTS NEED TO WAIT KRR
COMBPLEIE DISSAOLUTION BHTRE
REMOVINGTHE PATCH

USUAILY EMPLOYED RCR SUSTAINED DRUGRH FASE

INCREASED DRUG LOADING BY ENCAPSUATION (R

COATING

PRECISE DRUGLOADING

POYMER RESIDUES CAN BE
DEIRCTED IN SKIN AFTFRFEW DAYS

AL OWS ATTACHMENT OF DRUG RESRRVOR

INTACTREMOVAL OF SKIN

SWHIAHE SOFINESS PREIUDES REINSERTION AFTFRREMOVAL

LEAVES NO MEASURAH E POLYMRRRESIDUE BEHIND

TREATMENT CAN BE STOPPED IF NECESSARY

LIMITED DRUG LOADING INTO THE
POLYMERRIC MAIRIX

CROSS1INKING CONDITIONS MAY
AHRCT BIOACTIVITY OF DRUGS

TAHRE 2. OVERVIEW OF POLYSACCHARIDE-BASED MINS RR THE DHIVERY OF ACTIVE PHARMACHUTICAL

INGREDIENIS.

BIOPOLYMER(S) OTHER COMPONENTS

OUIOME

HYALTRONIC ACID

REIINOIC  ACID,
OVALBUMIN,
TEIANUS TOXOID-
AND DIPHIHRIA
TOXOID

GOOD STABLITY OF

SICRAGE KRR 12
MONIHS INDUCED
IMMUNA OGICAL
RESPONSES.

[183]
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OVALBUMIN AND
ADENOVIRUS

IMMUNIZATION
COMPARAR ETOTHE

VACCINATION;
IMPROVED
RESPONSES TO
EVERY SAUHE
ANIIGEN LIKE
TOXOIDS.

[184]

ISOIHIOCYANAIE -

PERMEATION OF
HIGH MABIUAR
WEIGHI' TRUGS.

[198]

DOSE-DEPENDENT
HYPOGQ.YCEMIC
EHECT, SIMILAR TO
SUBQUTANBOUS
INSULIN INJECTION.

[185]

GREEN  TEA

REDUCTION oF
BACTRRIAL. GROWIH
(95%) ON WOUND
INFECIED SIIES, KR
BOIH GRAM
NEGATIVE AND
POSITIVE BACTERIA.

[197]

ENTRROVRUS 71
VRRUSLIKE
PARTIALES

IMMUNIZATION
INDUCED HIGH
LEVH.S OF ANTIBODY
RESPONSES,
COMPARAHE TO
INIRAMUSOULAR
INJECTION;
ENTHROVIRUS
REMAINED STAHE
DURING FARRICATION
AND CONEHRRED
PROIBCTION AGAINST
HAND-FOOT-AND-
MOUTHDISEASE.

[186]

NANOSIRUCTURED LIPID
USING

CARRIERS
COMPRIIAOL, LABRAFL.

NILERED

SUCCESSAL
DHIVERY  SYSIEM

[199]
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KR LIPOPHILIC
COMPOUNDS.

IcG
(IMMUNOQ OBUL
IN G)

PROIEIN INIBRITY
WAS  PRESERVED
WIH MCRE THAN
80% RBOOVERED
AND TS THRIARY
SIRUCTLRE

UNAI'TERED.

[170]

AMYILOPECTIN

NIACINAMIDE
AND  ASOCRBIC

POIENDIAL. TO BE
USED IN COSMEIICS
DUE TO ITS ANII-
OXIDANT ACTIVITY.

[169]

TUBRRAUIN
PURIHED
DERIVATIVES

INDUCED AN
IMMUNE
RESPONSE; USEH L
IN  TUBEROUOSIS
DIAGNOSIS.

[127]

ADENOSINE

DISPLAYED BEIMR
(R COMPARARE
RESUTS RH ATIVE TO
(REAM
APPLICATION.

[148]

ADENOSINE

IMPROVED EACIAL
WRINKIES ~ WHEN
COMBINED  WIIH
(REAM.

