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Abstract
Microneedles were first conceptualized for drug delivery many decades ago, but only became the
subject of significant research starting in the mid-1990’s when microfabrication technology
enabled their manufacture as (i) solid microneedles for skin pretreatment to increase skin
permeability, (ii) microneedles coated with drug that dissolves off in the skin, (iii) polymer
microneedles that encapsulate drug and fully dissolve in the skin and (iv) hollow microneedles for
drug infusion into the skin. As shown in more than 350 papers now published in the field,
microneedles have been used to deliver a broad range of different low molecular weight drugs,
biotherapeutics and vaccines, including published human studies with a number of small-molecule
and protein drugs and vaccines. Influenza vaccination using a hollow microneedle is in
widespread clinical use and a number of solid microneedle products are sold for cosmetic
purposes. In addition to applications in the skin, microneedles have also been adapted for delivery
of bioactives into the eye and into cells. Successful application of microneedles depends on device
function that facilitates microneedle insertion and possible infusion into skin, skin recovery after
microneedle removal, and drug stability during manufacturing, storage and delivery, and on
patient outcomes, including lack of pain, skin irritation and skin infection, in addition to drug
efficacy and safety. Building off a strong technology base and multiple demonstrations of
successful drug delivery, microneedles are poised to advance further into clinical practice to
enable better pharmaceutical therapies, vaccination and other applications.
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1. Introduction
Most biotherapeutics and vaccines are injected using a hypodermic needle. Injection
provides a low-cost, rapid and direct way to deliver almost any type of molecule into the
body. However, hypodermic needles cannot be easily used by patients themselves and are
therefore utilized primarily in the clinic or at home by patients who have received special
training on correct injection method, safe needle disposal, and other issues [1]. Patient
compliance is further limited by pain and needle-phobia experienced by many patients [2–
3]. Spread of bloodborne pathogens by needle reuse is also a major concern, especially in
developing countries [4–5]. Oral delivery largely overcomes these problems, but many drugs
cannot be given by this route due to poor absorption and drug degradation in the
gastrointestinal tract and liver [6]. Other routes of administration have also been investigated
[7–8], but none offer the broad effectiveness of direct injection using a needle.

Rather than avoiding needles, we and others have proposed shrinking the needle to micron
dimensions in order to make use of its powerful delivery capabilities while improving
patient compliance and safety. As a micron-scale device, a microneedle should be large
enough to deliver almost any drug or small particulate formulation, but still be small enough
to avoid pain, fear and the need for expert training to administer. In addition, a microneedle
allows precise tissue localization of delivery, such as within the skin, the suprachoroidal
space of the eye, and the cell nucleus.

Most applications of microneedles studied to date have emphasized drug and vaccine
delivery to the skin. Conventional transdermal delivery is limited by the barrier properties of
the outermost skin layer, the stratum corneum [9]. Various chemical, biochemical and
physical methods have been studied to increase skin permeability. However, chemical and
biochemical methods do not appear to be broadly useful for delivery of biotherapeutics and
vaccines across skin. While physical methods have greater promise for delivery of
macromolecules, they typically involve the use of sophisticated devices that are relatively
large, costly and require training to use. Microneedles, in contrast, can be prepared as a low-
cost patch that is simple for patients to apply for delivery of biomacromolecules, as
discussed further in this review. Targeting vaccine delivery to antigen-presenting cells in the
skin using microneedles is also of particular interest [10].

Other applications of microneedles have also been explored. Drug delivery to the eye,
especially via the suprachoroidal space, has received recent attention [11]. As an extension
of micropipette techniques, microneedles have been used to deliver molecules into cells and
their nuclei, among other laboratory applications [12–13].

Since the first papers were published on drug delivery using microneedles in the late 1990’s,
research activity has grown exponentially (Figure 1), which has lead to published clinical
trials, approved products and an active community of academic and industry researchers in
the field today. This article reviews this body of work, building upon previous review
articles in the field [10, 14–33].

2. Fabrication of microneedles
Individual small needles have been hand-crafted for research purposes for decades [34] and
already in the 1970’s low-cost microneedle arrays were envisioned for drug delivery [35].
However, it was not until the 1990’s that the microelectronics industry provided the
microfabrication tools needed to make microneedles suitable for pharmaceutical applications
[36].
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Given the field’s beginnings using microelectronics industry technology, the first
microneedles were fabricated out of silicon. Since then, microneedles have been fabricated
out of numerous materials, including metal, polymer, glass and ceramic, and in a variety of
shapes and sizes, as needed for different applications. Most microneedle fabrication methods
are based on the conventional microfabrication techniques of adding, removing, and copying
microstructures utilizing photolithographic processes, silicon etching, laser cutting, metal
electroplating, metal electropolishing and micromolding.

In general, microneedles can be categorized as solid microneedles for tissue pretreatment,
drug-coated microneedles, dissolving microneedles, and hollow microneedles. As shown
schematically in Fig. 2, each of these microneedle designs enables drug delivery by different
mechanisms.

• Solid microneedles can be used as a skin pretreatment. After inserting and
removing the microneedles to form micron-scale pores in the skin surface, a drug
formulation can be applied to the skin for slow diffusion of drug through the pores
and into the body.

• Microneedles can also be coated with a drug typically using a water-soluble
formulation. After insertion of microneedles into the skin, the drug coating is
dissolved off the microneedles and into the skin, after which the microneedles are
removed.

• Alternatively, microneedles can be made completely out of water-soluble or
biodegradable polymer that encapsulates the drug within the microneedle matrix. In
this way, the microneedles completely dissolve or degrade in the skin, thereby
releasing the encapsulated drug payload and leaving behind no sharps waste, (i.e.,
because the microneedles have dissolved away).

• Finally, hollow microneedles can be used for infusion of liquid formulations into
the skin or, alternatively, for diffusion into the skin through the needle bore.

These examples all describe delivery of drugs to the skin. However, other compounds, such
as vaccines or diagnostic agents, can also be delivered. In addition, other tissues besides the
skin can be targeted, such as the eye.

2.1. Solid microneedles for skin pretreatment
Microneedles can be used as a pretreatment for pore formation in the skin (Fig. 2, skin
pretreatment). Sharp microneedles penetrate into or scrape the skin in order to make holes
through which drugs can transport, either for local effect in the skin or for systemic delivery
after uptake by skin capillaries. The drug can be applied to the skin surface over the pores
using a drug-loaded patch, as is commonly used in conventional transdermal drug delivery,
or using a semi-solid topical formulation, such as an ointment, cream, gel or lotion, as is
commonly used for other skin treatments [37].

2.1.1. Fabrication of solid microneedles—The fabrication of solid microneedles has
focused on providing sufficient mechanical strength through choice of microneedle material
and geometry and reducing the force needed to insert microneedles into tissue by increasing
tip sharpness. Solid microneedles have been fabricated out of various materials, including
silicon [38–40]; non-degradable polymers such as photolithographic epoxy {Ami, 2011
#715;Fernández, 2009 #738;Aoyagi, 2008 #688;Yoon, 2006 #537;Park, 2007 #237}, a
copolymer of methylvinylether and maleic anhydride (PMVE/MA) [41], polycarbonate [42]
and polymethylmethacrylate (PMMA) [43]; biodegradable polymers such as poly-lactic-co-
glycolic acid (PLGA), polyglycolic acid (PGA) and polylactic acid (PLA) [44]; water-
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soluble compounds including maltose [45]; metals including stainless steel [46–47], titanium
[48], tantalum [49] and nickel [50]; and ceramics [51–52] (Fig. 3).

2.1.1.1. Silicon microneedles: The microneedle fabrication process depends on the needle
material and geometry. Short silicon microneedles have been prepared using a silicon dry-
etching process based on reactive ion etching with a chromium mask [40, 53], as well as
isotropic etching in an inductively coupled plasma etcher [54]. Anisotropic wet etching of
crystalline silicon using an alkaline solution has also been utilized to obtain solid
microneedles [39, 55–56]. Wet-etching methods can lower fabrication cost compared to dry
etching, but the geometry of microneedles is restricted by anisotropic etching along crystal
planes by the KOH etchant [57]. To overcome this limit of wet etching, isotropic dry etching
and anisotropic wet etching methods have been combined [54]. As an additional approach,
microneedles have been fabricated to serve as neural probes by dicing a silicon substrate to
create a grid pattern of deep grooves and then acid etching the resulting pillars to create
sharpened probe tips [58–61].

2.1.1.2. Metal microneedles: Metal microneedles have been prepared by three-dimensional
laser ablation [49, 62], laser cutting [63], wet etching [48, 64], and metal electroplating
methods [65–66]. Rows of solid metal microneedles were fabricated directly, whereas two-
dimensional arrays of microneedles have been made by cutting microneedles into stainless
steel and titanium metal sheets and then bending them at a angle out of the plane of the
sheet. Two-dimensional metal microneedles have also been prepared by electroplating or
electroless-plating of metal onto positive or negative microneedle molds [65].

2.1.1.3. Polymer microneedles: Microneedles have been made by photolithography using
optically curable polymers, which are then typically employed as master structures for
replication by molding. The ultraviolet (UV)-curable polymer SU-8 has been utilized
extensively to fabricate microneedles [67–69]. By using a combination of microlenses on a
glass substrate and inclined rotation of the substrate, the path of UV light through the SU-8
was made to taper, thereby defining microneedle structures with sharp tips.

