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Delivery
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The skin is the largest and most accessible organ in the human body and, as
such, it appears as the most convenient portal for drug delivery. However, the
skin is also a formidable barrier which, while protecting us from physical,
chemical, and immunological agents, requires appropriate technology for
effective delivery. Today, the most effective administration method for large,
lipophobic, and polar molecules continues to be hypodermic injection, which
is associated with pain, needle phobia, and stick injury. As an alternative, a
range of advanced strategies to overcome the skin barrier have been
established over the last few decades including chemical enhancement,
sonophoresis, iontophoresis, electroporation, thermal ablation, and
mechanical approaches. Encouraged by the advances in nanotechnology,
micro- and nanosystems have emerged as powerful tools to overcome the
skin barrier, enabling significant advances on the existing methods. In
particular, microneedle- and nanoparticle-assisted transdermal delivery has
gained significant traction and will most likely have a strong impact in the
field. In this review, the most recent progress in the field of transdermal
delivery based on microneedle and nanoparticle delivery systems is discussed
and examples of key therapeutic application are provided. Finally, a critical
summary is presented alongside a vision for future research directions.

1. Introduction

The great majority of marketed therapeutics consists of small-
molecule (<500 Da) drugs exhibiting high potency and balanced
lipophilicity, which favor their bioavailability and site specificity.l!
Many other promising drugs, however, have not been translated
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to the clinic due to their poor therapeu-
tic performance.” Biological barriers such
as the skin, serving as a protective layer to
prevent the access of infectious and harm-
ful agents into the human body, are the
major obstacles for effective drug delivery
to sites of interest.}! The development of
highly efficient delivery routes to overcome
biological barriers is becoming an urgent
need, and a fundamental transformation
on how drugs are administered to patients
is expected in the foreseeable future.! To-
day, small-molecule drugs are increasingly
being replaced by a newest generation of
therapeutics notably represented by large
biomolecules. Indeed, nearly 30% of the 59
drugs approved by the US Food and Drug
Administration (FDA) in 2018 were large
molecule biologicals, ranging from oligonu-
cleotides (7 kDa) to monoclonal antibodies
(150 kDa).’! Currently, these drugs require
invasive methods for their effective admin-
istration, and hypodermic injection contin-
ues to be the gold standard. The same is true
for polar and lipophobic small-molecule
drugs.! Traditional needle and syringe
injection, however, presents several drawbacks, including the
generation of sharp waste, risk of injury and infection, limited
efficiency, and causing pain and needle phobia.?>®7] In addition,
hypodermic injection usually requires administration by trained
healthcare professionals.

Intensive research efforts have focused in finding non-
invasive administration methods for large, polar, and lipopho-
bic molecules, such as transdermal, oral, inhalation, and trans-
mucosal approaches. Among these, transdermal administration
may be the most attractive and convenient route for drug deliv-
ery. The skin is the largest and most accessible organ in the hu-
man body and has been used for centuries as a portal for drug
delivery, not only for local dermatological conditions, but also for
systemic diseases.®] However, the skin is also one a formidable
biological barrier and limits the penetration of most therapeu-
tics. The skin contains fine and sophisticated layered structures
including the epidermis, dermis, and hypodermis. The stratum
corneum, located in the epidermis, is the outmost layer of skin
with a thickness of 10-40 pm. This layer is almost impermeable
to large (>500 Da), polar, and hydrophilic molecules.?>*] The stra-
tum corneum is mostly composed by non-living corneocytes and
is constantly renewed.l'” In addition, it is surrounded by multi-
ple lipid bilayers, which creates tortuous hydrophobic sections
around the corneocytes.'!l These features critically hinder the
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transport of active agents through the stratum corneum. Once
this layer is bypassed, the active agents need to cross the viable
epidermis and to reach the dermis, where systemic absorption
occurs. The viable epidermis mainly consists of cellular compo-
nents with relatively low cellular interspacing and without vas-
cular and nerve endings. In comparison, the underlying dermis
contains blood vessels and nerve terminations, and is responsible
for the entire skin metabolism and innervation."?) Consequently,
highly efficient transdermal delivery with minimal invasion is a
particularly challenging task.

Over the past few decades, a number of advanced techniques
have been developed in order to overcome the skin barrier and
improve the transdermal drug delivery efficacy. These methods
can be categorized as passive, when they rely on diffusion mech-
anisms to bypass the skin barrier; or active, when they em-
ploy a physical disruption to bypass the stratum corneum. Pas-
sive methods have traditionally relied on chemical enhancers.*?!
Transdermal patches are a successful example for the non-
invasive, passive delivery of small, potent drugs. However, their
efficiency for large molecules is very limited.*¥ In efforts
to translate the success of transdermal patches to larger, po-
lar and/or lipophobic molecules, researchers have recently fo-
cused on developing carriers that promote the transport of
these bioactives. A range of novel nanoparticle formulations in-
cluding liposomes, ! polymeric nanoparticles, 'l dendrimers, ']
micelles,'® and inorganic nanoparticles have been proposed as
passive transdermal drug delivery carriers with encouraging out-
comes. Alternatively, a number of active techniques able to dis-
rupt the stratum corneum have been established to facilitate the
delivery of molecules impermeable to the skin. Iontophoresis, ")
ultrasound,? electroporation,?!! thermal ablation,?” and jet
injection'®! have been proven effective to modulate the skin bar-
rier and enable transdermal delivery, but they require complex
equipment and specialized personnel, significantly limiting their
adoption. Microneedle systems have also demonstrated effective
delivery by mechanically disrupting the stratum corneum and as-
sisting active agents to penetrate into the dermis.? Those de-
vices present several advantages over other active delivery tech-
niques, as microneedles can be applied by patients themselves,
are cost-effective, and require minimal support infrastructure.
Indeed, this technology is currently the most widely used for
transdermal delivery in laboratory studies and clinical trials.*’!

With the rapid development of materials science and nan-
otechnology, microneedle and nanoparticle systems have gained
a prominent position for enhanced transdermal delivery. Here,
we will review the developing role of nanotechnology in trans-
dermal drug delivery with a focus on microneedle and nanopar-
ticle systems, as the technologies that most likely will have an
impact in the near future. We will provide an update on their re-
cent progress and discuss their versatile therapeutic applications,
from local skin conditions to systemic diseases. Finally, we high-
light the most significant achievements to date and present our
view on future research prospects.

2. Microneedle Patches for Transdermal Delivery

Microneedle patches consist of arrays of vertically aligned coni-
cal microstructures ranging from tens to hundreds of microns
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in length.l% The length and dimensions of microneedles can be
manufactured to perfectly match the structure of skin. Indeed,
they have been designed to by-pass the stratum corneum and en-
able transdermal delivery, while not causing any pain (Figure 1).
These microstructures have the ability to physically pierce into
the outmost layer of skin, and create microchannels that facilitate
the transport and absorption of molecules otherwise imperme-
able to the skin.??l With significant improvement over the last 20
years, the microneedle technique is now utilized to transdermally
deliver a wide range of molecules including vaccines, anti-cancer
drugs, insulin, and cosmetic agents.

Microneedle patches with different shape, composition, ge-
ometry, and functionality have been developed. Depending on
the design, microneedles can be categorized as: solid, hollow,
dissolving, degradable, responsive, and bioresponsive.”] The
first report of a microneedle patch for transdermal delivery
consisted of solid silicon microneedle arrays and was reported
in 1998 by Prausnitz and co-workers.?®l In this seminal study,
a silicon microneedle patch was fabricated by means of deep
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Figure 1. Schematic representation of skin structure together with microneedle and nanocarrier systems for transdermal delivery.

reactive ion etching (DRIE), and demonstrated to enhance the
skin permeability of a model drug (calcein) by four orders of
magnitude.?®! This work inspired an early generation of trans-
dermal patches that were mainly based on solid microneedles
arrays made of silicon or metals. Later, more sophisticated mi-
crofabrication methodologies allowed the fabrication of hollow
microneedles, which enabled the infusion of liquid formu-
lations and demonstrated increased drug loading capacity.*”!
However, silicon and metal microneedles showed limitations,
for example high-cost, difficulty of reproducible coating and
low loading capacity.? Since the early years, polymers have
attracted a growing attention for microneedle manufacturing
due to their adjustable physico-chemical properties, enhanced
biocompatibility, cost-effectiveness, ease of fabrication, and
no sharp waste.?Y Similar to their silicon and metal coun-
terparts, polymeric microneedles were first used as to open
micro-channels on the skin that increase permeation of active
agents after topical application.’? Also, polymeric coatings were
introduced in combination with the drug formulation to allow
greater control over the loading and release. % Later, researchers
explored microneedle manufacturing using biodegradable poly-
mers that contain the therapeutic within their matrix and
controllably dissolve or degrade upon insertion into the skin.
Depending on the polymer dissolution rate, these microneedle
arrays can be categorized as dissolving or degradable. Dissolving
microneedles are typically made with polymers of high water
solubility that dissolve within minutes after contact with the
skin, producing a fast release. Dissolving microneedle arrays
have been reported using a range of water-soluble polymers in-
cluding hyaluronic acid (HA),?* polyvinylpyrrolidone (PVP),5!
polyvinyl alcohol (PVA), carboxymethyl cellulose,?® chitosan,?”!
and maltose.®® Degradable microneedles are regarded as those
with slow dissolution rate, which typically results in extended re-
lease profiles. Degradable microneedles have been traditionally
achieved by using biocompatible polymers of high molecular
weight and/or crosslinking degree such as polylactides.*”
The payload is continuously released via passive diffusion or
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degradation of the polymeric matrix. Lately, slow release has also
been achieved by incorporating materials secondary encapsula-
tion elements (e.g., polymeric nanoparticles,*”! biominerals!*!)
within a dissolving matrix. And extensive efforts have been
devoted to generate responsive and bioresponsive polymeric
microneedles. These responsive microneedle arrays have the
ability to release the embedded active agent in response to
triggering stimuli. These stimuli may come from an external
source or from a physiological event. Externally applied light*?
or heat!’] signals have been demonstrated to trigger the release
of therapeutics loaded within a polymeric matrix. Advanced ap-
proaches have also demonstrated that physiological signals, such
as variations in pH,*¥ glucose,* or reactive oxygen species,*!
may be employed to trigger the dissolution of microneedle
arrays and release a therapeutic, thus creating bioresponsive
systems.