[200]

AU
LOADED WITH DRUG

DOXORUBICIN

PHOITOIHRRMAL
FHETT OF AU
NANOCAGES
COUHED WIH
DOXCRUBICIN
ALOWED  TUMCR
DESIRUCTION;
EHACIENT RR
SUPERFICIAL.  SKIN
TUMCRS.

[201]

DERMATOPHAGOI
DS FARINAE

USERL AS
ATHRGEN-SPECIFIC

[202]
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IMMUNOIHERAPY

VACCINATION

COMPARAHE  TO

INJBECTIONS;

ATOWSDHIVERY OF
VACGCINE POWDERS.

[203]

[3-3-ADRENOCEPICR
AND THYROID

PROMOIED WHIIE
ADIPOSE TISSUE
BROWNING AND
SUPPRESSED GAIN

[204]

HORMONE
OF BODY EAT AND
WEIGHT IN OBESE
MOUSE MODH.S.
GOOD CHL
INHIBITION IN
EPIDERMOID

PEGYLATEDGAD

NANCROD  AND " [193]
THE PHOIOIHERMAL

DOXCRUBICIN

EHFFRCT  DESIROYED
COMPLEIHY A431
CHIS IN VIIRO.

ASCRBIC ACID
2-GUCOSIDE

STRIITY USING E-
BEAM  IRRADIATION
MAINTANED  THE
DOSE AND ACTIVITY
OF THE IRUG
WITHOUT AffECTING
THE  DISSOUNON
ABLITY AND IRUG
RHFASE IN ITS fiNAL
PACKAGING.

[205]

HYAIRONIC ACID AND
CARBOXYMEIHYL

AMYLOPECTIN

RHODAMINE B

INCREASED
RHODAMINE
PERMEABLITY.

[154]
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AMYLOPECTIN

RHODAMINE B

NIACINAMIDE

IMPROVED
PERMEABILITY AND
CAN BE USHAUL KR

[154]

HYAITRONIC ACID + 3-
AMINOPHENYI BORONIC
ACID-MODIFIED ALGINATE

[195]

HYAITRONIC ACID (ROSS-
INKED WIH NN-
METHYL ENEBIS(ACRYLAM
IDE)

NANOPARTIAES OF
DEXIRAN LOADED WITH

AIUCOSE OXIDASE AND - IMMUNOIHRRAPY

ANTI-PD1 ANTIBODIES

AND-PDI1

AMH ANOMA USING
A MOUSE MODH;
HIGHR INHIBITION
OF TUMCR (ROWIH
WHEN COMPARED
TO INIRATUMCR
INJECTION.

[85]

SODIUM  CHONCROIIN

PaLy(VINyL
PYRRALIDONE),

LYOIROPIC LIQUID HYDPROCH(RIDE

RYSTAL SYSIEMS

SINOMENINE

IMPROVED

PERMEATION  OF
[RUG WIH
SUSTAINED RHFASE
HR POIENTIAL
APPLICATION  ON
ADJUVANT ARTHRITIS
MODH_RATS.

[206]

CAPSAICIN

PHARMACO OGICAL
ACTIVITY,
MEASURED BY SKIN
IDIOSPASM,
COMPARARE  OF
TOPICAL
ADMINISIRATION;
MICRONEELIES CAN
EXERT ARAPIDLOCAL
ANALGESIC ACTION.

[207]
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INSUIN

GooD DOSE-
DEPENDENCY HR
THE PLASMA
QUCOSE  1EVH;
MAXIMUM
HYPOG_YCEMIC
EHRCT OF INSUN
OBSRRVED AT 1.7 +
0.2 HRRTHERULY-
LOADEDTIP AND 1.5
+ 0.2 H KRR THE
PARTIALY LOADED
TIP.