PMMA has also been used to make microneedle arrays by employing an inclined deep X-
ray exposure and vertical X-ray exposure known as the lithography, electroplating and
molding (LIGA) technique [70–71]. Using these approaches, microneedles can be fabricated
as tall as a few millimeters with a high aspect ratio using standard contact lithography
equipment due to the low optical adsorption of the polymers in the UV range of 390 nm. A
two-photon-initiated polymerization method was utilized to fabricate three-dimensional
microstructures including microneedles. In this approach, a near-infrared ultrashort-pulsed
laser was focused into a photocurable resin to form three-dimensional microstructures using
a sequential layer-by-layer fabrication technique [20, 72–73].

These UV-curable polymers have weaker mechanical strength compared to silicon and
metal; thus, they have been used primarily as master structures for making molds. Typically,
a silicone polymer (polydimethylsiloxane, PDMS) is poured onto the microneedle master
structure to make an inverse mold after curing. Polyvinylalcohol (PVA), silicon and
aluminum have also been used as mold materials to replicate polymer microneedles [74–75].
The mold can then be filled at elevated temperature with molten or softened thermoplastics
such as polycarbonate [71] and PMMA [76] to produce non-degradable microneedles upon
cooling and solidification. In addition, a variety of biodegradable polymers and water-
soluble polymers have been micromolded primarily to encapsulate drugs within the
microneedle matrix for subsequent release in the skin, as discussed below (see section 2.3.
Dissolving Microneedles).
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2.1.1.4. Ceramic microneedles: Ceramic microneedles have been fabricated using ceramic
micromolding and sintering. Solid ceramic microneedles were prepared by micromolding an
alumina slurry using a PDMS microneedle mold and ceramic sintering [51]. Ceramic
microneedles have also been made lithographically using a two-photon-induced
polymerization approach. A focused laser was scanned within a photosensitive polymer-
ceramic hybrid resin using a galvano scanner and a micropositioning system to induce
polymerization locally in the shape of the microneedles [52, 77–78].

2.1.1.5. Microneedle rollers: Most solid microneedles have been prepared on flat, planar
substrates, such that all microneedles are simultaneously pressed into the skin. Some
microneedles have been prepared on a cylindrical surface and applied to the skin as a roller.
Microneedle rollers are commercially available and can be used to treat large areas of skin.
The microneedle roller was introduced to enhance skin restoration, facilitate collagen
induction for cosmetic applications [79–83], and increase skin permeability for drug
applications [84–86]. Microneedle rollers have been made by fabrication of planar
microneedle arrays and then applying them onto the surface of cylindrical rollers [87] or
fabrication of rows of microneedles or individual microneedles and assembling them onto a
roller [71].

2.2. Coated microneedles
Solid microneedles can be used not only as piercing structures, but also as vehicles to carry
and deposit drug within the skin or other tissue (Fig. 2, drug-coated microneedles). This can
be done by coating microneedles with a drug in a formulation suitable for coating and
subsequent dissolution (Fig. 4). In this way, the desired dose of the drug is delivered into
tissue quickly upon insertion of the microneedles. The drug dose that can be administered
this way is limited to the amount that can be coated onto the tip and shaft of the
microneedles, which is typically less than 1 mg for small microneedle arrays [88].

2.2.1. Microneedle coating methods—Microneedles have been coated by a variety of
processes, most of which involve dipping or spraying the microneedles using an aqueous
solution often formulated to have increased viscosity to retain more of the formulation on
the microneedles during drying; a surfactant to facilitate wetting of the microneedle surface;
a drug, vaccine or other active agent; and in some cases a stabilizing agent to protect the
drug from damage during drying and storage [46, 88–91]. Coating has been carried out by
dipping once or repeatedly into a large bath of coating solution [92], into microwells of
coating solution for each individual microneedle [46] and into a thin film of coating solution
formed on the surface of a roller [89]. The latter two approaches were designed to better
localize the coating to the microneedles or just their tips without contaminating the base
substrate.

Layer-by-layer coating techniques have also been applied to microneedle coating [93–94].
DNA or protein molecules were coated onto metal and polymer microneedles by alternately
dipping into two solutions containing oppositely charged solutes, such as negatively charged
DNA and positively charged polymer, to form a polyelectrolyte multilayer. As another
alternative, coating solution has been sprayed onto silicon microneedles. In one approach, an
angled gas jet was used to spray the surface of individual microneedle shafts from a
reservoir created on the microneedle array substrate at the base of the microneedles [95]. In
another approach, spray coating was applied using an atomizer [96].

2.2.2. Microneedle coating formulations—Microneedle coating formulations typically
account for the following considerations [46, 88]. First, controlled wetting and spreading of
drug solution on the microneedle substrate is critical to obtain a uniform coating on the
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microneedle surface. Increased viscosity and reduced contact angle of the coating solution to
the substrate (e.g., by addition of surfactant) can improve wetting and coating thickness.
Second, the coating formulation should be water-soluble, not only for effective coating in an
aqueous formulation but also for rapid and complete coating dissolution into the skin, which
is an aqueous environment. Third, the mechanical strength of a dried coating should be high
enough to keep the coating adherent to the microneedle during insertion into skin. Fourth,
coating solution excipients and solvent should be safe for human use and should not damage
coated drugs. Finally, the coating process should also not damage the drug and should be
compatible with industrial pharmaceutical manufacturing processes.

A number of different surfactants and thickening agents have been used to facilitate
microneedle coating. Surfactants including Lutrol F-68 NF [46], Tween 20 [97], Poloxamer
188 [95], and Quil-A [95] were used to increase spreading on microneedle surfaces.
Thickening agents such as carboxymethylcellulose sodium salt (CMC) [46], methylcellulose
[95], sucrose [88], hyaluronic acid [88], sodium alginate [88], polyvinylpyrrolidone (PVP)
[88], glycerol [88], PLGA [88], alginic acid [98], xanthan gum [88], gum ghatti [98], karaya
gum [98], and poly[di(carboxylatophenoxy)phosphazene] [90] were used to increase coating
thickness. Stabilizers like trehalose, sucrose, glucose, inulin, and dextrans were added to
coating solution formulations to reduce damage to bioactive drugs during the coating/drying
process [91].

In addition to optimizing coating formulations, microneedle design was also improved to
facilitate delivery from coated microneedles, including development of three-dimensional
groove-embedded microneedles to increase coating amounts [99] and pocketed
microneedles to facilitate better drug targeting in skin and to administer liquid coatings
[100].

2.2.3. Compounds coated onto microneedles—These coating techniques have been
shown to be versatile. Small molecules have been coated, including fluorescein [100],
sulforhodamine [101], calcein [46], vitamin B [46], pilocarpine [101], and lidocaine [102].
Macromolecules have also been coated, including insulin [88], desmopressin [97],
parathyroid hormone PTH(1-34) [89], bovine pancreatic ribonuclease [93], ovalbumin [95],
bovine serum albumin [103], horseradish peroxidase [104], Alex Fluor 488-conjugated goat-
anti-mouse IgG [99], and antisense oligonucleotises [105]. Vaccines have also been coated,
including hepatitis B surface antigen [90], inactivated influenza virus [91], influenza virus-
like particle [106], recombinant trimeric soluble influenza hemagglutinin [107], inactivated
human papillomavirus [108], inactivated chikungunya virus [109] and bacillus Calmetter-
Guérin (BCG) [110]. Different kinds of DNA have been coated, such as plasmid DNA
encoding enhanced green fluorescent protein [93], as well as DNA encoding protein
vaccines against hepatitis C virus [111], herpes simplex virus [112] and West Nile virus
[109]. Finally, microneedles have been coated with micron-scale particles, such as BaSO4
particles (1 μm) and latex particles (10 μm) [46].

2.3. Dissolving microneedles
In contrast to coated microneedles, polymer microneedles have been developed to
completely dissolve in the skin and thereby leave behind no biohazardous sharps waste after
use (Fig. 2, drug-loaded microneedles). These microneedles are typically made solely of
safe, inert, water-soluble materials, such as polymers and sugars that will dissolve in the skin
after insertion. While dissolving microneedles can be used as a skin pretreatment to increase
permeability, drugs are often encapsulated inside the microneedle for release into the skin
similarly to coated microneedles.
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2.3.1. Dissolving microneedle fabrication methods—Dissolving microneedles have
been fabricated mostly using micromolds filled by solvent casting (with water as the usual
solvent), filled with a polymer melt allowed to solidify in the mold, and in-situ
polymerization of liquid monomer in the mold (Fig. 5). Drawing methods of fabrication
have also been used with polymer/sugar melts and polymer/sugar solutions. Various
materials including CMC [113–114], chondroitin sulfate [115–123], dextran [117, 122, 124],
dextrin [117, 125–126], PVP [127–130], PVA [129–131], PLGA [44, 132], fibroin [133]
and sugars [134] have been dissolved in water, filled into the mold cavities and allowed to
dry, sometimes with the additional use of vacuum and/or centrifugal force.

Melted maltose has been filled in the cavities of a mold and solidified upon cooling [135].
Using a related approach, N-vinylpyrrolidone and/or methacrylic acid were added as liquid
monomers into a mold and polymerized under ultraviolet radiation [127]. In contrast to these
highly water-soluble, rapidly dissolving microneedles, polymeric microneedles designed for
slow biodegradation in the skin have also been fabricated by micromolding polylactic acid,
polyglycolic acid and their copolymers as melts using PDMS and silicon molds [44, 74,
136–137].