The variety of methods in which these microneedle patches
may be applied to the skin for transdermal drug delivery methods
have been summarized by Boustra and co-workers, as schemat-
ically depicted in Figure 2.4 In brief, four transdermal deliv-
ery approaches can be illustrated known as: 1) “poke and flow,”
when the drug containing solution is actively or passively deliv-
ered through the bore of the hollow microneedle; 2) “poke and
patch,” when the drug passively diffuses via the micropores cre-
ated by the penetration of microneedles into skin tissue; 3) “poke
and release,” when the dissolving or biodegradable microneedle
penetrate into skin and subsequently release the drug following
microneedle dissolution; and 4) “coat and poke,” when the drug
is coated onto a non-dissolving microneedle surface and drug re-
leased from microneedle surface after microneedle penetration
into skin.*®l Currently, “poke and release” and “coat and poke”
are the two most prominent approaches for microneedle patch
application. This is possibly because they are more cost-effective
and have superior transdermal delivery efficacy.

In the next sections, a detailed description of the latest ad-
vances on microneedle array technology for disease treatment is
provided.
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Figure 2. General approaches for transdermal delivery by hollow and solid microneedles. lllustrated on the left is the “poke and flow” approach, where
a drug containing solution is actively or passively delivered through the bore of hollow microneedles. Solid microneedles may be used in three different
manners: “poke and patch” approach, where micropores are first generated in the skin by microneedle patch application, then the drug is topically
applied to passively diffuse through these micropores; “poke and release” approach, where dissolving or biodegradable microneedles release the drug
by dissolution of the microneedles in the skin; and “coat and poke” approach, where drug-coated microneedles are pierced through the skin, and then
the drug is released into the skin through hydration of the coating. Reproduced with permission.*¢! Copyright 2012, Elsevier.

2.1. Microneedle Patches for Transdermal Vaccine Delivery

A vast number of hazardous pathogens including viruses and
bacteria surround humans day in day out, which collectively
results in high probability of infection.*”! Vaccination, a process
of exogenously stimulating immune responses, has dramatically
improved the management of infectious diseases.® Although
traditional intramuscular needle and syringe injection is still
the most common and convenient administration route for skin
delivery, this approach has some considerable disadvantages
and risks, as mentioned above.*)) To address those problems,
microneedle patches emerged as a powerful technique for
transdermal vaccine delivery, due to their simple and minimally
invasive administration, together with low cost and reduced risk
of infection.

There are additional merits of using microneedle patches for
vaccine delivery. For example, microneedle patches can directly
deliver vaccine into the upper layer of skin, a tissue region with
abundant antigen presenting cells, thus significantly increase the
immune response.l'>>% The first study of in vivo use of a mi-
croneedle patch to penetrate skin and deliver vaccine was con-
ducted by Mikszta et al. in 2002.P% In this work, silicon-based
microneedle arrays were applied to breach the skin with minimal
discomfort and irritation. As tested in a mouse model, micronee-
dles effectively delivered plasmid DNA with 2800-fold above top-
ical controls. In addition, the authors also demonstrated that
with the help of microneedle patches, topical immunization with
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naked plasmid DNA could induce stronger and reliable immune
responses. Distinct from traditional needle and syringe admin-
istration that stores vaccine in liquid form, the vaccine is stored
in a dried form on/in the microneedle, and dissolves in the der-
mis after application into skin. Vaccine stored in dried form is
more stable than liquid form, and is potentially suitable for cold-
chain free storage.’?) For example, Chen et al. dry-coated in-
fluenza vaccine on microneedles with 32.5% transdermal deliv-
ery efficiency.”?! Compared with intramuscular injection with
needle and syringe, microneedle technique could achieve equiva-
lent protective immune response with 1/30th of a dose. Also, in-
fluenza vaccine that coated on microneedles for 6 months at 23 °C
induced comparable immunogenicity with freshly coated mi-
croneedles, corroborating the long-term thermostabilization.>%
Recently, Poirier et al. fabricated a dissolving microneedle patch
made of hydroxyethyl starch and chondroitin sulphate, and incor-
porated hepatitis B surface antigen formulated with saponin QS
21 as adjuvant.¥l The thermostability of this microneedle patch
was evaluated for storage at 37, 45, and 50 °C for up to 6 months.
Antigenicity was well retained at 37 and 45 °C and only 10% loss
was observed at 50 °C.13 Cold-chain free vaccine storage of mi-
croneedle patch is desirable because it reduces the cost of vaccina-
tion, and makes vaccine accessible also to developing countries,
where a cold-chain supply is often lacking.

To date, the two most used microneedle types for vaccination
are i) solid non-degradable and removable microneedle patches;
and 1ii) dissolving/degradable microneedle patches. Solid
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Figure 3. Scanning electron microscopy images of site-selectively coated microneedles. a—d) Microneedles coated with DNA; e,f) microneedles coated
with OVA protein; g) microneedles coated with two layers of dextran: a first layer was coated on the top 40 pm of the microneedles; a second layer of
dextran was coated on the top 70 ym of the microneedles. This demonstrates that the thickness and length of the coating can be controlled by the
deposition technique. Reproduced with permission.5>3 Copyright 2011, Wiley-VCH.

non-degradable and removable microneedle patches are usually
made of metals or silicon.**>* Vaccine formulations are coated
onto the solid non-degradable microneedle surface.’> The
coating technique is crucial: vaccine coated on the bottom and
substrate of patch cannot be delivered to the skin, and only
the formulation remaining on the top of microneedles may
penetrate the skin and evoke an immunological effect. Vaccine
formulations are expensive and sometimes in limited supply.
Thus, selective coating of the microneedle tip is a cost-effective
and dose-sparing approach, but it is technologically challenging.
To solve the problem, several dry-coating methods have been de-
veloped to selectively coat the tip of microneedles with different
biomolecules and vaccine.”® For example, Chen et al. reported
a simple dip-coating technique able to tune the coating length
on the microneedle tip by controlling coating solution viscosity
(Figure 3).5% By using this coating technique, molecules repre-
sentative of vaccines (e.g., chicken egg ovalbumin (OVA) protein,
DNA, and fluorescent dyes) were successfully coated onto the
microneedle tip in a controlled way. After skin application,
82.6% in mass of vaccine coated was rapidly released from the
microneedles to the skin within 2 min, and an immune response
was generated upon delivery of influenza vaccine (Fluvax) in a
mouse model.”> As an alternative to solid non-degradable and
removable microneedle patches, vaccine formulations may be in-
corporated into the matrix of dissolving/degradable microneedle
patches. Prausnitz and co-workers reported the first successful
fabrication of fast dissolving microneedles made of PVP and
carboxymethyl cellulose for vaccine delivery.?>%”! For dissolving
microneedle patches made of various materials (carboxymethyl
cellulose,P® PVP, 1359 silk [ HA,34 etc.) vaccine formulation is
typically encapsulated in a polymer casting approach.

In recent years, the fit-for-purpose performance of both
solid non-degradable and removable microneedle arrays and
dissolving/degradable microneedle for vaccine delivery has
been demonstrated extensively in both in vitro and in vivo
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studies. For example, vaccine-delivering microneedles have been
tested in the context of infectious diseases, including human
papilloma virus (HPV),®") DNA-delivered attenuated west Nile
virus,®? inactivated rotavirus,®3! hepatitis B/C,’3% Bacillus
Calmette-Guérin,[®! influenza,®® measles,”) poliovirus,!>?>8!
and Ebola.* Recently, a microneedle patch was designed
to co-deliver vaccine and a cytokine adjuvant (granulocyte-
macrophage colony stimulating factor (GM-CSF)) for improved
vaccination.l®® In this study, dissolving microneedles were
mixed with GM-CSF-adjuvanted influenza vaccine for skin
immunization. It was found that those microneedles induced
robust and long-lived antibody responses.’® In another
study, an Ebola DNA vaccine formulation was coated onto
polylactic-co-glycolic  acid—poly-1-lysine/poly-y-glutamic acid
(PLGA-PLL/yPGA) nanoparticles and incorporated into PVA
microneedle patch.*¥) A stronger immune response and in-
creased stability compared with conventional intra-muscular
administration of Ebola DNA was reported. Chen et al. designed
antigen-loaded chitosan microneedle tips on top of hydrophilic
PVA/PVP supporting microneedle array patch (Figure 4).1%
The microneedles remained in the dermal layer and allowed
sustained release for up to 28 days.[”) In addition, the efficacy
of the microneedle vaccine delivery technique was evaluated
in non-human primates (macaques) in 2013.7% Here, a mi-
croneedle patch made of bioresorbable poly(t-lactic acid) (PLA),
and surface-coated with adenovirus type 5 (Ad5) vector vaccine
produced a strong cellular and humoral immunity in macaques,
equivalent to traditional intramuscular injection."!