[208]

CARBOXYMEIHYL

RECOMBINANT

ADENOVIRUSTYPE
5 VECICR
ENCODING HIV-
1 GAG

INDUCES
GENERATION OF
LONGLIVED
ANMNIGEN  -SPECIFIC
(HIS AT THE
MUCOSAL SUREACES,
TO EXERT LOCAL
IMMUNOSURVEILA
NCE AND PROVIDE A
RONILINE DEFENSE
AGAINST
PATHOGENS.

[209]

INDUCES HAR
REROWIH  WIH
HIGHR ACORACY

VALPROIC ACID [210]
WHEN COMPARED
WIIH TOPICAL
FCRMULATIONS.
MNS CAN BE USED
WIH APHICARE
(ANTI-TNF- RAFEASE PROFLES,
APHA-AB)-HA  TOLOCALY TREAT A [211]
CONJUGATES BROAD RANGE OF
INHAMMATCRY
SKIN DISFASES.
IMPROVEMENT OF
RHODAMINEB 3 gqp
AMYLOPECTIN PERMEABLIY oF L07]
ASCCRBIC ACID

RHODAMINE B AND
SIXFAD INCREASE
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OF ASCCRBIC ACID
ANTIOXIDANT
ACTIVITY, WHEN
COMPARED TO
TOPICAL
ADMINISIRATION.

DOURLE HYDROXIDES
NANOPARTII ES

OVALBUMIN

SIGNIFICANILY
SIRONG  ANTIBODY
RESPONSE WAS
DEIECTED, HIGHRR
THAN WIH
SUBCUIANBEOUS
INJECTION.

[212]

LACTOBACIILS

FAST DISSOUNION
WIH NO ILOCAL
TISSUE  IRRITATION;;
LActoBACILLS
WERE FUNCTIONAILY
BIOACTIVE IN VIVO
AS PROVED BY THE
DEIECIED  LACTIC
ACID IN PIG ANDRAT
SKIN.

[213]

HYDROXYPROPYL METHYL

CARBOXYMEIHYL

DONEPEZIL

THE ERFICIENCY OF
IRUG
ADMINISIRATION
USING MNS WAS
MORE  EHECIIVE
THAN VIA CRAL
ROUIE; THESE MINS
(COUD REHACE THE
QURRENT TREATMENT
OF  ALZHEIMRR’S
DISEASE.

[214]

POLY(VINYL ALCOH(L)
AS BACKIAYRR

MICRORYSTAL
PARTIAES

ETONOGESIRAL
ENCAPSUATED 1IN
THE TIPS OF MNS
HAS NO EHHET ON
MECHANICAL
PROPERIIES  AND

SIFADIER P ASMA

[191]
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IEVH. OF HCORMONE
COMPARED  WIIH

INJBECTION

FAST ONSET TIME
(<5 MIN)  WHEN
COMPARED  WIH
(REAM THAT HAD AN
ONSEI' TIME KRR
100 MIN BUT
IOWRR  HHCACY

POLY(MEIHYLVINYLETH (COMMERCIAILY
LIDOCAINE
R CO-MALEIC AVAILAHE [215]
HYLCROCH (RIDE
ANHYIRIDE) ANESIHESIA (REAM
QOUD IAST KRR
ABOUT 130 MIN);
SIARE KR
3 MONIHS UNDRR
40+2°C AND A
HUMIDITY OF
75 £ 5%.
PURIFIED PROIEN  POSITIVE TESIS
DERIVATIVE, CONFRM THE
CONTAINING A POIENTIALOFUSING  [173]
MIXTRE OF (HOIN MNS AS A
ANTIGENS DIAGNOSTICTO(L.
FEASIRE SYSIEM
LUIEINIZING HR DHIVRRY OF
ARRQLOEE, HORMONE ANDROGEN-
POLY(VINYL
RHEASING DEPRIVATION
PYRRALIDONE)/PALY (VI ) [187]
HORMONE THERAPY; A
NYL ACOHAD) AS
ANALOGS, CASIRATION LEVH.
SUPPORIING SYSIEM
GOSERH IN WAS MAINTAINED
KR 2 WEEKS.
SIMILAR
PHARMACOKINETIC
-sobiuM PROFILE WHEN
A_YCHROPHOSPHATE CGOMPARED TO CRAL
LEVONCRGESIRHL [216]