Another fabrication method draws up liquid formulations to form tapered microneedle
structures that solidify in position. Maltose microneedles were formed as multi-needle arrays
using a controlled, stepwise drawing technique enabled by a microfabricated device [138].
Microneedles made of dextrin, chondroitin sulfate and albumin were similarly fabricated
one-by-one by drawing using pipette tips [125–126]. An ultrasonic welding method was also
introduced to form biodegradable polymer microneedles out of polymer particles welded
together without bulk heating of the polymer, which resulting in minimal damage to
encapsulated compounds [139–140].

2.3.2. Dissolving microneedle formulations and designs—Heat-sensitive
compounds like proteins and antigens should be encapsulated in microneedles and solidified
at moderate conditions that will not damage their activity. For example, dissolving
microneedles were fabricated out of hydrophilic polymers cast in an aqueous solution at
room temperature and at atmospheric pressure or under vacuum. CMC microneedles were
fabricated under centrifugation to avoid formation of small voids in the microneedle matrix
that weaken the structure [113]. Human growth hormone was encapsulated in sodium
chondroitin sulfate microneedles in a vacuum dryer [122]. Erythropoietin (EPO) and insulin
were encapsulated in other hydrophilic polymers such as dextrin and chondroitin by forming
threads using pipette tips at room temperature [125–126].

Most dissolving microneedles in the literature need to be inserted into skin for at least 5 min
to fully dissolve. To shorten this time, arrowhead microneedles were designed to separate
from the shaft within seconds and remain embedded in the skin for subsequent dissolution
[130]. In contrast, biodegradable polymer microneedles must be inserted and remain in the
skin for at least several days to effectively utilize their controlled-release degradation
properties to provide controlled-release delivery in skin for up to months [132].
Microneedles encapsulating hydrogel microparticles were designed for successful separation
of microneedles within less than 1 h of insertion into skin by swelling of the hydrogel
microparticles [137].

Because microneedles may not insert fully into skin, it is sometimes desirable to encapsulate
drugs only in the microneedle tips. Drug has been localized in microneedle tips by forming
multilayered microneedles using sequential applications of different compositions of
polymer solutions [122] and using a particle-based molding method [140]. Drug was also
localized in tips by the addition of an air bubble at the base of each microneedle during
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fabrication, which prevented drug diffusion from the microneedles into the patch backing
[129].

2.4. Hollow microneedles
Hollow microneedles provide a defined conduit for drug delivery into the skin or other
tissue. Similar to hypodermic injection, hollow microneedles enable pressure-driven flow of
a liquid formulation (Fig. 2, hollow microneedles). Pressure, and thereby flow rate, can be
modulated for a rapid bolus injection, a slow infusion or a time-varying delivery rate. The
liquid formulation may simplify use of existing injectable formulations for delivery using
microneedles, but misses the opportunity of solid microneedle delivery methods to
administer dry-state drug formulations without reconstitution to improve drug stability and
the patient convenience of a patch-based delivery method. Hollow microneedles have also
been used as a conduit for drug diffusion into the skin from a non-pressurized drug
reservoir.

2.4.1. Hollow microneedle fabrication methods—Hollow microneedles have been
fabricated directly from a material substrate using microelectromechanical systems (MEMS)
techniques including laser micromachining [63], deep reactive ion etching of silicon [141–
142], an integrated lithographic molding technique [143], deep X-ray photolithography
[144], and wet chemical etching and microfabrication [145] (Fig. 6). Other hollow
microneedle fabrication methods require multiple substrates with different chemical or
physical properties to serve as sacrificial layers to obtain shell structures indirectly from a
microneedle substrate.

Hollow silicon microneedles were fabricated by adapting silicon-based MEMS techniques
including lithographic processes, wet etching and micromachining. A SiO2 mask, wet
etching and deep reactive ion etching were utilized in combination to fabricate cylindrical
hollow microneedles [146] and out-of-plane hollow microneedles [142]. To obtain hollow
silicon microneedles, the Bosch process was utilized to create hollow shell structures with
high aspect ratio, after which isotropic [145, 146] and wet etching processes [142] were
added to obtain shaper tips. Bosch deep reactive ion etching was used to fabricate cylindrical
hollow microneedles out of silicon [147]. Isotropic etching and Bosch deep reactive ion
etching were used together to fabricate hollow microneedles with a tapered shape [148–
149]. Bosch deep reactive ion etching was combined with wet etching to obtain hollow
silicon microneedles with sharp tips [145]. Deep anisotropic etching, isotropic etching and
mask technique were used to fabricate cylindrical microneedles with a side-opening orifice
[150]. In addition to chemical etching methods, a dicing saw was used together with deep
reactive ion etching to obtain hollow silicon microneedles with sharp tips [151].

Hollow microneedles made of glass, polymer and metal have been prepared from substrates
by conventional fabrication methods. Hollow glass microneedles were made by adapting
traditional drawn glass micropipette techniques [152]. Hollow metal microneedle arrays
were assembled from commercially available 30 gauge hypodermic needles [145]. Hollow
polymer microneedles were formed by drilling to make the bore hole and milling to create
the beveled tip shape out of polyphenylsulfone polymer [153]. A digital micromirror
stereolithography instrument was used to fabricate hollow polymer microneedles by
polymerization of liquid resin [154]. The LIGA technique was utilized to form hollow
microneedles by exposing X-ray through a mask onto PMMA [155–156]. Direct two-photon
polymerization in a laser-based rapid prototyping system was used to form hollow polymer
microneedles [20].

Many hollow metal microneedles were fabricated using indirect methods depending on
sacrificial substrates. Hollow metal microneedle arrays were made using a multiple step
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process, which involved backside exposure of SU-8 photoresist and conformal electroplating
[69]. A micromachined polymer mold was prepared using an ultraviolet laser; the mold was
then coated with nickel by electrodeposition onto a sputter-deposited seed layer, and the
resulting metal microneedle arrays were released by selectively etching the polymer mold
[63]. Another design of metal hollow microneedle was made by drawing lithography and
metal electroplating [157].

Hot embossing combined with an ultraviolet excimer laser beam technique was introduced
to make polymer hollow microneedle arrays with side opening orifices [158]. Another
hollow nickel microneedle device was fabricated by a sequential process of electroless
copper and nickel plating and copper wet chemical etching [159]. Hollow silicon dioxide
microneedles were fabricated based on electrochemical etching of n-type silicon in
hydrofluoric acid solutions [160]. Hollow metal microneedles were fabricated from a silica
needle template using micro-imprinting, hot embossing, electroplating and polishing [161].

2.4.2. Injection using hollow microneedles—To generate the flow of liquid through
hollow microneedles, various methods of actuating flow have been devised [162]. Hollow
microneedles are commonly used with a syringe to inject liquid formulations. However,
some hollow microneedle systems were integrated with an actuator. Hollow microneedles
were attached to a PDMS reservoir filled with a drug [162]. Flow of liquid through hollow
microneedles was controlled by CO2 gas pressure [163], a spring [164], a piezoelectric
micropump [165], a piezoelectric linear servo motor [166], a syringe pump [167] and a
micro-gear pump [168–169].

Currently, there are generally two types of hollow microneedle designs. One type utilizes a
single microneedle, which mimics the conventional hypodermic needle [170]. The other
type is an array of multiple hollow microneedles [63]. The latter type can deliver liquid
formulations to a wide area all at once and, in some cases, more quickly than subcutaneous
injection [164] and with higher bioavailability and possible lymphatic targeting [171].
However, if one of the microneedles has a leak, then pressure cannot be equally applied to
all of the needles and fluid will not flow through all of the microneedles equally. A
microfluidic interconnector was also designed and fabricated out of PMMA, and integrated
with a SU-8 hollow microneedle system [172].

Rather than fabricating a microneedle, another approach involves using a 30 gauge
hypodermic needle that is housed in a syringe device that exposes only 1.5 mm of the
needle, thereby effectively making a short needle [173]. This device consists of this
microneedle connected to a prefilled syringe designed for perpendicular insertion into the
skin to achieve intradermal localization of the injection. The resulting distribution of fluid in
the skin was shown to be larger than the conventional Mantoux injection control. This
system also caused less injury to the papillary dermis, less pain than Mantoux injection, and
was administered easily by untrained personnel.

In contrast to drug delivery applications, hollow microneedles have also been developed to
extract fluids from the body [142, 149, 174–175]. Glass and silicon hollow microneedles
were used to obtain interstitial fluid, and stainless steel hollow microneedles were used for
blood sampling.

3. Applications of microneedles
When microneedles were first introduced for drug delivery applications, the main goal was
either to increase skin permeability through a solid microneedle pretreatment or to make
hollow microneedles with advanced functionality over conventional hypodermic needles

Kim et al. Page 9

Adv Drug Deliv Rev. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



(see section 5.1 Historical Perspective). Today, the applications of microneedles have been
extended to many fields, including transdermal, ocular and intracellular delivery. However,
the transdermal route is still the dominant area of application for microneedles, especially
for vaccine delivery.