2.2. Microneedle Patches for Diabetes Therapy
Diabetes mellitus is a metabolic disorder characterized by the

low clearance of glucose in muscle and fat tissues caused by
the abnormal secretion of insulin. Today, diabetes affects one
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Figure 4. Dissolving antigen-loaded chitosan microneedles. a,b) Bright-
field micrographs of the PVA/PVP supporting array patch; and c,d) Flu-
orescein isothiocyanate (FITC)-labeled chitosan microneedles integrated
with the hydrophilic PVA/PVP supporting array. e-h) Skin penetrations
tests. Bright-field micrographs of the microneedle array after application to
a porcine cadaver skin for 5 min (e); and the treated skin after micronee-
dle patch application and blue tissue marking staining (f). Histological
sections of the rat skin after application of the FITC-labeled chitosan mi-
croneedles (g, h): bright-field (g) and fluorescence (h) micrographs, dis-
playing green fluorescence corresponding to FITC emission. Reproduced
with permission.[®l Copyright 2018, Elsevier.

in eleven adults and this ratio is expected to continue to grow
over the next decades.”!l The disease is generally caused by the
deficient function of the pancreas and characterized by insuffi-
cient insulin secretion (type 1) or by the ineffectiveness of in-
sulin (type 2).”? Exogenous administration of insulin is cur-
rently essential for managing both types of diabetes. Typically,
insulin is self-administered by patients via subcutaneous injec-
tion several times a day. This is not only associated with pain,
risk of infections and injuries but also requires training and
rigorous self-management. In their search for novel, patient-
friendly routes, researchers have proposed microneedle patches
as a minimally-invasive and convenient method to deliver insulin
into the bloodstream.”?!

Early generations of transdermal patches for the delivery of
insulin consisted of solid microneedles. For example, Prausnitz
and co-workers applied a solid metal microneedle patch in a

Adv. Therap. 2019, 2, 1900141

1900141 (6 of 24)

www.advtherap.com

“poke and patch” approach for the delivery of insulin to live dia-
betic rats.”¥ Microneedles demonstrated an increased efficiency
lowering the blood glucose levels compared to passive delivery
across untreated skin. Later, hollow microneedles were also ap-
plied for the delivery of insulin. Metallic hollow microneedles
were fabricated in a multi-step process involving polymer mold-
ing, metal deposition, and polymer etching. Using such a mi-
croneedle architecture to deliver insulin achieved reductions in
blood glucose levels to almost 50% of the initial value over a 4
h period.””) More recently, Resnik et al. established a methodi-
cal protocol for the administration of insulin using a hollow mi-
croneedle patch to human subjects. In healthy individuals, in-
sulin delivery using these hollow microneedle patches was more
efficient and led to smoother blood glucose profiles compared to
subcutaneous delivery.”®! Clinical trials in patients with type 2 di-
abetes have also been conducted to further assess the safety and
efficiency of hollow microneedles.”’”! Apart from showing a good
safety profile, hollow microneedle-based injection showed supe-
rior pharmacokinetics compared to conventional subcutaneous
administration.

Microneedle arrays have also been fabricated with highly-
soluble polymers (HA,78I PVP,7% PVA 3% gelatin/®)) that contain
insulin within their matrix. These polymers have also been com-
bined with dissolving glycopolymers for the delivery of insulin
(e.g., starch/gelatin,®] maltose/alginatel®*)). Ling and Chen es-
tablished a dissolving microneedle patch made of starch and
gelatin.B!l They proved that the polymer formulation exhibited
sufficient mechanical strength to penetrate in vivo porcine skin,
while dissolving within 5 min. Insulin activity was preserved in
the fabrication process and the formulation was stable for over a
month.

One of the recurrent issues in transdermal drug delivery via
microneedle patches is the inefficient delivery caused by the in-
complete microneedle array insertion into the skin due to the
inherent skin elasticity. Kusuma and co-workers established an
insertable microneedle patch comprised of arrays of PVA/PVP
cylindrical supporting structures capped with conical tips made
of insulin-loaded poly-y-glutamic acid.®?! The supporting arrays
provide extended length to minimize the skin compressive defor-
mation during application, allowing the tips to reach the dermis.
The microstructures dissolved within 4 min when inserted into
the skin, releasing their insulin content. The in vivo performance
of the system was tested in diabetic rats by applying the patches
once a day for 2 consecutive days. The observed hypoglycemic
effect was comparable to that of subcutaneous insulin injection
in a rat control group, confirming the feasibility and accuracy
of the proposed delivery system. Recently, Guo and co-workers
reported a microneedle system where microneedle tips readily
separate from supporting structures for the controlled release
of insulin.B% Microneedle arrays made of genipin-crosslinked
gelatin were mounted on supporting PVA-coated polylactic acid
microneedle arrays. The use of genipin as a crosslinker en-
hanced the hydrophobicity and mechanical stability of the mi-
croneedles without compromising their biocompatibility. Upon
insertion, the PVA coating dissolved within 2 min and allowed
the release of the insulin-loaded gelatin microneedle tips from
the polylactic acid supporting array, which remained inserted
into the skin. The release rate was controlled by tuning the de-
gree of crosslinking: higher degree of crosslinking led to slower
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Figure 5. NIR-triggered microneedle system for the delivery of metformin to diabetic rats. A) Schematic illustration of the design and working principle
of the NIR-responsive and separable microneedle array system. Following application, the tips remain into the skin and the heat generated by NIR
irradiation causes the melting of the needle tips and the release of metformin. B,C) Thermal imaging of mice with (B) and without (C) NIR-responsive
microneedle patches under a 0.4 W cm~2 NIR irradiation in the first 25 s. D,E) NIR-triggered release of the hypoglycemic drug from the microneedle
system. Cumulative release of metformin after 1 or 2 min NIR irradiation in vitro (D). Blood glucose levels in diabetic rats after application of 0, 0.3,
0.6 mg of metformin-loaded microneedles and NIR irradiation over four cycles, and their comparison with blood glucose levels in a rat injected with
0.6 mg of metformin and in a healthy rat. Reproduced with permission.[*?] Copyright 2017, The Royal Society of Chemistry.

release rate and a prolonged hypoglycemic effect in diabetic
mice.

Extended insulin release profiles have been achieved by us-
ing degradable microneedle arraysP?® Recently, Lu and co-
workers have proposed the use of fibroin to fabricate silk fi-
broin microneedles.®¥ Proline was used together with fibroin in
order to modify the silk crystal structure and therefore control
their degradability. Indeed, crystallinity correlated with the in-
sulin release rate, and maintained released were achieved for up
to 60 h. The incorporation of bioceramics in dissolving polymeric
matrices for controlling the release rate of insulin has attracted
attention due to their suitable biocompatibility and excellent
mechanical properties.*1# Liu et al. introduced calcium carbon-
ate microparticles in a PVP matrix to create bioceramic com-
posite microneedles.l®>¥ The hybrid organic-inorganic patches
demonstrated slow dissolution for an extended delivery of in-
sulin, with a maximum blood insulin concentration reached af-
ter 3 h of microneedle administration, compared to 1 h after
subcutaneous injection. Parallel results have been observed for
hydroxyapatite/gelatinl® and calcium sulfate/gelatin/® hybrid
microneedle patches.

Near-infrared (NIR) light responsive composite microneedles
have also been proposed to enable on-demand transdermal deliv-
ery for diabetic patients.*>#% NIR irradiation provides good tissue
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penetration while causing negligible damage. These microneedle
systems typically consist of a photothermal agent and a drug em-
bedded into a dissolving polymer matrix. The photothermal agent
(e.g., organic molecules, quantum dots, etc.) has the ability to ab-
sorb NIR light and convert it into heat. This heat typically induces
the dissolution of the needles and subsequent drug release. Yu
et al. proposed a NIR-triggerable and separable microneedle sys-
tem for the transdermal delivery of metformin, a hypoglycemic
drug (Figure 5).2l The arrowheads of the microneedle arrays
were fabricated with a composite consisting of PVA/PVP poly-
mer loaded with NIR-responsive Prussian blue nanoparticles and
metformin. Following skin application of the patch, the separa-
ble arrowheads remained inserted in the viable layers of the skin.
Upon NIR light irradiation, the PVA/PVP polymer dissolved and
caused the on-demand release of metformin. This is a promising
strategy for the triggerable release of antidiabetic drugs but the
fact that high local temperatures (up to 65 °C) are reached may
limit the delivery of certain molecules such as peptides and pro-
teins. For instance, this strategy is not suitable for the delivery of
insulin as high temperatures may cause its inactivation.

