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Abstract: Microneedles were first conceptualized for drug delivery many decades ago,
overcoming the shortages and preserving the advantages of hypodermic needle and conventional
transdermal drug-delivery systems to some extent. Dissolving and biodegradable microneedle
technologies have been used for transdermal sustained deliveries of different drugs and vaccines.
This review describes microneedle geometry and the representative dissolving and biodegrad-
able microneedle delivery methods via the skin, followed by the fabricating methods. Finally,
this review puts forward some perspectives that require further investigation.
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Introduction

Hypodermic needles are used for most biotherapeutic and vaccine injections,' provid-
ing a low-cost, rapid, and direct way to deliver almost any type of molecule into the
body. However, hypodermic needles are utilized primarily in the clinic or at home by
patients who have received special training, and safe needle disposal® and other issues
such as transportation are problems.?> Conventional transdermal drug delivery offers
many important advantages, such as accessibility, safety, painless drug administra-
tion, potential for self-administration, and avoidance of enzymatic degradation in the
gastrointestinal tract or liver, but shows low bioavailability and poor permeability
of drugs because of the physical barrier of the stratum corneum.*> For parenteral
controlled-release formulations, in situ-forming implants are also attractive alterna-
tives to preformed implants and microparticles, avoiding the use of large needles or
microsurgery and with relatively low cost of manufacture. Such a system stays in a
solid state before administration and becomes a hydrogel in situ after injection into
the body. However, key issues remain to be solved, including variability of the implant
shape and structure, avoidance of burst release during implant formation, and toxicity
issues, thus these are far from practical use.® Recently, Peng et al combined nanoparticle
and thermosensitive hydrogel technologies in an appropriate manner, which would
be a promising system for longer sustained and controlled drug delivery.” However,
compared to microneedle technologies, the promising system might have lower patient
compliance and transportation convenience. Deadman et al reported more recently
that an in situ-forming drug depot, Eligard, was approved by the US Food and Drug
Administration. Upon administration, the water-miscible organic solvent dissipates
into the surrounding tissue, which leads to polymer precipitation into a depot at the
site of injection, entrapping the drug. The obvious disadvantages are the fact that an
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organic solvent is administered (which can lead to toxicity)
and the variable shape and size of the implant formed in vivo,
which leads to variable rates of drug release.®

Microneedle technologies, which were first conceptu-
alized for drug delivery many decades ago, overcome the
shortages and preserve the advantages of hypodermic needles
and conventional transdermal drug-delivery systems to some
extent. They are also superior to in situ-forming implants
and in situ-forming drug depot in some fields. Microneedles
are needle-like structures with diameters in the size order
of microns and lengths up to 900 um.’ These structures are
used to pierce the upper layer of the skin to enhance trans-
dermal drug delivery by enabling the transport of a host of
molecules that cannot be delivered across the skin by pas-
sive diffusion alone.!® There is no size limit for delivery of
macromolecules through these microchannels, as the size
of these microchannels is in microns and the maximum
dimension of typical macromolecules administered into the
body are in nanometers,'' thus microneedles can be used to
deliver such macromolecules as insulin, growth hormones,
immunobiologicals, proteins, and peptides.'?

Microneedle technologies can be divided into several cat-
egories: solid microneedles for skin pretreatment to increase
skin permeability, microneedles coated with drugs, polymer
microneedles that encapsulate drugs and fully or partially
dissolve in the skin, and hollow microneedles for drug infu-
sion into the skin.!*!

Stratum corneum —

Microneedles are mostly applied for the transdermal deliv-
ery of drugs and vaccines that may require long exposure,
among which the dissolving and biodegradable microneedle
technologies are most commonly seen. Compared to bolus
delivery, the sustained delivery of drug and vaccine is more
complicated and is a trend in microneedle technology, thus
this article reviews this body of work.