ADMINISIRATION,
WIIH MCRE
CONSISIENT HASMA
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POLY(VINYL. ALGOH(L)

POLYVINYL PYRROLIDON

E AS SUPPORTING ARRAY

OVALBUMIN

ADMINISIRATION OF
LOW-DOSE
OVABUMIN (200
UG) INIO RATS
INDUCED A HIGHER
IMMUNIZATION
THAN
INIRAMUSCULAR
INJECTION OF RUL
DOSE (500 pG);
HIGH = ANIBODY
IEVHS WERE
OBSHRVED RR 18
DAYS.

[189]

MAGNETIC GRAPHENE
QUANIUM DOIS +
POLYEIHYLENE QYA

LIDOCAINE

JONTOPHCRETIC

TYPE ARRAY;
IN(REASED  [RUG
RHFEASE ROM
25.7% TO 96.4%
USING  HECIRICAL
STIMULATION.

[188]

BOVINE SHRUM

SUSTAINED RHFASE
FCRATLEAST 8 DAYS.

[176]

INSUIN

SIGNIFICANT
HYPOGQ_YCEMIC
FHECT, DHIVRRING
THE ENTRE PAYLOAD
WITHIN 5 MIN.

[176]

(TIPS)

SODIUM - CHONCROIIN

SU PHATE

(NEELLE

HEPATITIS B
SUREACE  ANTIGEN
(TIPS)

SAME 1EVH. OF
IMMUNOGENICITY
AS A COMMERCIAL
VACCINE;
ANNIGENICITY  WAS
RETAINED AT 37 AND
45 °C AND ONLY A
10% LOSS WAS
OBSERVED AFIRR 6
MONTHS AT 50 °C.

[217]

PaLy-L-

DOSE-DEPENDENT
IMMUNCREACTION;
PROPOSED AS AN

[190]
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ATRNATIVE ~ SKIN
ATHGY DEVICE.

TAHRLE 3. OVERVIEW OF PROIEIN-BASED MINS RORTHE DH IVERY OF ACTIVE PHARMACEUTICAL INGREDIENTS

BIOPALYMER(S)

OTHR

PHARMACRUTICAL

COMPONENIS INGREDIENT

OUICOME REFRRENCE

GHATIN

REDUCTION OF
SUBCUTANEOUS FAT AT THE
SITE OF MINS APPLICATION;
PROMOTION OF 1IPCLYSIS
AND INHIBITING
LIPOGENESIS.

[69]

INSUIN

MORE SUSTAINED
HYPOQ_YCEMIC EHRRCT
WHEN COMPARED WIIH
SUBCUTANEOUS INJECTION.

[39]

CARBOXYMEIHYL

INSUIN

RHANIVE PHARMACO.OGIC
AVAIABLITY AND RHAIIVE
BIOAVAIABILITY OF INSULIN

WAS 956 AND 85.7%, [230]
SATISFACICRY WHEN
COMPARED WIIH
TRADITIONAL INJECTION.

CHIUIOSE
BACKTAYRR

AS

GRADUAL. AND MODERATE
DERFASE OF HROOD [196]
GUCOSELEVHSS.