Beyond the light-triggered delivery of hypoglycemic drugs,
in recent times there has been an increasing effort in devel-
oping microneedle-based glucose-responsive insulin delivery
systems.*+%’] These bioresponsive microneedles will potentially
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Figure 6. Glucose-responsive microneedle insulin delivery system design and in vivo evaluation. A) Schematic representation of the microneedle patch
design and working principle. The enzymatic reaction between glucose and GO, generates H,0, as a byproduct, which activates the dissolution of the
PVA-TSPBA gel matrix. Insulin-NBC anchored to the PVA is also hydrolyzed upon exposure to H,O,, thus releasing free insulin at high glucose levels. The
presence of catalase facilitates the elimination of H,O, thus reducing local inflammation. B) In vitro release profile of insulin from PVA-TSPBA gels in
PBS pH 7.4 in the presence of GO, (0.2 mg mL™") at different glucose concentrations (0, 100, and 400 mg dL™'). C,D) In vivo tests of microneedle array
patches for type 1 diabetes treatment. Blood glucose levels of diabetic mice (C) treated with PBS, subcutaneous injection insulin, and different kinds of
microneedle patches: microneedle arrays formed by a catalase-embedded PVA-TSPBA shell and a core containing GO,-nanogel and insulin-NBC (MN-
CAT); microneedle arrays of insulin-NBC-loaded gels (MN-Gel(1)); and microneedle arrays of GO,-nanogel, insulin-NBC, and CAT-nanogel-loaded gels
without a shell (MN-Gel(G+C+1)), n=5. Glucose tolerance test at 1 h after insulin treatment via either a microneedle patch (MN-CAT) or subcutaneous

injection (D). Healthy mice were employed as a control. Reproduced with permission.[8’l Copyright 2018, American Chemical Society.

mimic the physiological response to changes in blood glucose
levels and release insulin on-demand. In a typical system,
insulin-loaded polymeric microneedles incorporate glucose-
responsive triggers. Upon fluctuations in glucose levels, the
system responds by releasing the insulin cargo through mi-
croneedle dissolution or swelling. The first reported successful
approach in combining a microneedle patch with glucose-
responsive materials was by Yu et al.*¥ Vesicles integrating
insulin and glucose oxidase (GO,) were loaded into hypoxia-
sensitive HA microneedles conjugated with 2-nitroimidazole.
Under a hypoxic environment, hydrophobic 2-nitroimidazole is
converted into hydrophilic 2-aminoimidazole. In the presence of
high glucose levels, the local hypoxic microenvironment caused
by the oxygen consumption in the catalytic reaction of glucose
to gluconic acid promoted the bioreduction of 2-nitroimidazole
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and the dissociation of the HA-derivate vesicles, with the subse-
quent release of insulin. The drop in the microenvironment pH
caused by the reaction of glucose to gluconic acid has also been
exploited to trigger the release of insulin.®”? Likewise, H,0,, a
byproduct of the catalytic reaction, may be employed to trigger
the release of insulin. H,O,-responsive polymeric matrixes
integrating insulin and GO, have been used in glucose-sensitive
systems. The released H,0, caused the polymer degradation
under increased glucose levels.®’“<] However, the production of
H, 0, may irreversibly reduce GO,, activity leading to a poorly re-
producible response to hyperglycemic conditions. In an attempt
to regulate this effect, Gu and co-workers integrated a second en-
zyme, catalase, which acts as a H,0,-scavenging enzyme.*%58]
In their core-shell approach, microneedles consisted of a
H,0,-responsive core matrix loaded with GO, and insulin
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Figure 7. Transdermal microneedle based on droplet-born air blowing technique. A-F) Schematic illustration of the microneedle patch fabrication,
starting from the deposition of biopolymers arrays (A) followed by co-localized dispensing of the drug-loaded polymer (B). A parallel upper plate makes
contact with the polymer arrays (C) to then move upward to create microneedles of controlled length (D). The microneedles are solidified into a conical
shape by air blowing (E) and finally the upper and lower plates are separated (F). G) Optical micrograph of the resulting dissolving microneedles arrays.
H) Blood glucose levels of mice after the application of bare dissolving microneedles (filled square), insulin-loaded microneedles (2.0 1U kg™', open
square) and subcutaneous injection (2.0 IU kg™', open circle). Reproduced with permission.[®l Copyright 2013, Elsevier.

whereas the shell was comprised of a catalase nanogel designed
to scavenge the excess of H,0, (Figure 6). H,O,-responsive
insulin release was achieved via the modification of insulin
with 4-nitrophenyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl) benzyl carbonate (insulin-NBC) and subsequent anchoring
to PVA. When increased local levels of H,O, are generated
by GO, at high glucose concentration, the insulin-NBC-PVA
matrix hydrolyzes and free insulin is rapidly released. PVA
was also gelated with N'-(4-boronobenzyl)-N*-(4-boronophenyl)-
N!,N!,N3,N3-tetramethylpropane-1,3-diaminium (TSPBA),
another H,0,-responsive polymer, to maintain the mechanical
integrity of the shell structure (Figure 6A). In vivo, this micronee-
dle patch demonstrated euglycemic levels for almost 6 h while
minimizing inflammation caused by the H,0, generation.!*’f]
Apart from the toxicity associated to H,0,, enzymatic glucose-
responsive systems based on GO, present other limitations
such as limited long-term stability and poor control over the
release rate. Recently, Matsumoto and co-workers have proposed
a non-enzymatic microneedle system made from phenylboronic
acid-based hydrogels that enabled both sustained and acute
glucose-responsive insulin delivery.#”¥ They demonstrated
2-month stability in aqueous environments (PBS, pH 7.4, 37 °C).
and insulin release highly synchronized with the glucose profile.

As an alternative to the traditional casting method using a
micromolding approach,*? an innovative fabrication approach,
so-called droplet-born air blowing, was proposed by Kim and
co-workers to directly shape the drug-containing polymers into
microneedle tips via air blowing (Figure 7). The method
allowed rapid (<10 min) microneedle arrays fabrication under
mild conditions (4-25 °C), which favors the preservation of the
activity of the active agent. The biopolymer, composed of car-
boxymethylcellulose, HA, and PVP, was dispensed in droplets
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in an ordered array as a base layer. A second layer of the same
biopolymer droplets containing insulin was then deposited on
top. The droplets were drawn to shape into microneedle arrays
between two parallel plates by air blowing. The amount of
insulin was finely controlled by adjusting the pressure and time
of droplet dispenser and the air blowing. In a mouse model,
the observed bioavailability of insulin and downregulation of
glucose using a microneedle patch fabricated by the droplet-born
air blowing method was comparable to that produced by subcu-
taneous injection. Another novel manufacturing approach was
introduced by Yang et al. to create dissolving microneedles from
micropillar arrays via the air blowing method.% First, a layer of
PLGA was electrospun on the pillars; then, droplets of dissolving
HA were deposited on each pillar and subsequently shaped into
sharpened tips via a droplet-born air blowing process. Aided
by the fibrous PLGA layer, the HA tips rapidly separated from
the micropillar base upon skin insertion. Thus, these drug-
containing tips remained implanted into the skin and slowly
released their insulin content. Their hypoglycemic effect was
demonstrated in vivo in a healthy mouse model.

2.3. Microneedle Patches for Cancer Therapy

Cancer is a life-threatening disease and difficult to cure under
current medical technique.’!! Conventional therapy includes
surgery, chemotherapy, radiotherapy, photodynamic therapy
(PDT), photothermal therapy (PTT), and immunotherapy.782
Although those treatments have been improved over the past
decades, the effective and targeted delivery of therapeutical
agents to the tumor site remains a considerable challenge.l*)
Skin cancer is a common malignancy in humans and has an
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Figure 8. NIR-activatable microneedles for superficial tumor treatment. A) Schematic illustrations of the combinational PTT and chemotherapy treatment
by applying a drug-loaded NIR-responsive microneedle patch onto skin tumors. The supporting microneedle array dissolves within 5 min after insertion,
leaving the NIR-responsive microneedles inserted under the skin. Upon exposure to NIR light, the photosensitive embedded microneedles can generate
localized heat around the tumor area which causes the microneedles to melt, thus releasing the chemotherapy drug. B) Characterization of the NIR light-
activatable microneedle patch. The system consists of PVA/PVP dissolving micropillar arrays capped with polycaprolactone microneedles containing
photosensitive nanoparticles (lanthanum hexaboride) and an anticancer drug (doxorubicin). a) Schematic representation of the microneedle system
together with the microneedle specifications. b,c) Bright-field micrographs of stainless steel microneedle master structure (b, b1) and doxorubicin-loaded
polycaprolactone microneedle system (c, c1) (b and ¢, low magnification; b1 and ¢, high magnification). C) Photographs of untreated mice, mice injected
with doxorubicin intratumorally (chemotherapy), mice treated with microneedles and NIR light (PTT therapy), and mice treated with doxorubicin-loaded
microneedles and NIR light (combinational therapy) at days 0, 10, and 20 after treatment. Reproduced with permission.®®! Copyright 2015, American
Chemical Society.