Drug and vaccine delivery methods
via the skin
Skin microanatomy and the geometry

of microneedles

The stratum corneum is 15-20 pm thick and is indispensable
as a barrier. The viable epidermis is located below the stratum
corneum, and has a thickness of 130-180 um. Below the
epidermis lies the dermis, which is about 2,000 um thick and
contains nerves, blood vessels, nociceptors, lymph vessels,
hair follicles, and sweat glands (Figure 1)." The epidermal or
epithelial layer is a covering carried in the superficial dermis
or superficial lamina in the superficial plexus. In the case of
skin as a model, the plexus is the intradermal plexus. There
are some lymphatic vessels in that layer. In the deep dermal
layer or deep lamina, the deep plexus is carried. In the case
of skin, this is the subdermal plexus. In that layer, there are
most of the lymphatic vessels, and the collagen content of
that layer is much greater than in the superficial layer.!® It
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Figure | Skin microanatomy.

Note: © 2012 Elsevier Limited. Reproduced with permission from van der Maaden K, Jiskoot W, Bouwstra J. Microneedle technologies for (trans)dermal drug and vaccine

delivery. | Control Release. 2012;161(2):645-655.'
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has long been recognized as a highly immune reactive tis-
sue containing an abundance of antigen-presenting cells and
immunocompetent cells, especially within the epidermal and
dermal skin layers.!"!

Skin microanatomy largely determines the geometry of
microneedles. Yana et al proved that microneedle arrays with
longer needles (>600 wm) were more effective in creating
pathways across skin and enhancing drug flux, and micronee-
dle arrays with lower needle densities (<2,000 needles/cm?)
were more effective in enhancing drug flux if the microneedles
had sufficient length (>600 pum).!* Noh et al*®* measured skin
irritation using microneedles of 500 wm depth, and concluded
that there was little difference in the decrease of redness after
microneedle application based on application time, but red-
ness was generally maintained until 30 minutes and rapidly
decreased between 30 minutes and 2 hours. Gomaa et al*!
found that when 600 um-long microneedles were applied to
the dermal side of skin, the transepidermal water-loss mea-
surements remained at baseline levels. This is explainable
by the fact that typically only 10%—30% of the needle length
actually penetrates tissue.”? Gomaa et al*! also found that
increasing microneedle density introduced complex effects.
Firstly, more skin channels may have been created, and these
inhibited the long-term, tissue contraction-mediated partial
recovery of the barrier. However, there was also some evi-
dence that at high microneedle densities, individual needles
may no longer effectively breach the barrier due to a “bed of
nails” effect. Leaving the array embedded in the skin seemed
to diminish the magnitude of the initial postinsertion drop
in barrier function. Furthermore, Lee et al* concluded that
pyramidal microneedles were stronger than conical ones,

.

———
600 um

probably due to their larger cross-sectional area at the same
base width/diameter.

Dissolving microneedles

Dissolving microneedles, mostly using different kinds of sug-
ars as the matrix (Figure 2), usually release drugs or vaccines
quickly in vivo,* eg, Ito et al* reported that insulin released
from microneedles very quickly, and almost all of the
formulated insulin was released within 1 hour when dextrin
was used as matrix. Nevertheless, sustained release of drugs
or vaccines is also required under some circumstances. Lee
et al® prepared microneedles with model drug encapsulated
not within the microneedle tips but only in the backing layer,
which served as a controlled-release reservoir that delivered
molecules by a combination of swelling the backing with
interstitial fluid drawn out of the skin and molecule diffusion
into the skin via channels formed by dissolved microneedles.
They revealed that sulforhodamine release from carboxym-
ethyl cellulose microneedle patches exhibited an initial lag
time of a few hours, followed by steady release for approxi-
mately 1 day. Similar behavior was seen for microneedle
patches made of amylopectin, but with slower kinetics. In
this case, lag time was longer and release took place over a
few days. Polymeric dissolving microneedles designed by
Donnelly et al have been produced from Gantrez AN-139,
and delivered 83% of the encapsulated theophylline into
porcine skin within 24 hours.?

Kumar et al?’ characterized and used maltose micronee-
dles to microporate full-thickness pig-ear skin to evaluate
drug delivery of model small (calcein) and large (human
growth hormone) molecules. It was found that modulated

Figure 2 (A-E) Commonly seen dissolving microneedles and the drug-release procedure.
Note: © 2008 Elsevier Limited. Reproduced with permission from Lee JW, Park JH, Prausnitz MR. Dissolving microneedles for transdermal drug delivery. Biomaterials.