SUROSE

INACTIVATED
PALIO VACCINE

VACCINATION OF RHESUS
MACAQUES INDUCED A
WEAKER SERA.OGICAL
RESPONSE WHEN COMPARED  [231]
TO IM BUT WIIH POTENTIAL

DO ERADICATE
POLIOMYHITIS.
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RHEEASED OF 55% OF DRUG

0-CALCIUM (LONIDINE
AT A CONSTANT RATE DIRING  [232]
HEMIHYLRAIE HYLCROCH (RIDE
THEFIRST 4H.
CONIROIED RHEASE OF
POLY(VINYL
INSULIN. THE DEGREE OF
GHATIN  (ROSS- | ALCOHOL)-COATED
LINKED USING | POLY(ACTIC ACID) INSULIN [233]
THE MECHANICAL SIRENGIH
GENIPIN (SUPPORTING
AS WHL AS HUMIDIY
PEDESTAL)
RESISTANCE.
SWHIAR E SYSIEM
5. HIUORESCEIN DISHAYING 2-10 TIMES
ISOTHIOCYANAIE - HIGHRR TRANSDERMAL. [152]
ETHOXYETHANCL
DEXIRAN DHIVERY THAN FILMS WITH
IDENTICAL TRUGLOADING.
Hyro@-yceMic EHBRCT
POLY(VINYL WITH A MAXIMUM
ACOHL) DBEREASE IN BLOOD
INSULIN [63]
(SUPPORTING GUCOSE 1EVAS OF 64%,
SIKEFERON PEDESTAL) AGAINSTTHE 54 % ACHIEVED
BY INJECTION.
VACCINES
AGAINST PROVIDED EVIDENCE RR
INHIUENZA, DOSE SPARING SINCE THE [177]
U OSIRIDIUM ACTUAL DOSE WAS LOWRR
DIFICILE, AND THANTHE COATED DOSE.
SHIGHIA
RH B PROONGED IRUG RHFASE [151]
ODAMINE UPTO 8 DAYS.
FisH SCAE
SUGCESSHIL.  TRANSDERMAL
BIOPOLYMER
ADMINISIRATION WITH DRUG
(MAINLY LIDOCAINE
PERMEATION RATE [149]
CA1AGEN) + HYLROCH (RIDE
CHILLOSE INCREASING FROM 2.5 TO
7.5% AFIRR 36 H.
NANORYSTALS
EFFICIENT  ANIT-BACTRRIAL
ACTIVITY, DUE TO INIRINSIC
SUCKERINS KANAMYCIN ANTIBIOTIC  ACNIVITY OF [71]

SUCKRRINS COUHED WIIH
KANAMYCIN.
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LowR BACTRRIAL
PENEIRATION  COMPARED
WIIH HYPODERMIC
INJECTION. CoATED
OVALBUMIN OVABUMIN WAS SIAHE [70]
UNDER SICRAGE AT AMBIENT
AND RERIGERATCR

ZEIN CONDITIONS.

COATING OF MNS RESUTS
IN GREATRR DEPOSITION ROR

TAMOXIFEN TAMOXIFEN; THE POKE-AND- 13

GEMCITABINE PATCH APPROACH PROVIDED
GREATIR  PERMEATION KR
GEMCITABINE.

TABLE 4. FATIRE FORCE AFIFR AN AXIAL FCRCELOAD OF PALYSACCHARIDE AND PROIEIN-BASED MICRONEEN ES.

FAIIRE RRE (N/NEEOE) R REFRENCE

MIQRONEELLE COMPOSITION
MAXIMUM WITHSTANDING FCRCE
HYATRONIC ACID > 0.05 [226]
HYAIIRONIC ACID 0.4-0.6 [227]
HYATRONIC ACID ~0.28 [182]
0.18 [62]
SODIUM ALGINATE
TRANSVERSE FORCEFAILRE 0.04
CY54.0ADED HYALTRONIC ACID > (0.05 [226]
ACTCRLOADED-HY/
EPIDERMAL. GROWIH E ATRONIC 0.63-0.78 [228]
ACID
ENTRROVIRUS PARTIAES  LOADED-SODIUM 50.08 [185]
HYALILRONATE '
ASCCRBIC ACIDLOADED-HYAITRONIC ACID 0.059-0.161 [228]
LYSOZYMETLOADED-HYAL LRONIC ACID 0.20 [229]
HYATRONIC ACID (ROSSTINKED WIH N,V - [85]
MEIHYLENEBISACRMAMIDE) 1OADED WIH (.38
DEXIRAN NANOPARTIALES
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3-AMINOPHENYI BCRONIC ACID-MODIfIED [230]
ALGINATE AND HYALLRONATE (ROSSTINKED WITH (.37