increasing incidence.’ For example, it is estimated that one
in five Americans will develop skin cancer in their lifetime.l%!
Particularly, malignant melanoma, that causes millions of
deaths every year,* has high resistance to both radiotherapy
and chemotherapy.””! In the recent years, microneedle patches
have been developed to target-deliver therapeutic agents into skin
tumor sites with high delivery efficacy and reduced side effects.
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Microneedles have been employed to deliver anticancer drugs
(chemotherapy), as well as PDT and PTT agents, to skin tu-
mor sites in a minimally invasive fashion and with improved
therapeutic efficacy. For example, Chen et al. reported NIR light
activatable microneedles that are capable to reliably penetrate
the skin and simultaneously provide PTT and chemotherapy
to combat a skin tumor (Figure 8).°¥! Their microneedle patch
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Figure 9. Microneedle-assisted delivery of mesoporous silica nanoparticles for combinational PDT and targeted therapy. a) Schematic of the synthesis
of photosensitizer-conjugated and drug-loaded mesoporous silica nanoparticles and its penetration into skin. b) Proposed cellular mechanism for
the action of the combinational PDT and targeted therapies based on silica nanoparticles (MN, microneedles; Pc, Phthalocyanine; PcNP, Pc-bonded
mesoporous organosilica nanoparticles). c) Fluorescence characterization for the topical penetration of phthalocyanine-conjugated silica nanoparticles
(20 mg mL™") versus free phthalocyanine on fresh porcine skin for 10 min and 1h durations with and without the microneedle assistance. d) Fluorescence
imaging of histological sections of porcine skin penetrated with silica nanoparticles (20 mg mL™") for 10 min without microneedles (i), 10 min with
microneedles (ii), 1 h without microneedles (iii), and 1 h with microneedles (iv). Scale bar = 200 pm. e) In vivo antitumoral effect of the microneedle-
assisted combinational therapy. Relative tumor size growth chart for control, PDT-treated mice in presence of NIR light (PcNP+hv), targeted therapy
treated mice without NIR light (PcNP@ Drug—hv), and combinational therapy treated mice in presence of NIR light (PcNP@ Drug+hv). The tumor sizes
were measured together with the mouse skin using a digital caliper. Green arrow: silica nanoparticle treatment, red arrow: laser treatment. *p < 0.05,
n = 5. f) Photographs of the relative sizes of the excised tumors on day 16 for each group. Reproduced with permission.[*?l Copyright 2018, American
Chemical Society.

was made of PVA/PVP as a supporting substrate, and embed-  dition, as evaluated using porcine skin, microneedles could facil-
dable polycaprolactone containing photoresponsive lanthanum  itate transfer of silica nanoparticles across the epidermis to reach
hexaboride nanoparticles and an anticancer drug (doxorubicin).  deep-seated melanoma sites. An in vivo study of xenografted
This microneedle patch uniformly penetrated into skin and en-  melanoma mouse model further confirmed the therapeutic ef-
abled locoregional cancer treatment. Activated by NIR light, the  ficacy of the microneedle-assisted delivery of silica nanoparticles
microneedle increased the local temperature up to 50 °C and  for combinational photodynamic and targeted therapy.” Apart
photothermally ablated the tumor and triggered doxorubicin re-  from those developments, many other studies have been reported
lease. An in vivo mouse xenograft model demonstrated that this ~ that demonstrate the effectiveness and promising future usage
microneedle patch completely eradicated a 4T1 tumor within 1 of microneedle technique for skin cancer therapy.'% For in-
week without observable invasion and side effects.’®! Zhao and  stance, Done et al. fabricated Au nanocage-strengthened dissolv-
co-workers synthesized photosensitizer (phthalocyanine) conju-  ing microneedles for combined PTT and chemotherapy of skin
gated mesoporous silica nanoparticles co-loaded with two FDA-  tumors;!%! Lan et al. reported microneedle-assisted lipid-coated
approved targeted drugs, that is, dabrafenib and trametinib, for  cisplatin nanoparticle cancer therapy;!'°? Zhao et al. reported a
combination therapy of mutant melanoma (Figure 9).) In vitro  tip-loaded fast dissolving microneedle patch for PDT.I'%’]

tests showed that as-prepared drug free nanovehicles were cy- In addition to cancer chemotherapy, PDT, and PTT, the mi-
tocompatible in contact with normal skin cells in the dark. In  croneedle patch platform has also been intensively studied
contrast, NIR-irradiated drug-loaded nanovehicles showed a syn-  for cancer immunotherapy. Cancer immunotherapy that mod-
ergistic killing effect on skin cancer cells mainly through both  ulate the patient's immune system to identify and kill can-
reactive oxygen species and caspase-activated apoptosis.®” Inad-  cer cells has strong potential for long-term cancer treatment
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Figure 10. Microneedle patch for skin cancer immunotherapy. A) Schematic of the microneedle-assisted delivery of aPD1 for melanoma treatment. a)
Schematic for the delivery mechanism of aPD 1 from microneedle arrays containing self-dissociating nanoparticles. b) Schematic of the immunotherapeu-
tic effect of aPD: blockade of PD-1 by aPD1 to activate the immune response and destroy cancer cells. B) Morphological and mechanical characterization
of aPD1 loaded microneedles. a) Scanning electron microscopy image of dextran nanoparticles (scale bar: 100 nm). b) The average hydrodynamic sizes
of dextran nanoparticles determined by dynamic light scattering. c) Scanning electron microscopy image of microneedle arrays (scale bar: 200 pm). d)
High magnification of a microneedle tip by scanning electron microscopy, confirming that the microneedle is composed by nanoparticles (scale bar:
5 pm). e) Fluorescence micrograph of microneedle arrays containing FITC-antibody loaded nanoparticles in their tip (scale bar: 200 pm). f) Mechanical
stress characterization for the microneedle patch, showing a failure force of 0.38 N per needle. C) In vivo skin cancer immunotherapy using aPD1-loaded
microneedles. a) Mouse dorsum and skin area (marked by a dashed red line) treated with a microneedle patch (left). Optical micrograph of the trypan
blue staining displaying penetration of microneedle patch into mouse skin (right) (scale bar: T mm). b) Histological hematoxylin and eosin (H&E)
stained section of a mouse skin area penetrated by one microneedle (scale bar: 200 pm). c) Merged fluorescence and bright field cross-sectional images
of the mouse skin treated with microneedles loaded with FITC-labeled antibodies (green: aPD1) (scale bar: 200 pm). d) In vivo bioluminescence imaging
of the B16F10 melanomas for different groups (1, untreated; 2, MN-GO,; 3, free aPD1; 4, MN-aPD1; 5, MN-GO,aPD1). The error bars represent the
standard deviation (SD) of three mice. e) Quantified bioluminescent tumor signals according to (d). f) Kaplan—Meier survival curves for the treated and
the control mouse groups (eight mice per treatment group). g) Immunofluorescence staining of tumors treated with MN-GO,-aPD1 or free aPD1 at
day 0, day 1, and day 3 (green: aPD1, blue: nucleus) (scale bar: 100 pm). Comparisons of survival curves were made using the log-rank test. *p < 0.05.
Reproduced with permission.[1%7] Copyright 2016, American Chemical Society.

with reduced risk of cancer metastasis and recurrence.'™ Mi-  lease of aPD1 (Figure 10). In a B16F10 mouse melanoma model,

croneedle patches are able to deliver biomolecules to the high
density of antigen-presenting cells residing in skin layer, and gen-
erate increased antitumor immune response.”>'%! For example,
programmed death-1 (PD-1) immune checkpoint inhibitors, are
FDA-approved negative regulators of tumor-infiltrating lympho-
cytes and are a very effective weapon to combat various types of
cancers and improve patient survival rate.'%! Gu and co-workers
reported microneedle patch assisted anti-PD1 (aPD1) antibody
delivery.'”) Their microneedles were composed of biocompatible
HA with pH-sensitive dextran nanoparticles loaded with aPD1
and GO,. By converting glucose to gluconic acid, the enzyme dis-
rupts dextran nanoparticle structure, resulting in sustained re-
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this microneedle patch could generate robust immune responses
with a single administration.!?”} Besides that, the same group
also demonstrate that the microneedle patch is applicable for
synergistic immunotherapy with enhanced antitumor immune
responses.[1%8]

2.4. Microneedle Patches for Other Applications
Besides vaccination, diabetes treatment and cancer therapy, the

application of microneedle-based systems has also been in-
vestigated to successfully treat other diseases or manage skin
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conditions. For instance, the usage of microneedle for cosmetic
application dates back to early 2000s and has led to the greatest
commercial success of the microneedle technique.'! Micronee-
dles have demonstrated promising results in improving skin ap-
pearance and minimizing skin imperfections such as scars,'!%
stretch marks, '] hyperpigmentation,[''? and wrinkles.'"| The
large and growing market for cosmetic microneedle products was
pioneered by the launch of Dermaroller in 1999 (Wolfenbiittel,
Germany), which consists of solid microneedles projecting out
from cylindrical rollers.'%] By rolling the device on the skin sur-
face, transient micropores are opened. These pores could reach
up to the papillary dermis depending on the length of the mi-
croneedles (150-1500 pm) and the applied force.''l Researchers
and clinicians have demonstrated that Dermaroller can be used
to improve skin texture by reducing fine wrinkles and lines,
or even to treat scars and hyperpigmentation.l'’” For instance,
Dermaroller has been used to treat acne scars by piercing the
skin for collagen induction therapy (dermabrasion). Fabbrocini
et al. treated human volunteers presenting acne scars with Der-
maroller microneedles, observing an overall aesthetic improve-
ment in all patients after only two sessions.[''% Dermaroller has
also been used in combination with active agents such as gly-
colic acid for the treatment of acne scars in pigmented skin,
with a significant improvement in scar appearance and skin
texture, and reduced pigmentation.''>"! Many other companies
(e.g., Hansderma, Dermapen) have developed similar products
to Dermaroller. Dissolving microneedles have also been used for
cosmetic application. Jung and co-workers developed a dissolv-
ing HA-based microneedle patch for the delivery of cosmetic
products (ascorbic acid and retinyl retinoate).!3 Tests in hu-
man volunteers demonstrated improvement of skin appearance
by reducing wrinkles and skin roughness. Dissolving micronee-
dle patches have been successfully commercialized for cosmetic
purposes. MicroHyala are microneedle patches developed by
the pharmaceutical company CosMED (Kyoto, Japan) which are
made of dissolving HA and were granted FDA approval in
2004.1161 Upon exposure to the skin moisture, the HA is dissolved
and the cosmetic product released.''”] MicroHyala has also been
clinically tested for the delivery of influenza vaccines.[1®!