2008;29(13):2113-2124.%
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transdermal delivery of small as well as large molecules is
possible upon microporation of the skin in combination with
iontophoresis (ITP). The modulated ITP protocol resulted
in peaks in flux with application of current and gradual
decrease with termination of current, and current density
and time could be used appropriately to program a desired
drug-delivery profile. Garland et al*® studied the potential
for ITP to be combined with polymeric microneedle devices
that remain in contact with the skin during the course of
drug delivery procedure for the first time. Furthermore, it
has been shown that the application of an electric current
enables the permeation of macromolecules from the entire
microneedle-array matrix, and not just that which was con-
tained within the microneedles alone. Thus the application
of an electric current significantly increased the extent of
macromolecular delivery from the poly(methyl vinyl ether
maleic anhydride) microneedle array, which is also promis-
ing for the sustained delivery of drugs and vaccines. Wu
et al® reported a similar finding, wherein the transdermal
permeation of high-molecular-weight compounds through
microneedle-induced channels could be increased through
the combination of ITP. Ito et al reported sustained-release
self-dissolving micropiles (SDMPs), in which porous silicon
dioxide and porous calcium silicate were used as nanoporous
microparticles to adsorb insulin, and the microparticle-
adsorbed insulin was molded to SDMPs using chondroitin
sulfate as a base. They concluded that long-acting SDMP
preparation would be possible by means of porous silicate
adsorbent-held insulin.*

Biodegradable microneedles

Biodegradable microneedles, mostly using different kinds of
biodegradable polymers, including polylactic acid, chitosan,
polyglycolic acid, or poly(lactide-co-glycolide) (PLGA)
to form the matrix, degrade in the skin after application,
whereby the release of incorporated drugs can be sustained
for months by choosing the proper polymer. A previous
study demonstrated the possibility of these biodegradable
microneedles as a patient-friendly substitute for conventional
sustained-delivery methods.*' However, these microneedles
must be inserted and remain in the skin for several days to
utilize the degradation property of biodegradable polymer
effectively.

Kim et al*?> demonstrated that microneedle separation into
the skin was mediated by hydrogel swelling in response to
contact with body fluid after the needles were inserted into the
skin. The hydrogel particles absorbed water quickly, result-
ing in the cracking of the microneedles due to the difference

Figure 3 Microneedle separation into the skin was mediated by hydrogel swelling.
Note: © 2012 Elsevier Limited. Reproduced with permission from Kim M, Jung B,
Park JH. Hydrogel swelling as a trigger to release biodegradable polymer microneedles
in skin. Biomaterials. 2012;33(2):668-678.2

in volume expansion between the needle-matrix polymer
and the hydrogel particles. The swollen particles caused the
microneedles to totally break down, leaving the microneedle
tips in the porcine cadaver skin in vitro and in the hairless
mouse skin in vivo (Figure 3). Chu et al** introduced sepa-
rable arrowhead microneedles that featured micron-size sharp
tips mounted on blunt shafts. Upon insertion in the skin, the
sharp-tipped polymer arrowheads encapsulating drug sepa-
rate from their metal shafts and remain embedded in the skin
for subsequent dissolution and drug release. The blunt metal
shafts can then be discarded. Due to rapid separation of the
arrowhead tips from the shafts within seconds, administration
using arrowhead microneedles can be carried out rapidly,
while drug-release kinetics can be independently controlled,
based on separable arrowhead formulation (Figure 4). Park
et al®' developed arrays of microneedles that were fabricated
out of PLGA using a mold-based technique to encapsulate
model drugs — calcein and bovine serum albumin — either
as a single encapsulation within the needle matrix or as a
double encapsulation, by first encapsulating the drug within
carboxymethyl cellulose or poly-L-lactide microparticles
and then encapsulating drug-loaded microparticles within
needles. In vitro release of calcein and bovine serum albu-
min from three different encapsulation formulations was
measured over time, and was shown to be controlled by the
encapsulation method to achieve release kinetics ranging
from hours to months. Tsioris et al** reported on a fabrica-
tion method to produce silk biopolymer microstructures with

Figure 4 Separable arrowhead microneedles.
Note: © 201 | Elsevier Limited. Reproduced with permission from Chu LY, Prausnitz
MR. Separable arrowhead microneedles. | Control Release. 201 1;149(3):242-249.
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the high aspect ratios required to manufacture microneedle
systems. Room temperature and aqueous-based micromold-
ing allow for the bulk loading of these microneedle structures
with temperature-sensitive drugs such as peptides, antibiot-
ics, and vaccines, or any temperature-labile therapeutic.
Controlled release of a model drug is achieved by adjusting
the postprocessing conditions of the microneedle structures,
mainly by controlling the silk protein secondary structure.