3.1. Delivery to the skin
Drug delivery into the skin for local or systemic effects is extremely difficult due to the
highly effective barrier properties of skin’s outer layer, the stratum corneum. The human
stratum corneum is only 10 – 15 μm thick, but precludes absorption of most drugs at
therapeutic levels [176]. The approximately 20 drugs with approval from the Food and Drug
Administration (FDA) as transdermal patches all have molecular weights below 400 Da, are
relatively lipophilic and require low doses [177]. Because the barrier layer of skin is just
microns thick, microneedles have been developed to cross the stratum corneum without
going deeply into the skin, thereby avoiding pain and bleeding. By by-passing the stratum
corneum barrier, microneedles have been shown to dramatically increase the number of
compounds that can be administered across the skin, including low molecular weight drugs,
biotherapeutics, vaccines and other materials.

3.1.1. Low molecular weight drugs
3.1.1.1. Skin pretreatment with microneedles: Most studies on delivery of low molecular
weight drugs have emphasized skin pretreatment with microneedles to increase skin
permeability. This is because the doses of most drugs for systemic indications are too large
to be coated on or encapsulated in microneedles. Larger doses can be delivered by
pretreating the skin with microneedles and then administering the drug from a patch for an
extended time by diffusion through the resulting skin pores. As another consideration, low
molecular weight drugs have larger diffusion coefficients compared to macromolecular
drugs and therefore diffuse into the skin more readily. Thus, most small molecule drugs
have been administered by microneedle pretreatment of the skin and most microneedle
pretreatment of the skin has been used for delivery of small molecule drugs.

Initial studies of this approach involved delivery of small marker compounds. For example,
human cadaver skin permeability to calcein (molecular weight of 623 Da) was shown to
increase by more than 1,000-fold when microneedles were inserted into the skin and left in
place (i.e., thereby partially plugging the pores) and was shown to increase by more than
10,000-fold when microneedles were inserted and immediately removed [40]. Subsequent
studies showed that pretreatment with short microneedles (70–80 μm) enhanced the
penetration of galanthamine (287 Da) [56]. Formulation of docetaxel in elastic liposomes
was also studied as a means to increase delivery into microneedle pretreated skin[55].

Pretreatment with microneedles followed by drug application was used for the delivery of
naltrexone across guinea pig and human skin [178–181]. In these studies, microneedle
patches were used in the first published study of drug delivery to human subjects and
showed elevated and prolonged naltrexone plasma levels for three days after microneedle
application. To improve the delivery of naltrexone across microneedle-treated skin, the
nonspecific cyclooxygenase enzyme inhibitor diclofenac was applied to the skin, resulting in
much longer and greater delivery, believed to be due to delayed recovery of the skin barrier
[182]. For the same purpose, a highly water-soluble PEGylated naltrexone pro-drug [183]
and a naltrexone formulation including a propylene glycol–water mixture was tested [184].
However, improvement of naltrexone delivery was not achieved because of the nonlinear
relationship between pro-drug concentration and transdermal flux, along with the negative
effect of increased viscosity by propylene glycol on drug diffusivity.
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For topical photodynamic therapy, 5-aminolevulinic acid or 5-aminolevulinic acid methyl
ester was delivered through skin pretreated with microneedles [185–186]. Drug-induced
production of the photosensitizer protoporphyrin IX was greater after delivery combined
with skin pretreatment using microneedles than without microneedle treatment in a human
study as well as in rats. Similarly, the preformed photosensitizer meso-tetra(N-methyl-4-
pyridyl)porphinetetratosylate was successfully delivered by microneedle pretreatment for
topical photodynamic therapy [187]. In a separate human study, a microneedle roller was
similarly used for skin pretreatment followed by delivery of aminolevulinic acid and
exposure to pulsed light for cosmetic treatment of photodamaged facial skin [188].

Phenylephrine is a drug used to treat fecal incontinence by increasing resting anal sphincter
pressure. This drug was delivered locally to the anal sphincter muscle after microneedle
pretreatment of the skin. Topical application with microneedle pretreatment increased the
mean resting anal sphincter pressure in rats, which was superior to the results in the control
group without microneedle pretreatment [189].

While the above studies employed microneedles fabricated as research prototypes, the
Dermaroller® and other similar FDA-registered devices are sold commercially for cosmetic
purposes and have also been investigated a transdermal drug delivery tool by pretreating the
skin with microneedle punctures generated by a cylindrical roller of metal microneedles
[190]. Microneedle rollers have also been applied to enhance optical skin clearing by
glycerol [85] and increased skin permeability to chondroitin sulfate [191].

Another commercially available microneedle device is sold by Nanomed Devices for skin
pretreatment before application of cosmetic agents and acne medication. This solid silicon
microneedle array has been used to increase delivery of dyclonine for topical anesthesia
after skin pretreatment with microneedles and showed improved cutaneous topical
anesthesia in human subjects [192].

3.1.1.2. Lidocaine delivery: While most low molecular weight drugs have been
administered using microneedle pretreatment of skin, coated microneedles and hollow
microneedles have each been used to administer lidocaine for local anesthesia. In one study,
lidocaine was coated on non-dissolving polymer microneedles and administered to pigs
[102]. The lidocaine levels in the skin were interpreted as sufficient to cause prolonged local
anesthesia.

In a separate study, lidocaine was injected into the skin of human subjects using single,
hollow microneedles and compared to conventional intradermal injection of lidocaine [193].
While the local anesthesia caused by lidocaine delivery by either method was the same, the
subjects reported significantly less pain associated with delivery using microneedles and
expressed strong preference for that method over intradermal injection with a hypodermic
needle. As another proof-of-concept study, microinjection of nicotine derivatives with
hollow microneedles has also been shown in human subjects [194–195].

3.1.2. Biotherapeutics—Biotherapeutic drugs, such as peptides, proteins, DNA and
RNA, are large molecules that cannot easily be administered orally or transdermally and
therefore are conventionally given almost exclusively by hypodermic injection. Delivery
with a microneedle patch is envisioned as an alternative to hypodermic injection that is less
painful, safer and simpler for patients to self administer. Because the doses of
biotherapeutics are often low (i.e., microgram doses), many biotherapeutics can be
administered either coated onto microneedles or encapsulated within dissolving
microneedles. Because of the small size of microneedles, drugs given on or within the
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microneedles themselves are usually limited to microgram doses, although low milligram
doses may be possible.

3.1.2.1. Insulin: Insulin has received by far the most attention among the various
biotherapeutics studied for delivery using microneedles, including work with multiple
microneedle design types and progressing through animal studies into human trials. In one
of the first studies, solid microneedles were pressed into diabetic rat skin as a pretreatment
before applying a topical insulin solution, which elicited a significant increase in insulin
delivery and reduction in blood-glucose level [47]. Using a similar approach, rat skin was
pretreated with a microneedle roller, such that subsequent insulin delivery was shown to
lower blood-glucose level [86].

Dissolving microneedles encapsulating insulin have also been studied extensively in mice,
diabetic rats and dogs. [115–116, 118, 120, 125]. This approach was shown to enable stable
encapsulation of insulin and effective insulin delivery to reduce blood glucose levels.

Hollow microneedles have been used for insulin delivery. An early study demonstrated
insulin diffusion through microneedles into diabetic rat skin [63], but other studies have
emphasized active infusion of an insulin solution. The first studies of biotherapeutic delivery
using microneedles employed silicon or glass microneedles for insulin delivery [38, 142],
which demonstrated drops in blood-glucose levels after microneedle injection. Other hollow
microneedle designs have also been developed for effective delivery of insulin, including
silicon microneedles made using MEMS-based etching techniques [196–197] and polymer
microneedles made by drawing lithography [157].

Hollow microneedles have progressed into human studies of insulin delivery to type 1
diabetes subjects. In addition to showing that subjects found microneedles to be less painful
and overall preferred compared to conventional subcutaneous catheters, microneedle-based
delivery to the skin increased insulin pharmacokinetics almost two-fold, which may enable
better control over postprandial plasma glucose levels [167, 198]. Hollow metal
microneedles have also been studied in larger cohorts of type I diabetes patients to show that
intradermal insulin delivery not only induced faster insulin absorption but also enabled more
rapid onset and offset of metabolic effect on blood glucose levels than subcutaneous
injection [199–200]. Expedited pharmacokinetics have been explained by rapid lymphatic
uptake and distribution of protein drugs from the skin [171].

3.1.2.2. Other biotherapeutics: A number of other biotherapeutics have been administered
to animal models using microneedles. Dissolving microneedles have been used to deliver
EPO [121, 126], low molecular weight heparin [117], leuprolide acetate [123], desmopressin
[122], and human growth hormone [122, 124, 201]. Coated microneedles have administered
desmopressin [97], salmon calcitonin[202], and PTH (1-34) [89, 203–204]. Skin
pretreatment with microneedles has been combined with iontophoresis to administer
oligonucleotides [105] and human growth hormone [205].

PTH administered with coated microneedles has progressed through Phase I and Phase II
clinical trials for osteoporosis treatment [206–207]. Analysis of the pharmacokinetics and
pharmacodynamics of PTH delivery showed that the microneedle patch achieved a shorter
time to peak concentration and shorter half-life of PTH than injection methods. During the
six months of treatment, the microneedle group showed higher (or comparable) lumbar spine
bone mineral density change in the total hip and lumbar spine when compared with the
injection group, indicating possibly improved drug efficacy in addition to more convenient
PTH delivery for patients.
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Finally, delivery of plasmid DNA and siRNA have been carried out using microneedles.
Plasmid DNA was delivered after microneedle pretreatment and the gene was successfully
expressed in a viable human skin ex vivo [208]. Using coated and dissolving microneedles,
plasmid DNAs expressing green fluorescence protein (GFP) and luciferase were delivered
into the mouse footpad [209]. siRNA delivered by dissolving microneedles silenced reporter
gene expression in a transgenic reporter mouse model [210].