Most recently a rapidly separating microneedle patch (where
the microneedle tips separate from the supporting substrate)
was used for the sustained release of a contraceptive.'™
Sustained-release formulation of contraceptive hormones via
self-administration attracts great attention because of its effec-
tiveness, low cost, and convenience. In this study, Prausnitz
and co-workers developed biodegradable polylactic acid and
polylactic-co-glycolic acid needles for continuous release of
the contraceptive hormone levonorgestrel (Figure 11). Bubble
structures between the microneedles and the supporting array
facilitate the rapid release of the dissolving tips within 5 s after
administration. This microneedle patch was tested in rats, reveal-
ing that the patch was well tolerated, while maintaining plasma
concentrations of the hormone above the therapeutic level for
1 month.9

Water-soluble microneedles are well suited for skin delivery,
since aqueous contact does not occur on the most external layers
of the skin, thus preventing dissolution prior to penetration.
However, for wet tissues, such as buccal, ocular and mucosal
routes, the dissolving speed must be slowed down to prevent
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microneedle dissolution before penetration into the tissue.
Than et al. reported self-implantable double-layered micro-
drug-reservoirs for efficient and controlled ocular drug delivery
(Figure 12).'2% Fast dissolving HA was covered by slow dis-
solving crosslinked methacrylated HA (MeHA) to slow down
dissolution, facilitating penetration of the wet cornea surface be-
fore loss of mechanical strength. In a corneal neovascularization
disease model, the delivery of an anti-angiogenic monoclonal
antibody (DC101) produced approximately 90% reduction of
neovascular area with minimal invasion.'?% Gu et al. reported
a feedback-controlled anticoagulant system based on thrombin-
responsive polymer-drug conjugates for auto-anticoagulant
regulation (Figure 13).'!l Thrombin-responsive heparin (HP)
conjugated HA was fabricated by using a thrombin-cleavable
peptide as a linker to conjugate HP to the main chain of HA. The
fabricated thrombin-responsive HP conjugated HA (TR-HAHP)
was used to generate a microneedle patch for transcutaneous
delivery. Triggered release of the HP from microneedle patch
was achieved upon exceeding a threshold thrombin concentra-
tion, reducing risk of over- or under-dosage. In addition, in vivo
study in thrombolytic challenge model demonstrated long-term
effectiveness.'?!]

Microneedle patches have also been applied for the treatment
of bacterial infections.'?? The microneedle-assisted local deliv-
ery of antimicrobial agents have shown enhanced therapeutic
effects for epidermal wounds!'??! as well as for subcutaneous
infections.l'22d Recently, Chen and co-workers have developed
dissolving microneedle patches composed of an antifugal and an-
tibacterial chitosan-polyethylenimine copolymer.'??d Dissolving
antibacterial polymers, apart from enabling sustained release,
also have the advantage of not inducing drug resistance as they
act by physically disrupting microbial membranes.l'?>d The an-
tibacterial effect of this copolymer was proven to last for up seven
days. Additionally, the authors showed that antimicrobial drugs
such as amphotericin B can be loaded in the copolymer matrix,
and that the codelivery of both active agents provides enhanced
therapeutic effects against subcutaneous fungal infection. In vivo
experiments showed that the local, sustained delivery facilitated
by these patches provides a superior antimicrobial effect when
compared to topical drug delivery.

Microneedle patches are also utilized for many other disease
treatments or biomedical applications, such as hair regrowth,['23!
analgesia,®’#124 acute migraine,['*’ and obesity.[2°)

3. Nanoparticles for Transdermal Delivery

In this section, we review the most recent efforts to design and de-
velop nanoparticles and nanoscaled systems for enhanced trans-
dermal delivery.1?’]

For the past decade, nanotechnology has improved therapeu-
tics in a number of medical fields, including cancer, wound
healing, and cardiology.'”® Drug nanocarriers have been de-
signed in various architectures, ranging from nanoparticles
(0D), nanowires, and nanotubes (1D), nanosheets (2D) to 3D
architectured nanomaterials.'?) One of the major advantages
of nanomaterials is that they can be engineered for specific
functionalities, such as sustained/triggered release, increased
stability and solubility, targeted delivery to specific sites, and
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Figure 11. Rapidly separating microneedle patches for the sustained release of a contraceptive. a,b) Design and application of rapidly separating mi-
croneedle patches. a) Left and inset, schematic representation of the microneedle design containing a bubble that enables rapid separation from the
supporting substrate. Right, illustration of the microneedle patch application using first a vertical force to pierce the skin, then and a shearing force
to detach the supporting substrate. b) Photograph of the patch containing 100 individual microneedles. c) Rat plasma concentrations of the contra-
ceptive monitored for up to 60 h after administration of levonorgestrel-loaded microneedle patches, where the dashed blue line indicates the human
therapeutic levonorgestrel level. Rats administered with blank microneedle patches and untreated rats were used as controls. d—f) Characterization
of dye release from rapidly separating microneedle patches applied in vivo in rats. d) Top left, photograph of the rat dorsum after application of Nile
red-loaded microneedles, with the application area delimited with a yellow dashed circle. Bright-field (top right) and fluorescence microscopy (middle
right) micrographs of the skin after microneedle patch application and removal, where the red dot arrays correspond to microneedles embedded in the
skin. Scale bar, 500 pm. Histological sections of rat skin images by bright-field (bottom left) and fluorescence (bottom right) microscopy, displaying
the microneedles embedded into the skin. Scale bar, 200 pm. e) Fluorescence images of the skin surface before and after insertion of a Nile red-loaded
microneedle patch into rat skin in vivo at different time points (days 0, 1, 7, 15, 30, 45, and 60), illustrating the dye release during microneedle degrada-
tion. Scale bar, 2 mm. f) Quantitative analysis of the skin fluorescence intensity after administration of a Nile red-loaded microneedle patch at different
time points (days 0, 1, 7, 15, 30, 45, and 60). Data are normalized to day 0. Bars represent means + SD (n = 5 independent animals). Reproduced with

permission.!""®l Copyright 2019, Springer Nature.

enhanced permeation and retention (EPR).*Y1 Nanosystems

can selectively interact with different biological entities (such as
DNA, RNA, and proteins) by carefully controlling the properties
of the nanomaterial (e.g., size, surface chemistry, morphology,
and chemical composition).[31]

Encouraged by the success that therapeutic nanotechnological
approaches have achieved in other medical fields, nanomaterials
have increasingly been investigated for transdermal drug deliv-
ery. Nanoparticles may be employed to enhance the transport of
active agents through the stratum corneum and into the viable
layers of the skin. They may be also used to facilitate the drug
penetration into the skin by increasing aqueous solubility.!*?
In addition, nanoparticulate systems can be further function-
alized with targeting ligands to achieve targeted release within
the skin.