Ausiello et al* released a method for extended and
controlled delivery of parathyroid hormone to a patient in
need, involving implanting a medical device into the patient,
the medical device comprising a substrate, a plurality of
reservoirs in the substrate, and a release system contained in
each of the reservoirs, wherein the release system comprised
parathyroid hormone, and controllably releasing a pharma-
ceutically effective amount of the parathyroid hormone from
the reservoirs.

Microneedle delivery of nucleic acids, in particular
plasmid DNA (pDNA), to the skin represents a potential
new approach for the clinical management of genetic skin
diseases and cutaneous cancers, and for intracutaneous
genetic immunization. DNA vaccines have many potential
benefits, but have failed to generate robust immune responses
in humans.’* DeMuth et al*’ reported an approach for rapid
implantation of vaccine-loaded polymer films carrying DNA,
immune-stimulatory RNA, and biodegradable polycations
using microneedles coated with releasable polyelectrolyte
multilayers that promoted local transfection and controlled
the persistence of DNA and adjuvants in the skin from days
to weeks, with kinetics determined by the film composition.
These “multilayer tattoo” DNA vaccines induced immune
responses against a model HIV antigen comparable to elec-
troporation in mice, enhanced memory T-cell generation,
and elicited 140-fold higher gene expression in nonhuman
primate skin than intradermal DNA injection, indicating the
potential of this strategy for enhancing DNA vaccination

uv-PNMP release layer

Microneedle surface

Figure 5 Sustained vaccine release from “multilayer tattoo” microneedles.

/

(Figure 5). Marc Pearton et al*® proved that the pPDNA-coated
microneedles facilitated reporter-gene expression in viable
human skin, whilst the efficiency of gene expression from
coated microneedles will depend upon suitable DNA loading,
efficient and reproducible skin puncture, and rapid in situ
dissolution of the plasmid at the site of delivery.

Microneedle-fabricating methods
Fabrication of microneedles usually follows the steps
of molding, preparation of microneedle matrix, casting,
removal, and drying.*° The concrete methods are determined
by the desired property of the microneedles. However,
harsh fabrication methods (ie, using high temperature or
organic solvent) may damage temperature-sensitive drugs,
particularly peptides and proteins, so this review mainly
focuses on mild fabrication methods. Vacuum and centrifu-
gation are often applied in casting the microneedle matrix
into the molds. Whilst a polydimethylsiloxane micromold
can be created with precise morphological fidelity to master
microneedle structures, sugar solutions did not completely fill
the micromold invaginations, due to the high surface tension
of the solution. Martin et al*” revealed a simple and novel
low-temperature vacuum-deposition micromolding method-
ology for biodegradable sugar-glass microneedle fabrication.
In the original vacuum-oven method, vacuum pressure could
not be applied before the sugar solution was placed on the
mold surface. Subsequently, when the droplet of sugar solu-
tion was applied, air was entrapped within the micromold
invaginations. An optimized method was developed whereby
a vacuum was produced within an enclosed chamber before
the sugar solution was applied to the mold surface.
DeMuth et al*! developed microneedle-fabrication
methods featuring drug-loaded PLGA microparticles or
solid PLGA tips. PLGA microparticles were applied to the
surface of the mold in an aqueous suspension and com-
pacted into the mold cavities through centrifugation. Excess

\
\
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Film implantation Sustained vaccine release

Note: © 2013 Elsevier Limited. Reproduced with permission from DeMuth PC, Min Y, Huang B, et al. Polymer multilayer tattooing for enhanced DNA vaccination. Nat

Mater. 2013;12(4):367-376.5"