3.1.3. Vaccines—Vaccination using microneedles is especially appealing because it not
only offers expected advantages that simplify vaccine distribution and improve patient
compliance, but also enable vaccine targeting to the skin. It is already known that the skin
offers immunologic advantages over conventional intramuscular injection, but until now
there have not been simple, reliable methods to vaccinate in the skin [211–212].
Microneedles – both solid microneedle patches and hollow microneedles for intradermal
injection – address this limitation and can make skin vaccination a practical clinical reality.
Motivated by these opportunities, vaccine delivery has been the most widely investigated
use of microneedles.

3.1.3.1. Skin pretreatment with microneedles: Skin pretreatment with microneedles has
been employed to vaccinate with diphtheria toxoid adjuvanted with cholera toxin, which
generated similar immune responses compared to subcutaneous injection [213–214].
However, a similar approach using microneedle pretreatment did not generate significant
immune response to influenza vaccine unless adjuvanted with cholera toxin [214].
Moreover, formulation of the diphtheria toxoid antigen with two types of vesicles (cationic
liposomes and anionic surfactant-based vesicles) did not enhance immunogenicity [215].

A model antigen, ovalbumin, and CpG adjuvant were applied to microneedle pretreated skin
either in solution or incorporated into cationic liposomes; the antibody response was weaker
for the formulation involving liposomes [216]. Using another particulate formulation, N-
trimethyl chitosan nanoparticles with the diphtheria toxoid antigen was less effective than
the antigen and adjuvant in solution applied to mouse skin pretreated with microneedles
[217]. When N-trimethyl chitosan was conjugated with the ovalbumin antigen, it showed
better immune response such as higher IgG levels and more antigen trafficking into the
lymph nodes compared to a nanoparticle formulation [218]. Solid lipid nanoparticles
conjugated with ovalbumin antigen were also transcutaneously delivered using microneedle
roller treatment and showed enhanced delivery compared to the antigen alone [219].

Using a related approach, the skin has been scraped with blunt-tipped microneedles to
increase delivery of a DNA vaccine against hepatitis B [220], recombinant anthrax vaccine
[221], and live-attenuated Japanese encephalitis vaccine [222] in animal models as well as
rabies vaccine in human subjects [223]. While this approach was effective, intradermal
injection was shown in these studies to be much more effective, probably due to inefficient
delivery into skin from the topical formulations.

3.1.3.2. Coated microneedles: To enable more controlled and efficient delivery, coated
microneedles have been the most extensively studied technique for vaccination with
microneedles. The first studies of microneedle vaccination employed metal microneedles
coated with ovalbumin antigen in hairless guinea pigs, which showed a better immune
response and significant dose sparing compared to an equivalent subcutaneous or
intramuscular injection [48, 224].

3.1.3.2.1. Influenza vaccine: Influenza vaccination with coated microneedles has been
extensively studied in recent years, showing complete protection against lethal viral
infection after vaccination using H1N1 and H3N2 seasonal strains in mice [225–226].
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Incorporation of trehalose into the coating formulation as a stabilizer was shown to prevent
antigenicity loss of the influenza vaccine [91, 227]. Microneedles coated with the stabilized
vaccine induced similar antibody IgG response, hemagglutination inhibition antibody titer,
and neutralizing antibody activity as conventional intramuscular vaccination with the same
vaccine at the same dose [228].

A number of studies suggest enhanced memory responses after microneedle vaccination
compared to intramuscular injection. For example, microneedle-vaccinated mice had
undetectable virus titers in their lungs after viral challenge, suggesting a strong memory
response that blocked viral replication in the lung, whereas intramuscularly vaccinated mice
had orders of magnitude higher levels of virus in the lung [227, 229]. Interestingly, the
microneedle-vaccinated group was also found to have significantly higher levels of total
IgG, IgG1, and IgG2 post-challenge than pre-challenge, again indicating a strong memory
response [229]. In addition to improved humoral immunity, coated microneedles also
induced cellular recall responses, such as MHC–II associated CD4+ T helper cells [227–
228]. In addition, microneedle vaccination using the 2009 H1N1 virus vaccine induced
protective immunity even six months after vaccination [230].

In addition to the above studies, all of which used whole inactivated influenza virus, other
studies have been performed using virus-like particle (VLP) vaccine against the H1 strain of
seasonal influenza coated on microneedles. Microneedles coated with VLP vaccine
benefitted from formulation with trehalose [98, 231] and were shown to elicit stronger
immune responses and enable dose sparing compared to intramuscular injection in mice
[106, 232]. Similarly, an avian H5 influenza VLP vaccine was administered with coated
microneedles and again showed stronger immunogenicity than the intramuscular route [233–
234]. Additional studies showed that the H1 VLPs elicited a stronger Langerhans cell
response in an ex vivo human skin model compared to the H5 VLP vaccine [235–236].
Coated microneedles have also been used to administer recombinant subunit vaccine
consisting of trimeric influenza hemagglutinin protein, which resulted in improved
immunity compared to subcutaneous injection in mice [107].

With the goal of targeting Langerhans cells in the superficial skin layer of viable epidermis,
densely packed microneedles close to 100 μm in length have been coated with vaccine and
inserted into mouse ear skin at high velocity. While an initial study showed similar immune
responses against ovalbumin for this approach compared to intramuscular injection [95], a
subsequent study, showed 100-fold dose sparing of influenza vaccine compared to
intramuscular injection [237]. In order to improve the delivery of vaccine coated on
microneedles, vaccine was site-selectively coated on the tips of microneedles, which
resulted in delivery efficiency over 80% within 2 min and induction of strong immune
response against influenza in mice. [238]

3.1.3.2.2. Other vaccines: Additional studies using similar coated-microneedle devices have
administered bacillus Calmette-Guérin (BCG) vaccine in guinea pigs, which resulted in
improved immunity compared to intradermal injection [110]. A DNA vaccine encoding
hepatitis C virus protein was coated on microneedles and induced an effective cytotoxic T
lymphocyte response in mice [111].

Using a novel approach, hepatitis B surface antigen was coated onto metal microneedles
using poly[di(carboxylatophenoxy)phosphazene] as both a coating excipient and as an
immuno-adjuvant [239]. Microneedle vaccination in pigs using the adjuvanted coating
formulation induced superior antigen-specific IgG compared to intradermal injection by
hypodermic needle without adjuvant.
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Short, densely packed microneedles were estimated to deliver more than half of the antigen
directly to antigen-presenting cells in the skin [237]. Using this type of microneedle patches,
mice were vaccinated against human papilloma virus [108], West Nile virus [109],
chikungunya virus [109], and herpes simples virus [112, 240].

3.1.3.3. Dissolving microneedles: Influenza vaccination was carried out using dissolving
microneedles made of PVP encapsulating lyophilized inactivated influenza vaccine [128].
The microneedles were produced by in situ polymerization of liquid monomeric N-
vinylpyrrolidone in a micromold. This solvent-free approach took advantage of the
improved stability of lyophilized vaccine and showed improved protective immunity among
microneedle-vaccinated mice compared to mice vaccinated by intramuscular injection. A
different type of dissolving microneedle patch made of carboxylmethylcellulose and
trehalose was used to deliver cell-culture-derived influenza vaccine [241].

Using a related approach, microneedles were formed by casting water-soluble polymer
formulations into micromolds and drying to produce microneedles. Ovalbumin and trivalent
influenza vaccine were administered using CMC-based dissolving microneedles and induced
robust immune responses in mice [114]. A recombinant protective antigen was similarly
administered using dissolving microneedles with a different formulation and was shown to
generate comparable or better immune response than intramuscular or intradermal injection
in rats [131].

Although too large to be called microneedles, dissolving needle structures encapsulating
tetanus toxoid or hepatitis B surface antigen have been fabricated and inserted under the skin
of mice [242–243]. These needles showed improved stability and immunogenicity compared
to intramuscular or subcutaneous injection.

3.1.3.4. Hollow microneedles: Most hollow microneedle vaccination studies have been
carried out with 1.5 mm-long, small-gauge hypodermic needles mounted on a syringe.
While these needles are arguably too long to be called microneedles and their mounting on a
syringe deviates significantly from the patch-like format of solid microneedle devices, the
considerable work in this area is worth including. These short needles allow simplified
needle insertion and injection normal to the skin surface with reliable intradermal targeting,
which contrasts with the conventional Mantoux technique of intradermal injection that
requires a precisely controlled, angled insertion and produces unreliable intradermal
targeting [173, 244].

These microneedles were first tested for influenza vaccination in rats, which showed that
intradermal injection enabled 100-fold dose sparing using inactivated virus vaccine, up to
10-fold dose sparing using a split-virion vaccine, and five-fold dose sparing using a plasmid
DNA vaccine when compared to intramuscular delivery [245].

Intradermal vaccination with anthrax recombinant protective antigen generated slightly
better or similar immune responses in both the mouse and rabbit [221]. A follow-on study of
intradermal anthrax vaccination showed complete protection of immunized rabbits against
lethal challenge with anthrax spores and 50-fold dose sparing compared to the intramuscular
route [246].