There are two possible transdermal transport routes for
nanocarriers: i) along skin appendages including hair follicles,
pilosebaceous pores, and sweat gland pore (Figure 14A); or ii)
through the intercellular routes that exist between corneocytes
and along the lipid matrix (Figure 14B).l'32l Polymeric nanoparti-
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cles, nanoemulsions, solid liposomes, metal/metal oxide nanos-
tructures and dendrimers are the most commonly used nanocar-
riers for transdermal delivery.’33] These nanoparticles are typi-
cally regarded as cost-effective and safe, and also possess high
drug-loading capacity. Indeed, since Doxil (a liposomal nanofor-
mulation) was approved in 1995, more than 50 nanocarriers
have received FDA approval and are available for clinical use.'3¥
Most typically, these are administered via intravenous injection
and, less frequently, transdermally. The skin permeation of these
nanocarriers is strongly limited by their size. Recent reports have
shown that solid nanoparticles between 10 and 100 nm in size
penetrate poorly into human skin.'*! This has encouraged ex-
tensive investigations in engineering the shape, chemistry, and
deformability of nanocarriers from the perspective of under-
standing the mechanisms involved in the nanoparticle transport
through the skin. This essential research has led to the success-
ful application of nanoparticle systems for transdermal drug de-
livery for a variety of conditions, including enhanced vaccina-
tion, treatment of skin cancer, infection and chronic wounds, and
diabetes.3¢
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Figure 12. Self-implantable double-layered microneedles for ocular drug delivery. A) Schematic illustrations and in vitro characterization of the biphasic
release from double-layered microneedles. a) Photograph of the microneedle patch resting on a finger (left) and schematic illustration of the eye-contact
patch for ocular delivery. b) Schematic showing the biphasic release profile from double-layered micro-drug-reservoirs, with fast release represented in
green and slow release in red. c¢) The merged (optical and fluorescent) images of double-layered microneedles before insertion and after insertion in
agarose hydrogels, showing real-time release of IgG (680) (red color) and IgG (488) (green color) at different time points (from 3 min to 6 h). Scale bars:
200 pm. B) Ex vivo evaluation of double-layered microneedles for ocular delivery. Bright-field images of the cornea before (a) and after (b) microneedle
application. Scale bars: 2 mm. Cross-sectional image of the cornea after microneedle application (c) and after removal of the supporting patch (d). Scale
bars: 200 ym. e) Hematoxylin and eosin (H&E) stained section of the cornea after microneedles penetration. Scale bar: 100 ym. f) The force applied to
double-layered microneedles (n = 3). g) Confocal image of cornea after double-layered microneedles applied, h) fluorescence intensity increased (n = 4)
in the region adjacent to double-layered microneedles, and i) confocal images of IgG (680) (red color) and 1gG (488) (green color) in the cornea. Scale
bars: 100 pm. j) Transmittance of the fully-hydrated double-layered microneedle, cornea and aqueous humor (n = 3). Reproduced with permission.!120]
Copyright 2018, Springer Nature.
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Figure 13. Thrombin-responsive closed-loop patch. A) Schematic illustration of the mechanism microneedle based feedback-controlled heparin delivery
(a, b). ) Accumulated FITC-labeled HP release in response to different thrombin concentrations at 37 °C. d) Pulsatile release profile of FITC-HP from
the TR-HAHP hydrogel (blue indicates without thrombin; pink indicates with thrombin). e) Fluorescent images of the TR-HAHP hydrogel in thrombin
solution at different time points. Scale bar = 1 mm. B) Fabrication and in vitro characterization of the thrombin-responsive patch. a) Photographs of
the microneedle patch. Scale bar: 1 mm. b) A fluorescence image of rhodamine-labeled microneedles loaded with FITC-labeled TR-HAHP. Scale bar:
200 pm. c) A scanning electron microscopy image of microneedle arrays. Scale bar: 200 pm. d) Pulsatile release profile of FITC-HP from the TR-HAHP
microneedle patch (blue indicates without thrombin; pink indicates with thrombin). e) FITC-HP release from microneedle patch in response to thrombin
solutions. Reproduced with permission.['?! Copyright 2017, Wiley-VCH.
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Figure 14. Structure of skin revealing routes of nanoparticle penetration through A) skin appendages including hair follicles, pilosebaceous pores, and

sweat gland pores; and B) through the intercellular routes.
3.1. Treatment of Skin Cancer

Many nanocarriers have been designed and synthesized for ap-
plication in improved treatments of skin cancer, which is one of
the most common skin malignancies.'%<137] Nanoparticles can
be engineered to locally deliver anti-cancer drugs to the tumor
site thus improving treatment efficacy and reduce side-effects.
For example, Rao et al. reported that superparamagnetic iron-
oxide nanoparticles (SPIONs), loaded with the model anticancer
agent epirubicin (EPI), could circumvent the stratum corneum
via the follicular route for enhanced skin cancer treatment.*¥
In this nanosystem, EPI was covalently conjugated to SPIONs
and driven by an external magnetic field to deeper regions of the
skin. This magnetic field assisted SPIONs transdermal delivery
system actively inhibited melanoma WM266 cell proliferation
in a dose-dependent way. In addition, in vitro transdermal
studies revealed that SPIONs were able to penetrate deep inside
the skin with the help of an external magnetic field as shown
in Figure 15.138 Wiraj et al. applied framework nucleic acid
(FNAs) nanostructures for transdermal delivery and melanoma
treatment with minimal skin disruption.3% FNAs with different
shapes and sizes were evaluated for their ability to penetrate in
mice and human skin explant. A size-dependent penetration
was found: FNAs <75 nm could effectively reach dermis, with
17 nm FNAs exhibiting the best penetration to up to 350 pm
depth. Moreover, in vivo mouse melanoma model studies
showed that doxorubicin-loaded FNAs gave a twofold enhance-
ment of drug accumulation and tumor inhibition compared to
doxorubicin-loaded liposomes or polymeric nanoparticles.!3%]

3.2. Treatment of Infection
Chronic skin wounds are commonly accompanied by bacterial

infection, and the treatment of the infection is essential to avoid
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wound aggravation.36¢140l Degpite the availability of a range

of antibiotics, morbidity and mortality of chronic wound pa-
tients remain high because of the growing number of multi-
drug resistant microorganisms.'*!l Therefore, there is a cru-
cial need to develop new strategies to combat chronic skin
wound infection and improve wound healing. For this purpose,
the use of nanodelivery systems appears in a privileged posi-
tion due to their versatility, cost-effectiveness, safety, and ef-
fectiveness. Indeed, a range of nanoparticles have been pro-
posed for enhanced wound healing in recent times. The most
common candidates as antibacterial agents are silver nanopar-
ticles which are effective against both gram-positive and gram-
negative bacteria.'*?l Besides silver, many other nanoparticles
have been designed to treat wound infection. For example,
porous silicon has been designed to combat bacteria and mi-
crobial infection.'* In one study, Alhmoud et al. fabricated
gold nanoparticles decorated porous silicon nanopillars for tar-
geted hyperthermal treatment of bacteria.l'*!l In this study, the
nanocomposites could be activated by NIR laser irradiation and
inhibit the growth of Staphylococcus aureus.'*# Functional metal-
organic framework nanoparticles have been also fabricated for
skin infection treatment.!*! Light-responsive zeolitic imidazo-
late framework (ZIF) nanoparticles were fabricated as rifampicin
nanocarriers (Figure 16).1*" In this study, ZIF was formulated
with 2-nitrobenzaldehyde (0-NBA) to act as a light responsive
nanocarrier. Upon light irradiation, 2-nitrobenzaldehyde could
lower pH and trigger degradation of ZIF nanoparticles, thus
controlling the release of the antibiotic rifampicin (RFP). In
addition, the dissolution of scaffolding ZIF nanoparticles re-
sulted in the release of Zn?* ions, giving an additional curative
effect.'*>Y! 2D materials have been also synthesized for skin bac-
terial disinfection and wound healing applications.'*?l As an ex-
ample, Li et al. reported using Zn** and graphene oxide mod-
ified g-C;N, to promote wound healing and kill bacteria at the
same time by short-time exposure to 660 and 808 nm light.['*”]
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Figure 15. EPI-loaded SPION for transdermal delivery. A-C) Evaluation
of magnetic transdermal delivery of EPI-SPION particles via modified
Franz's cell method. A) EPI-SPION particles distribution on the skin is
shown in the absence (A1) and presence (A2) of an external permanent
ferromagnet. B) H&E stained histological section. Control (B1) and EPI-
SPION (B2, B3). C) TEM images of skin section, where blue arrows indi-
cate the pilosebaceous unit and red arrows indicate EPI-SPION particles.
D) Schematic illustration of EPI-loaded SPION for magnetic transdermal
delivery against skin cancers. Reproduced with permission.[38 Copyright
2015, Wiley-VCH.

Zn?* and graphene modified g-C;N, generated a photodynamic
and photothermal antibacterial effect upon co-irradiation, which
killed over 99.1% of S. aureus and Escherichia coli. In addition,
Zn?* and graphene oxide upregulated the expressions of matrix
metalloproteinase-2 (MMP-2), type III collagen (COL-III), and
type I collagen (COL-I), which accelerated wound healing.'*"]
Many other nanomaterials have been reported for skin infec-
tion treatment and enhanced wound healing, including metal
nanoparticles,'*¥ polymeric nanoparticles,/'*) nanogels,">" cop-
per sulphide nanoparticles,®! zinc oxide nanoparticles,>?
porous silicon nanoparticles,!>¥ etc.

3.3. Other Applications
Nanocarriers have also been utilized for other therapeutic appli-

cations. For example, Zhang et al. prepared 5-aminolevulinic acid
loaded nanoethosome gels for transdermal delivery in the treat-
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ment of hypertrophic scars.'™ Hypertrophic scars are caused

by persistent dermal fibrosis, irregular collagen deposition, and
overproliferative hypertrophic scar fibroblast.'>! In this study,
nanoethosomes were demonstrated to penetrate the skin barrier
and deliver a higher dose of 5-aminolevulinic acid into human hy-
pertrophic scars in vitro. In vivo evaluation in rabbit hypertrophic
scars model revealed that nanoethosomes facilitated transder-
mal delivery of 5-aminolevulinic acid, and improved PDT for
hypertrophic scars.’> Yang et al. examined liposome encapsu-
lated X;-DNA to alleviate atopic dermatitis symptoms.[>? X -
DNA are X-shaped double-stranded oligonucleotides that can in-
duce activation of innate immune cells.l'”] Confocal microscopy
demonstrates that this nanostructure can efficiently penetrate
into the epidermis and dermis, and alleviate atopic dermati-
tis symptoms in mice.'>”] In addition, nanoparticles have also
been utilized for improved vaccination. For example, Li et al.
demonstrate that aluminum hydroxide nanoparticles exhibited
higher vaccine adjuvant activity than traditional aluminum hy-
droxide microparticles.**® In this experiment, ovalbumin and
Bacillus anthracis protective antigen protein was used as model
antigens. Aluminum hydroxide nanoparticles of 112 nm diam-
eter induced a stronger antigen-specific antibody response than
9.3 pm aluminum hydroxide microparticles. More recently, Chen
et al. reported on a clay nanoparticle (layered double hydrox-
ides or hectorite)-based vaccine formulation that was loaded with
three recombinant antigens (intimin g, proprietary antigen 1 and
proprietary antigen 2) for the control of pathogenic E. coli.13¢
This study shows that clay nanoparticles generated significantly
higher immune responses compared to a commercial adjuvant
QuilA formulation.