CALCIUM ANDLOADED WITH INSULIN

METHARYL ATED HYALLRONIC ACID >0.15 [38]
GH_ATIN AND CALCTUM SULPHATE 0.4 [39]
BULLET SHAPED-GH ATIN =0.3 [69]
CONICAL SHAPED-GH ATIN ~0.15 [69]
CHITOSAN >0.2 [173]
CHITOSAN-MAGNFTIC QRAPHENE QUANTUM DOI  >0.16 [187]
]C)L PH\SISHS:WE CHITOSAN AND  BETA-SODIUM BEARING FRESSURE 60N [231]
DEXIRAN BEARING PRESSURE 90N [231]
CARBOXYMEIHYLCHITLOSE 0.5-0.8 [227]
FISH SCALE BIOPOLYMER =0.12 [166]
SIK 24-54 G/NEEIE [150]
SILK BERCRETREATMENT 0.225 [7]
AFTER WATER VAPCR TREATMENT 0.175

ZEIN 0.45 [70]
Al BUMIN-COATED ZEIN 0.53
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Figures

Microneedle patch

Stratum corneum
(10-20 um)

Viable epidermis
(50-100 pm)

siwaapidy

Dermis
(1-2 mm)

Hipodermis

Figure 1. Schematic representation of the side view of microneedles inserted into the skin.
(B)
! a b '
<)

Figure 2. Schematic illustration of microneedles. (A) Microneedle structure defined as (a) in-plane

(A)

(

and (b) out-of-plane. (B) Shape defined as (a) hollow and (b) solid shape. (C) Geometry of needles
defined as (a) cylindrical, (b) tapered tip, (c) conical, (d) pyramidal and (e) pentagonal-base
canonical tip. Reproduced with permission from ref. 43 (Copyright © 2011, Molecular Diversity

Preservation International).
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Sepete byl eyt e

Figure 3. Classification of microneedles accordingly to patterns of drug delivery. (a) solid, (b)

coated, (c) dissolving, (d) hollow, (e) hydrogel-forming microneedles [43].

a b
1. Bare silicon 5. Develop resist
[N d
- - Drug-polymer solution MN fabrication Droplet-born air blowing
2. Deposit hard 6. Etch hard mask Lt forming
masking material Dispensing (contact & drawn) (air-blow)
11
N @ ‘ m
3. Depnsirt 7. Rgmuv.e Py E
[
I L o—EE_EE
\ [( ged) (vacuum)
4.ExposuretoUV 8, Etch silicon via N\ = I i 1
light through mask  deep reactive ion & '! 7~ ! 3
(4°C, closed)

di

Centrifugal lithography

|3
s
5
3
H
H
2
8

Polymeric via drying or photocrosslinking  Pouring pol ly

Figure 4. Representative illustration of (a) conventional microfabrication technology.
Reproduced with permission from ref.[99] (Copyright © 2016, Molecular Diversity Preservation
International); (b) magnetic assembly process. Reproduced with permission from ref. [100]
(Copyright © 2016, PL0oS ONE); (c) general micromolding process. Reproduced with permission

from ref. [100] (Copyright © 2017, Royal Society of Chemistry); (d) Droplet-based methods,
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namely droplet-born air blowing and centrifugal lithography. Reproduced with permission from

ref. [61] (Copyright © 2018, Elsevier).

o

[ 200 400 600 800 o o 30 o s
Displacement (1m)

Displacement (pm)

Figure 5. Force (N) versus displacement curves of microneedles regarding (a) axial force test

and (b) transverse force test. Reproduced with permission from ref. [62] (Copyright © 2013, Plos

one).
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Figure 6. Skin penetration visualization using (a) dyes; (b) hematoxylin eosin staining.
Reproduced with permission from ref. [141] (Copyright © 2010, Nature); and (c) optical coherence

tomography. Reproduced with permission from ref. [142] (Copyright © 2010, Elsevier).
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Figure 7. Bright field micrograph of 800 um hyaluronic acid microneedle arrays (a) before skin
insertion and after (b) 5 and (c) 60 minutes. Reproduced with permission from ref. 182 (Copyright

© 2012, Elsevier).

a .
vaccine

Figure 8. Three-dimensional images of side view of microneedles obtained by two photon
confocal microscopy. (a) Integral microneedle at (b) two, (c) 7 and (d) 19h after insertion into skin.