Additional studies using this intradermal microneedle demonstrated effective vaccination
with a live attenuated vaccine against Japanese encephalitis in non-human primates [222],
plague F1-V vaccine in mice [247], and combination vaccines including anthrax, botulism,
plague and staphylococcal toxic shock in rhesus macaques [248]. A study in human subjects
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showed dose sparing of rabies vaccination in the skin compared to intramuscular injection
[223].

3.1.3.4.1. Influenza vaccination clinical trials: A prototype of the hollow microneedle
system discussed above was used in a human trial that showed a reduced dose of 6 μg
influenza vaccine given in the skin was not significantly different from intramuscular
vaccination at a full dose of 15 μg influenza vaccine in non-elderly adults (18 – 60 years
old), but showed lower antibody titers in older patients [249].

Further evaluation of the hollow microneedle system now in clinical use in many countries
around the world for influenza vaccination was performed in clinical studies of healthy
adults (18–57 years) [250–251] and elderly people (> 60 years) [252–253]. For healthy
adults, 9 μg of each strain of trivalent influenza vaccine delivered by intradermal injection
was as immunogenic as a full 15 μg dose by intramuscular vaccination, whereas lower
intradermal doses were inferior in a phase II clinical trial [250–251]. For elderly subjects,
full-dose vaccination by the intradermal route was more immunogenic than intramuscular
injection of the same dose in phase II and phase III clinical trials [252–253].

Finally, a human trial of influenza vaccination in healthy adults was carried out using a
needle array of four silicon microneedles measuring 450 μm in length [254]. Intradermal
vaccination using 3 μg or 6 μg of influenza vaccine induced similar immune responses
compared to intramuscular injection of 15 μg of vaccine.

3.1.4. Blood and interstitial fluid extraction—Microneedles have been used mainly
for delivery into the skin, but several studies have investigated the role of microneedles as a
diagnostic tool to extract analytes from the skin for ex vivo analysis or by integrating a
sensor into the microneedle for in situ sensing in the skin. In one approach, up to a few
microliters of interstitial fluid were extracted under suction from skin pretreated with
microneedles; measured glucose concentrations in the extracted interstitial fluid showed
excellent correlation with corresponding blood glucose levels in rats and human subjects
[175, 255].

A microneedle for microdialysis has also been developed to selectively collect analytes
below a molecular weight cut off to prevent biosensor fouling with high molecular weight
compounds [256]. Integrated diagnostic systems including a microneedle, as well as
supporting microactuators, microfluidic controls and sensors, have also been developed to
collect blood from the skin for glucose monitoring [257–258].

Rather than extracting fluid containing biomarkers, microneedles have been surface-
modified to specifically bind biomarkers of interest and, in that way, selectively extract
those compounds for analysis [259]. Other approaches have involved building sensors into
the microneedle itself. For example, microneedles have been developed as sensors for
hydrogen peroxide, lactate, dissolved oxygen and glutamate [260–262]. Microneedles have
also been used as bioelectrical interfaces, especially for neural recording and stimulation
[263–271], as well as for electrocardiography (ECG) and electroencephalography (EEG)
measurements [146, 272].

3.1.5. Combination of microneedles and other methods—Microneedle technology
has been combined with iontophoresis, electroporation and other methods to provide
synergistic effects. In one of the first papers on drug delivery using microneedles, skin was
pretreated with microneedles and then oligonucleotides were driven through the
permeabilized skin by iontophoresis in hairless guinea pigs [105]. This approach reduces the
skin barrier using microneedles and then provides a driving force for enhanced transport by
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iontophoresis. In follow-on studies, this approach was effective for delivery of dextrans up
to 200 kDa in molecular weight in vitro [273] and for delivery of the 13 kDa protein
daniplestim in vitro and in vivo [274–275]. Nanovesicles containing insulin were delivered
by iontophoresis across microneedle pretreated skin, which lowered blood-glucose levels in
diabetic rats [276]. The combination of microneedle pretreatment with iontophoresis has
been proposed for local anesthetic delivery across the oral mucosa for dental applications
[277].

Microneedles have also been developed as micro-electrodes for skin electroporation. In one
study, insertion of microneedles combined with application of short electrical pulses
designed to cause skin electroporation increased delivery of dextran into the skin [278]. In
other studies, arrays of independently addressable, solid microneedle electrodes were
fabricated by a novel metal-transfer micromolding technique and shown to electroporate
cells to increase uptake of calcein and bovine serum albumin and to increase DNA
transfection [66, 279]. A hollow microneedle electrode was also developed as a proof-of-
concept for simultaneous intradermal injection and electroporation [153] and for
temperature monitoring during electroporation [148]. Using the drawing technique, a
dissolving maltose microneedle tip was combined with a metal microelectrode for
transdermal delivery of the p2CMVmIL-12 gene. This hybrid electro-microneedle resulted
in the successful treatment of B16F10 subcutaneous tumors in a mouse model [280].

Microneedle electrode arrays have also been used for DNA vaccination, where a
microneedle coated with the smallpox DNA vaccine was employed; a high antibody
response and complete protection against lethal challenge were the results [281–283].

3.1.6. Approved microneedle products—There are a number of approved medical and
cosmetic products using microneedles that are sold around the world. The first product was
the Dermaroller®, which is a cylindrical roller covered on its surface with solid, metal
microneedles that measure 0.2 – 2.5 mm in length. The shorter needles are designed
especially for home use by patients to improve skin texture and the longer ones are used in
clinics to treat scars and hyperpigmentation. First sold in Europe in 1999, the Dermaroller is
now sold around the world (http://dermaroller.com/). A number of other companies sell
similar products as microneedle rollers (http://www.hansderma.net, http://
www.whitelotus.com.au/) as well as a flat microneedle patch (http://www.henryschein.com/
microchannel).

More recently, MicroHyala® was developed as a patch covered with dissolving
microneedles containing hyaluronic acid that is released in the skin to treat wrinkles (http://
www.cosmed-pharm.co.jp/). This product was introduced in 2008 and is currently sold in
Japan. LiteClear® was also recently introduced in China for acne treatment and worldwide
for cosmetic blemish treatment (http://www.nanomed-skincare.com/). This family of
products uses solid silicon microneedles as a skin pretreatment followed by application of
the active agents topically.

Soluvia® is a single hollow microneedle that is 1.5 mm long and is attached to a syringe
(http://www.bd.com/pharmaceuticals/products/microinjection.asp). It is marketed worldwide
prefilled with influenza vaccine for intradermal vaccination as IDflu®, Intanza® and
Fluzone Intradermal® (http://en.sanofi.com/press/press_releases/2009/ppc_24214.asp).

Finally, MicronJet® recently received FDA clearance (http://www.nanopass.com/content-
c.asp?cid=22). This device contains a row of four hollow, silicon microneedles mounted on
a plastic adapter compatible with standard syringes,
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3.2. Delivery to the eye
In addition to applications in the skin, microneedles have also been used for drug delivery to
the eye. In the first study of ocular drug delivery, coated microneedles were used to
administer model compounds into the sclera and corneal stroma [101]. Administration of
pilocarpine to the corneal stroma in this way achieved a bioavailablity almost two orders of
magnitude greater than topical delivery and induced significant and extended constriction of
the pupil in the rabbit eye.

A subsequent study showed that hollow microneedles can be used to make minimally
invasive injections of soluble molecules, as well as nano- and microparticles, into the sclera
[284]. Intrascleral injection was influenced by scleral thickness, infusion pressure,
microneedle retraction depth, and concomitant use of enzymes. By inserting hollow
microneedles to the base of the sclera, fluid injection could be targeted to the suprachoroidal
space, which is a potential space between the sclera and choroid of the eye [285]. Fluid
injected in this way was able to flow circumferentially around the eye and even reach the
macula after injection near the limbus. Soluble molecules, as well as nano- and
microparticles, were injected, which was influenced by microneedle length, intraocular
pressure, infusion pressure, and particle size.

An implantable microneedle made of biodegradable polymer and methotrexate was
developed for treatment of primary vitreo-retinal lymphoma [286]. In a preliminary toxicity
test, in vivo implantation into the rabbit eye resulted in no inflammatory response.

3.3. Delivery into cells
Single, hollow microneedles have been used for intracellular injection for decades,
facilitating applications in the bioscience laboratory, animal cloning and clinical medicine
(e.g., in vitro fertilization) [287–289]. This extremely low-throughput approach uses pulled
glass micropipettes that are carefully inserted into individual cells under a microscope for
intracytoplasmic or intranuclear injection of proteins, DNA, spermatozoa or other materials.

As an alternative approach, modified atomic force microscopy (AFM) tips have been
developed into nanoneedles of 200–300 nm in diameter and 6–8 μm in length for
intracellular penetration and delivery [290–292]. By immobilizing DNA molecules on the
surface of the nanoneedle, DNA was delivered and expressed in human stem cells and
cancer cells [293–295]. This type of nanoneedle was also adapted for use as a sensor of
mRNA or insulin-like growth factor-II in cells [296–297].

Nanoneedles have also been made from single multiwalled carbon nanotubes (MWCNT)
mounted on an AFM tips, glass micropipettes and macroscopic needles. In this way,
quantum dots adhered to the nanotube surface were delivered into human cells [298–299].
Fluid and nanoparticles were also delivered through the bore of MWCNT [300].