Abbreviations: uv-PNMP, poly(o-nitrobenzyl-methacrylate-co-methyl-methacrylate-co-poly(ethylene-glycol)-methacrylate) on brief exposure to ultraviolet; PBAE,
biodegradable poly(B-amino-ester); PS, protamine-sulphate; pGag, gag polyprotein; poly(l:C), polyriboinosinic polyribocytidylic acid; SPS, poly(4-styrene-sulphonate).
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microparticles were then removed, and the microparticle-
loaded mold was allowed to dry. Then, a concentrated
aqueous solution of poly(acrylic acid) was added to the mold
surface and infiltrated into the packed PLGA particle bed
via centrifugation. After being dried under vacuum, a solid
PLGA-poly(acrylic acid) microparticle matrix was obtained.
If the microparticle-loaded polydimethylsiloxane molds were
dried and incubated under vacuum to fuse the embedded
PLGA particles, solidified PLGA tips were obtained. DeMuth
et al’” demonstrated a new approach for DNA vaccination
via multilayer “tattooing,” using microneedles employing
a pH-responsive release layer to implant biodegradable
vaccine-loaded polymer films rapidly into the skin.

Mefti et al released a patent concerning the administration
of drugs with microneedles. More specifically, it concerned
microneedles comprising a part that dissolves by hydrolysis
once they have penetrated the skin.*?

It can also be concluded that enhancing methods such
as ITP, as well as with different drug carriers (eg, micro-
and nanoparticles) will be applied to the fabrication of
microneedles.*

Perspectives

Microneedles effectively circumvent the skin barrier to
offer this route as a potential alternative to oral and paren-
teral delivery of therapeutics,* and relatively large doses
can be administered due to bulk loading of dissolvable or
biodegradable systems. However, there are still several
problems that remain to be solved. For example, the bar-
rier function of the skin changes from one site to another
on the same person, from person to person, and with age.*
It is important to ensure that patients obtain the same and
required dose during each microneedle administration, since
the difference in individual skin and the penetration depth
of microneedles relate to the stress upon the skin, thus an
applicator may be required in order to obtain a reproducible
penetration depth. Besides, the sustained release of drugs
or vaccines is more complicated than bolus release, and
the kinetics should be further investigated and ensured.
It is also necessary to investigate whether dissolved or
degraded matrices have side effects if microneedles are used
frequently. Although these materials are commonly seen
excipients in drugs, the accumulation levels and their influ-
ences should be noted for prudential reasons. In addition, in
some microneedle-fabrication cases, the polymer-melting
temperatures were above 135°C and vacuum necessary for
processing, and these conditions could be detrimental to
various temperature-sensitive drugs, particularly peptides

and proteins. Polymer microneedles for controlled-release
delivery are also constrained by needle mechanical prop-
erties when the main matrix is PLGA or carboxymethyl
cellulose. Park et al found that microneedles with 2% drug
loading retained sufficient mechanical strength, but needles
with 10% loading did not. Although the maximum dose
constrains applications, controlled-release delivery of up to
1 mg has a number of candidate drugs on the market, with
more likely to be approved in the future.’!

DNA vaccines have been intensively studied because of
potential advantages, such as ease of good-manufacturing-
practice production, lack of antivector immunity, and the
capability to promote both cellular and humoral immune
responses.***” Since the discovery*® that genetically engi-
neered DNA can be delivered in vaccine form and elicit
an immune response, there has been much progress in
understanding the basic biology of this platform.*-3
A large amount of data has been generated in preclinical
model systems,’"*> and more sustained cellular responses and
more consistent antibody responses are being observed in the
clinic.’*>* Microneedle application is promising in promoting
local transfection and controlling the persistence of DNA and
adjuvants in the skin from days to weeks to function as an
optimal strategy for safe, reproducible, and pain-free DNA
vaccination. For therapeutic proteins, preservation of protein
structure during manufacture, storage, and use is considered
even more important than for vaccines, and unwanted immu-
nogenicity can lead to total loss of the therapeutic effect of
a protein by neutralizing antibodies, and may even lead to
depletion of endogenous proteins or breaking the immune tol-
erance to self-antigens. For dissolving microneedles, future
studies will partially focus upon the incorporation of other
bioactivity-enhancing methods including ITP components
into polymeric microneedle devices and investigation of
their potential for efficient, electrically controlled pulsatile
delivery of macromolecules from drug-loaded dissolving
polymeric microneedle arrays.?3

Altogether, dissolving and biodegradable microneedle
technologies have a bright future for transdermal sustained
delivery of drug and vaccine, and require further studies.>
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