4. Biointegrated Functional On-Skin Devices

Wearable biointegrated functional devices that are capable
to noninvasively monitor biological activities, store and an-
alyze data, and deliver therapeutics via a feedback loop,
are very promising for personalized medicine and healthcare
applications.® Such devices promise to improve management
of high incidence diseases, such as heart failure, diabetes, and
Parkinson’s disease.!

In recent years, there have been some key advances in the
development of wearable biointegrated functional on-skin
devices.”>1% For example, Kim and co-workers fabricated a
multifunctional, skin-wearable device that integrated stretchable
temperature and strain sensors, a non-volatile memory, and a
thermal drug release actuator (Figure 17A).158 This wearable
patch was able to monitor motion-related neurological disorders,
and controllably deliver drugs via the diagnostic feedback. In
this study, Parkinson’s was used as model disease to demon-
strate how this system works: first, movement disorders were
measured by the strain sensor and the data were stored in an inte-
grated memory device; second, collected data were analyzed and,
depending on the feedback, transdermal delivery (drug released
from mesoporous-silica nanoparticles) was triggered and con-
trolled by thermal stimuli (heat) (Figure 17A).1%8 In addition, the
same group further developed a graphene-based electrochemical
device with thermo-responsive microneedles for sweat-based di-
abetes monitoring and feedback-controlled transdermal delivery
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Figure 16. Light-responsive (ZIF) nanoparticles as rifampicin nanocarriers for treatment of bacterial infections. A) Morphological and in vitro charac-
terization of the light-responsive ZIF nanoparticles. a) TEM of RFP&o-NBA@ZIF-8 treated with UV irradiation for different periods of time (al-a6: 15,
30, 60, 90, 120, 150 min). b) pH change; c) the release efficiency of Zn2+, and d) the antibiotic release efficiency after UV light treatment for different
periods of time. B) The optical density at 600 nm (OD600) of ampicillin-resistant Escherichia coli (a) and MRSA (b) after treatment with 10 pg mL~" of
materials under different conditions. c) Coated flat panel of i) Ampicillin-resistant E. coli and ii) MRSA treated under different conditions: 1) PBS + Light,
2) ZIF-8 + Light, 3) o-NBA@ZIF-8 + Dark, 4) o-NBA@ZIF-8 + Light, 5) RFP@ZIF-8 + Light, 6) RFP&o-NBA@ZIF-8 + Dark, and 7) RFP&o-NBA@ZIF-8
+ Light. Reproduced with permission.['*] Copyright 2018, Wiley-VCH.
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Figure 17. A) Schematic illustration of wearable electronic patch. a) Wearable memory array that consists of a TiO, NM-Au NPs-TiO, NM switching
layer and Al electrodes. On the top-side of the patch, the electroresistive heater/temperature sensor was fabricated, with the Si strain sensor on the
opposite side. b) Digital image of wearable electronic patch, showing the wearable bio-integrated system. Reproduced with permission.[38 Copyright
2014, Macmillan Publishers. B) Schematic illustration of the graphene-hybrid electrochemical devices and thermoresponsive drug delivery microneedles.
a) Components of the diabetes patch: the sweat-control (i, ii), sensing (iii—vii) and therapy (viii—x). b) Optical images of the electrochemical sensor array
(left), therapeutic array (right) and microneedles (inset). Components include: i) sweat-uptake layer (Nafion); i) water-proof film (silicone); iii) humidity
sensor; iv) glucose sensor; v) pH sensor; vi) counter electrode (Ag/AgCl); vii) tremor sensor (graphene); viii) microneedles with drugs (PVP loaded with
metformin); ix) heater (gold mesh/graphene); x) temperature sensor (graphene). c) Schematic illustration of the graphene-hybrid electrochemical unit:

electrochemically active and soft functional materials xi), gold-doped graphene xii) and a serpentine Au mesh xiii). d) Optical images of the diabetes
patch on human skin. Reproduced with permission.[*3 Copyright 2016, Macmillan Publishers.
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of hypoglycemic drug (metformin).l The system consists of a
heater, sensors (temperature, humidity, glucose, and pH), and
polymeric microneedles. Figure 17B illustrates how the system
is integrated. In response to a signal from the sensors, poly-
meric microneedles were thermally triggered (by heat) to deliver
metformin and reduce blood glucose levels in diabetic mice.

5. Conclusion, Perspectives, and Future Outlook

The transdermal delivery route is attracting increasing attention
for treating not only skin diseases but also systemic conditions.
Minimal pain and discomfort, bypassing first-pass effects and en-
zymatic degradation, and diminished systemic toxicity are mer-
its that make transdermal delivery promising for clinical transla-
tion. This article provides a comprehensive review about recent
development in microneedles and nanocarriers for transdermal
delivery. Generally, both techniques are fast growing from a fancy
concept to a well-developed research field because of their cost-
effectiveness, ease of administration and high efficacy. A broad
range of drugs, proteins, biomolecules have been successfully de-
livered using these systems in vitro and in vivo.

From a microneedle patch aspect, whereas a number of
solid non-dissolving microneedle devices are already well estab-
lished marketed products (e.g., Dermaroller, Dermapen) with
high consumer acceptance, especially for cosmetic applications,
current research focus is shifting toward polymeric dissolving
and biodegradable microneedles for systemic disease treatment.
Nowadays, the design purpose of microneedle arrays is not sim-
ply to enhance the transdermal delivery efficacy, but also to re-
spond to the biological environment and achieve controlled re-
lease. In addition, another focus of microneedle patches is on
the translation of transdermal delivery approaches into clinical
practice. Indeed, there are approximately 23 active and 39 com-
pleted National Institutes of Health (NIH) clinical trials relat-
ing to microneedle techniques.!**1!l Most clinical trials are cur-
rently using solid non-dissolving microneedle systems, with a
few cases using dissolving microneedles. For example, very re-
cently a solid microneedle patch consisting of a rectangular array
of 351 pyramidal, 700 pm long microneedles (Microchannel Skin
System by 3M Company) for transdermal delivery of aminole-
vulinic acid successfully passed a Phase I study (ClinicalTrials.
gov Identifier: NCT01812837). Likewise, safety, immunogenic-
ity, and acceptability of dissolving microneedle patch vaccina-
tion against influenza were demonstrated in a completed Phase I
study (ClinicalTrials.gov Identifier: NCT02438423).1% Although
extensive research has been carried out and successfully demon-
strated transdermal delivery efficacy using the microneedle tech-
nique, several challenges remain. For example, the choice of ap-
propriate biocompatible biomaterials that allows high mechani-
cal strength, high stability, and suitable drug loading-capacity is
still limited. This issue may be addressed by modifying existing
biomaterials or exploring newly synthesized biomaterials that are
suitable to fabricate microneedle patches. The rapidly progress-
ing field of nanotechnology will most likely be playing a central
role in the advancement of microneedle-assisted transdermal de-
livery. In addition, further investigations on the long-term toxicity
of the newest materials continue to be necessary to demonstrate
their biocompatibility and biosafety. Also, the challenge of upscal-
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ing the microneedle patch fabrication in a cost-effective way re-
mains. Polymer microneedle patches fabricated via molding ap-
proaches may be more cost-effective than silicon or metal mi-
croneedle patches. Research commercialization is another chal-
lenge at current stage. Although dramatic advances have oc-
curred in the last few years, there are competing requirements for
the academic research and the industrial research community:
academic research is currently primarily focused on flexibility in
microneedle patch fabrication whereas industry prioritizes cost-
effectiveness and reliability. In the near future, the scientific com-
munity may need to find a balance. For accelerating the access of
this technology to patients, the robust scientific foundations need
to be combined with strong commercialization schemes.

From a nanoparticle transdermal delivery perspective, it
has already been demonstrated that nanoparticles have the
potential to effectively deliver drugs across the skin. However,
the clinical studies of nano-based delivery systems for trans-
dermal delivery are rare. As an illustrative example, a Phase
I study (ClinicalTrials.gov Identifier: NCT02467673) evaluated
nanoparticle-based formulation of progesterone (10%) combined
with estriol (0.1%) + estradiol (0.25%) for transdermal hormone
therapy.l'*yl For successful translation of this promising technol-
ogy, it is critically important to evaluate the transdermal delivery
efficacy and penetration depth of nanoparticles of different mor-
phology, size, and composition as well as establish long-term
safety profiles for nanoparticles toward skin and the whole body.
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