Microneedle arrays have been adapted to facilitate higher-throughput delivery into cells, in
contrast to the single-cell approaches described above. In an early study, nematodes were
allowed to locomote across an array of DNA-coated microneedles, which pierced through
the nematode cuticle to transfect nematode cells [301]. About 8% of the total progeny tested
expressed the foreign gene. Similarly, microneedle arrays have been pressed into a
monolayer of prostate cancer cells bathed in a solution of calcein, a small fluorescent marker
compound [38]. This led to intracellular uptake of the calcein at high cell viability. Hollow
microneedle arrays have also been developed for intracellular injection [302]. In a different
way, nanoneedle-shaped particles were developed for intracellular delivery on encapsulated
molecules [303].
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3.4. Other applications
For medical applications, solid microneedles have been developed for drug delivery into
blood vessel walls, for example to treat restenosis [304]. Such microneedles were shown to
puncture across the internal elastic lamina in rabbit arteries ex vivo. To aid tissue
engineering, hollow microneedles were developed to improve cell viability in tissue culture
by better perfusing slices of harvested brain tissue [305].

For biofuels applications, gold-plated microneedle electrodes were functionalized to
electrochemically detect p-cresol for high-throughput analysis of biochemical species in
plants for biofuels research [306].

4. Use of microneedles
4.1. Biomechanics of delivery using microneedles

4.1.1. Microneedle insertion into skin—Most applications require insertion of
microneedles into the skin or other tissue of interest. Because skin is composed of nonlinear
viscoelastic layers, it is easily deformed when microneedles are applied to its surface [307–
311]. This means that microneedle design and insertion method can influence whether
microneedles fully penetrate, partially penetrate or do not penetrate at all into the skin.

Microneedles have been inserted into the skin by hand or using mechanical insertion
devices. One study showed that longer microneedle and lower microneedle density made
insertion into the skin easier by overcoming this deformation [53]. Another approach uses a
cylindrical roller with protruding microneedles, which inserts just one row of microneedles
at a time as the device rolls across the skin surface [85–87, 190, 219, 312–314]. Using a
different approach, blunt-tipped microneedles have been scraped across the skin surface to
form micro-trenches [220].

To facilitate microneedle insertion into skin, a vibratory actuator helped microneedles
penetrate the skin with less insertion force [153, 315–316] and an electrically driven
applicator that inserted microneedles at high velocity helped assure microneedle penetration
to increase skin permeability [317]. In a related study, a spring-loaded applicator inserted
densely packed, extremely short (< 70 μm) microneedles into the skin and determined the
effect of insertion speed on perforating area, penetration depth, and amount of vaccine
delivered from coated microneedles [318]. Microneedle insertion by drilling enabled precise
control over the depth of microneedles insertion, allowing localization of injection through
hollow microneedles to within the viable epidermis or specific depths within the dermis
[152].

To supplement histological imaging that requires invasive skin sampling and processing,
non-invasive imaging methods have been used for real-time visualization of microneedle
penetration. Optical coherence tomography (OCT) has been used by a number of groups to
image microneedle insertion depth, skin resealing and the influence of microneedle
geometry and application force on insertion depth [319–320]. Real-time dissolution of a
microneedle in the skin was also imaged by OCT [321]. Injection into skin with a hollow
microneedle was imaged by X-ray and 3D ultrasound echography to show intradermal
localization of the injection and to visualize the distribution of injected fluid within the skin
[173].

Microneedles must be strong enough to insert into skin without bending or breaking. While
solid metal microneedles tend to be very strong, hollow microneedles are susceptible to
fracture if not designed properly [322], whereas polymer microneedles have mostly been
shown to fail by plastic deformation [44, 201, 323]. Experimental measurements coupled
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with biomechanical modeling have shown that the force required to insert a microneedle into
the skin decreases in proportion to microneedle tip sharpness and is affected by skin tension
and curvature, and that both microneedle material and geometry affect microneedle
mechanical strength [44, 201, 322–327].

4.1.2. Infusion through hollow microneedles—Hollow microneedles require control
not only over the microneedle insertion process, but also over fluid infusion into the skin.
Experimental and finite-element modeling of fluid flow through microneedles showed that
while geometry of the microneedle tip largely controlled pressure drop for fluid infusion
through the microneedle, these pressures were much less than those required for injection
into skin, meaning that the primary resistance to flow was associated with infusion into the
skin and not through the microneedle itself [328].

In human cadaver skin, fluid flow rate into skin was increased by greater insertion depth,
larger infusion pressure, use of a beveled microneedle tip, and the presence of hyaluronidase
as a tissue spreading factor [163]. Partial retraction of the microneedle also increased
infusion rate by allowing skin compressed during microneedle insertion to return to its
original state, which resulted in an enhanced flow rate [163, 307]. A similar study in human
subjects that assessed infusion pressure and pain associated with infusion at a set of flow
rates showed that microneedle insertion depth had little effect, partial microneedle retraction
lowered infusion pressure but increased pain, slower infusion rate reduced infusion pressure
and kept pain low, and use of hyaluronidase also lowered infusion pressure and kept pain
low [329].

In the eye, infusion pressures during injection using microneedles have been reported over a
similar range as in the skin, i.e., up to one or a few atmospheres [284–285]. Intrascleral
injection benefitted strongly from partial microneedle retraction, but infusion pressure had
little effect on the volume injected, which was generally up to a few tens of microliters
[284]. Suprachoroidal injection required precise placement of the microneedle at the base of
the sclera (i.e., just above the choroid) for infusion of up to a few tens of microliters, which
depended on microneedle insertion depth and infusion pressure [285].

4.1.3. Skin recovery process—Micron-scale holes remain in the skin after removing
microneedles. When microneedles are used as a pretreatment for subsequent drug delivery
through these holes, a long pore lifetime is ideal. However, in other scenarios, quick
resealing of the pores is beneficial for safety reasons to avoid possible infection. The
kinetics of pore resealing after microneedle insertion were studied by electrical impedance
measurement in human subjects, which showed that pores formed by microneedles
recovered their barrier properties within 2 h when the skin was not occluded, but took 3 to
40 h to recover when the skin was occluded, depending on the geometry of the microneedles
[180, 330]. The kinetics of pore resealing were also assayed in hairless rats using TEWL and
tissue staining, and showed similar timeframes for pore resealing [314].

Application of a non-specific COX inhibitor to the skin after microneedle pretreatment was
shown to maintain skin permeability for up to 7 days by inhibiting the skin recovery process
[182]. This was achieved by applying an FDA-approved topical formulation of diclofenac
sodium (Solaraze® gel) to hairless guinea pigs.

4.2. Biopharmaceutical stability in microneedles
Molecules, and especially biopharmaceuticals, need to be protected during incorporation
into microneedles and during subsequent storage, possibly at elevated temperature. While
many of the studies mentioned throughout this review implicitly demonstrate retained
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bioactivity based on pharmacokinetic measurements and pharmacodynamic responses, some
studies specifically examined biomolecule stability and developed methods to enhance it.

4.2.1. Stability of biotherapeutics—In an early study, bovine serum albumin was
encapsulated in biodegradable PLGA polymer microneedles. During microneedle
fabrication, heat exposure for less than 10 min did not significantly damage protein stability,
but heat exposure longer than 20 min induced protein aggregation [132]. Lysozyme and
human growth hormone were stably encapsulated and stored at room temperature for two
months and 15 months, respectively, in carboxymethylcellulose microneedles fabricated by
casting and drying at low temperature [113, 201]. Insulin, low molecular-weight heparin,
human growth hormone, and desmopressin were also embedded in dissolving microneedles
and retained their activity for at least one month, even at −80°C or +40°C [117, 122, 125].
Horseradish peroxidase was stably coated onto microneedles and maintained much of its
enzymatic activity even after one month storage at 70°C [104].

In a detailed set of studies, destabilization of PTH (1-34)-coated microneedles was shown to
be due primarily to aggregation and oxidation [203]. Interestingly, the plastic retainer ring in
the microneedle packaging was the main component that had a negative effect on PTH
stability. After optimizing storage conditions, PTH coated on microneedles retained its
bioactivity up to 18 months at room temperature and 60% humidity. Terminal sterilization
of PTH-coated microneedles by γ-irradiation or e-beam irradiation caused PTH oxidation,
which was reduced but not eliminated by lowering irradiation dose and temperature, as well
as minimizing moisture and oxygen levels in the packaging [204]. However, these measures
were not able to maintain product stability for a two-year shelf life at room temperature, so
aseptic manufacturing was used instead.

4.2.2. Stability of vaccines—Vaccine stability has also received considerable attention,
in part because long-term vaccine storage without refrigeration would significantly benefit
developing country vaccination efforts. Vaccine stability can be damaged during coating
onto solid microneedles or encapsulation within dissolving microneedles, largely due to the
drying process. A number of different vaccine formulations have been studied for coating
influenza vaccines onto metal microneedles, which showed that including trehalose was
critical to preserving vaccine antigenicity [91, 98]. Inclusion of trehalose, as well as
surfactant, was also important to stabilizing BCG vaccine on coated microneedles [110].
Inactivated influenza vaccine was shown to maintain immunogenicity in the presence of
UV-mediated polymerization of monomeric N-vinylpyrrolidone to encapsulate the vaccine
in PVP microneedles [128].