Reproduced with permission from ref. [203] (Copyright © 2017, Elsevier).
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Figure 9. (a) Schematic representation of microneedles for skin tumor treatment. (b) In vivo
bioluminescence imaging of the tumors of different groups indicated (1, untreated; 2, MN-GOX;
3, free aPD1; 4, MN-aPD1; 5, MN-GOx-aPD1). (c¢) Quantified tumor signals according to Kaplan
- Meier survival curves for the treated and the control mice. Shown are eight mice per treatment

group. Reproduced with permission from ref. [85] (Copyright © 2016, American Chemical

Society.)
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Figure 10. Swellable microneedles fabricated using methacrylated hyaluronic acid. (a) Schematic
representation of the cross-linked network. (b) Swelling behaviour of methacrylated microneedles
with time. (c) Correlation of the real glucose concentrations in hydrogel with the calculated values
based on extraction and the recovery using 10 k rpm centrifugation for 5 min. The dots were fitted
as line with R? = 0.98391. (d) Correlation of the real cholesterol concentrations in hydrogel with
the calculated values based on the extraction and the recovery using 10 000 rpm centrifugation for
5 min. The dots were fitted as line with R?= 0.98467. *P < 0.05. Reproduced with permission from

ref. [85] (Copyright © 2017, Wiley).
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Figure 11. Schematic representation of microneedles delivering valproic acid. (b) Fluorescence
images of valproic acid delivery in mice. (c) Photograph of hair regrowth in mice. Reproduced

with permission from ref. [210] (Copyright © 2018, Elsevier).
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Figure 12. Chitosan MNs with a dissolvable pedestal for ovalbumin delivery. (a) Schematic

representation. (b) Fluorescence micrograph of the FITC-microneedles after insertion. (c)
Ovalbumin-specific levels of 1gG after administration of microneedles. (d) In vivo skin retention

profile of ovalbumin. Reproduced with permission from ref. [189] (Copyright © 2013, Elsevier).
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Figure 13. (a) Gelatin microneedles before and after insertion into pig skin. (b) Serologic response
and neutralizing antibody titers to poliovirus following vaccination. Rhesus macaques were
vaccinated at week 0 and week 8 with IPV given either by microneedle (MN) patch or
intramuscular (IM) injection. Serum was collected weekly and analysed using a serotype-specific
micro-neutralization assay. Each data point represents a single animal while the lines represent the

median of each group. Reproduced with permission from ref. [231] (Copyright © 2015, Elsevier).
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Figure 14. (a) Gelatin microneedles before and after insertion into pig skin. (b) Serologic response
and neutralizing antibody titers to poliovirus following vaccination. Rhesus macaques were

vaccinated at week O and week 8 with IPV given either by microneedle (MN) patch or
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intramuscular (IM) injection. Serum was collected weekly and analysed using a serotype-specific
micro-neutralization assay. Each data point represents a single animal while the lines represent the

median of each group. Reproduced with permission from ref. [231] (Copyright © 2015, Elsevier).
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Figure 15. Efficiency of suckerin microneedles in drug delivery. (a) Haematoxylin-eosin staining
of rat skin showing skin breakage (arrows) after penetration. (b) Mechanical properties of suckerin
microneedles in different conditions obtained. (c) Accumulative release profiles of rhodamine B
from suckerin microneedles under different conditions. (d) Photograph of inhibition of E. coli
exposed to kanamycin-loaded suckerin microneedles. Reproduced with permission from ref. [71]

(Copyright © 2017, Royal Society of Chemistry).
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