Microneedles coated with an inactivated influenza vaccine and stored at room temperature
for one month had approximately 20% loss of antigenicity in vitro, but mice immunized
using these microneedles in vivo produced similar IgG responses to mice immunized using
freshly coated microneedles [331]. An influenza subunit vaccine coated onto microneedles
using a different formulation produced antibody responses in mice after six months storage
that were similar to the response from freshly coated microneedles [332]. In another study,
BCG vaccine lost approximately 30% viability after storage on coated microneedles at room
temperature for 7 weeks [110]. A mechanistic study of influenza vaccine stability in
microneedle coatings showed that phase transformation and especially crystallization of
trehalose in the coating was strongly associated with loss of vaccine antigenicity [333].

4.3. Patient compliance and safety
In focus group studies of the opinions of the public as well as healthcare professionals,
microneedle patches were generally viewed positively compared to hypodermic needle
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injections [334]. Perceived benefits included reduced pain, tissue damage and risk of
infections, as well as possible self administration. Concerns focused on delayed onset, cost,
accurate and reliable dosing and the potential for misuse. In separate vaccination surveys
associated with hollow microneedle injection of influenza vaccine, most physicians and the
general public preferred microneedles over conventional intramuscular injection largely due
to the smaller needle size, as well as the increased immunogenicity of intradermal
vaccination [335]. Physicians and patients alike thought that microneedle-based vaccination
could increase vaccination coverage rates.

4.3.1. Pain—Patients may find microneedles appealing because of their minimally invasive
delivery mechanism. Blinded pain studies in human subjects showed that pressing an array
of 400 microneedles measuring 150 μm in length into the skin was much less painful than
inserting a 26 gauge hypodermic needle [336]. A more detailed study showed that
microneedle length strongly affected pain scores, number of microneedles also affected pain
scores, and microneedle thickness and tip angle had weak effects on pain score over the
range of conditions studied [337]. All microneedles studied induced significantly less pain
than the hypodermic needle control. Other studies similarly showed that microneedles
shorter than 400 μm did not cause reported pain [338–339].

Possible pain from hollow microneedles can be caused by microneedle insertion as well as
liquid infusion during injection. A detailed study in human subjects showed that insertion of
a single microneedle even as deep as 1 mm into the skin was generally not perceived as
painful [329]. Infusion of up to a few hundred microliters of saline caused minimal sensation
that was reported by most subjects as painless. Infusion up to 1 ml sometimes caused mild
pain, especially at high flow rate and after partial microneedle retraction. In two separate
studies, injection of lidocaine and injection of insulin with a microneedle was generally
reported as painless and was overwhelmingly preferred by subjects over a hypodermic
needle or subcutaneous catheter control, respectively [167, 193, 198]. In a human trial of
influenza vaccination using a hollow microneedle array, pain associated with microneedles
was not significantly different from that by IM injection in healthy adults [254].

4.3.2. Skin irritation—Microneedles can cause mild, transient skin irritation, primarily in
the form of highly localized, mild and often punctuate erythema. The length of solid
microneedles was found to be important, where 400 μm-long microneedles induced greater
erythema and blood flow than 200 μm-long microneedles [338]. Other studies using solid
microneedles have similarly found mild erythema that disappears within hours or, in some
cases, days [340].

Hollow microneedles can also cause mild erythema [167, 193, 198, 250–251, 253, 329].
Edema can also be seen, although this swelling is not believed to be an inflammatory
reaction, but rather direct visual evidence of the bleb of fluid injected into the skin
characteristic of conventional intradermal injections as well. Unlike after hypodermic needle
injection, blood is not characteristically seen on the skin surface after hollow microneedle
injection. Influenza vaccination using hollow microneedles has shown more local
inflammatory reactions than hypodermic injection in human subjects [249–250, 252–254].
This may be due to inflammatory reactions being more easily visible in the skin than those
that may occur after intramuscular injection deeper in the body.

4.3.3. Skin infection—It is important to consider whether residual holes left by
microneedles in the skin may be sites for infection. Clinical experience with hypodermic
needles suggests that residual holes left by sterile needles is not a significant source of
infection [341], in large part because the skin has a host of pathogen defense mechanisms to
protect it from infection [342]. Experience to date with microneedles is consistent with the
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expectation that infection of skin after microneedle treatment is unlikely; there have been no
reports of skin infection in the many human and animal studies cited throughout this review,
which amounts to many thousands of microneedle insertions in hundreds of people and
thousands of animals.

A study that specifically examined the issue of microbial penetration through residual holes
left by microneedles in pig skin in vitro found that microneedle puncture resulted in
significantly less microbial penetration than did hypodermic needle puncture and that no
microorganisms crossed the viable epidermis in microneedle-punctured skin [343]. In
another study, pretreatment of mouse skin with a microneedle roller making 150 holes
resulted in similar levels of E. coli penetration as a single hole made by a hypodermic needle
[219].

5. Perspectives and conclusions
5.1. Historical perspective

Active research in the field of microneedles for drug delivery began in the mid-1990’s,
largely through three isolated efforts operated in parallel at Becton Dickinson (BD), Alza
Corporation and the Georgia Institute of Technology.

In the early 1990’s, BD was interested to improve upon the well-established hypodermic
needle for parenteral injection that formed a large part of their business and envisioned that
microfabrication technology could enable smaller needles with enhanced clinical or
pharmacological outcomes. They sponsored research at the University of California at
Berkeley and the University of Utah to explore alternative manufacturing processes and
designs enabled by microfabrication [344–346]. As the program matured, BD continued
internal development of scalable manufacturing processes, preclinical testing, and clinical
device evaluation. Primary focus was on short hollow steel needles [347] and blunt-tipped,
solid microneedles that scrape the skin to increase skin permeability to topical vaccines
[220]. The former project has matured into a commercial product platform (Soluvia®) [223]
that is widely used for intradermal injection of influenza vaccine (IDflu®, Intanza®,
Fluzone Intradermal®) [348].

In the early 1990’s, Alza Corporation had a historical interest in microneedles dating back to
the early days of the company in the 1970’s [35], as well as an active engagement in
developing iontophoresis for transdermal drug delivery [349]. Seeing the opportunity to
combine these technologies, the company initially teamed with ISIS Pharmaceuticals to
study iontophoresis of oligonucleotides across the skin after pretreatment by puncturing the
skin with solid metal microneedles [105]. Additional work included coated metal
microneedles; this technology was spun out of Alza and into a new company originally
called The Macroflux Company and now called Zosano Pharma. This technology has been
carried through a Phase II clinical trial for administration of PTH (1-34) to treat osteoporosis
[206].

The third group to pioneer microneedles for drug delivery in the 1990’s was Georgia Tech,
through collaboration between Mark Prausnitz, with expertise in transdermal drug delivery,
and Mark Allen, with expertise in microfabrication. This group produced the first journal
article on drug delivery using microneedles [40] and has continued to perform microneedles
research since then.

In the late 1990’s and early 2000’s, a number of other companies began microneedles
research programs. In academia, the microfabrication community also became interested in
microneedles and developed a variety of different microneedle designs and fabrication
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methods. However, most of these microneedles were never used for drug delivery, but rather
served as vehicles for advancing microfabrication research. The academic drug delivery
community did not become very involved in microneedles research during this early stage,
other than at Georgia Tech.

As the 2000’s progressed, industrial activity continued to grow, academic microfabrication
activity slowed, and academic drug delivery research grew dramatically. It appears that
academic research on drug delivery was delayed because most drug delivery researchers did
not have the ability to make microneedles and most microfabrication researchers did not
have the ability (or interest) to carry out drug delivery studies. Eventually, the
interdisciplinary divide was crossed and the field blossomed as pharmaceutical labs gained
access to microneedles.

Today, the field is at an important transitional point. It has matured far enough that many
viable microneedle systems exist in dozens of industry and academic labs, and numerous
applications of microneedles have been demonstrated in vitro and in animals, with a few
progressing into human trials. The field is now fertile for more extensive translation into the
clinic and introduction of microneedle products into medical practice.

5.2. Selection of microneedle designs for applications
Many microneedle designs and delivery strategies have been developed. For a given
application, it is critical to identify the best microneedle design from among the many
options. In general, drug delivery strategies can be divided into three major categories, each
with different strengths and weaknesses: (i) skin pretreatment with microneedles followed
by drug application as a topical formulation or patch for slow delivery over time, (ii) drug
coating on or encapsulation in microneedles for bolus delivery into the skin and (iii)
injection of a liquid drug formulation through one or more hollow microneedles for bolus
injection or controlled infusion over time (Table I).

5.2.1. Skin pretreatment with microneedles—Skin pretreatment with microneedles
followed by drug application as a topical formulation or patch is arguably the simplest
design for microneedle-based drug delivery. In this way, microneedles only need to be
designed for biomechanical function, can be terminally sterilized without damaging
bioactives, and need not remain in the skin for more than a fraction of a second. Moreover,
such drug-free microneedles might be obtained from existing manufacturers who currently
sell microneedles for cosmetic and other purposes. Drug delivery can then be carried out
possibly using a conventional topical ointment, cream or gel or a transdermal patch. A
downside, however, to this approach is that it is a two-step process, wherein the patient must
first apply and discard microneedles and then apply the drug formulation to the treated skin
site. A more successful approach might involve designing a device that integrates this two-
step process into a single step procedure for the patient.

Another feature of the skin pretreatment approach is that it involves sustained-release drug
delivery by diffusion through long-lived pores in the skin. For drugs that would benefit from
a sustained-release delivery profile, this is an advantage. For scenarios where bolus delivery
is desirable, this is a disadvantage. This approach also facilitates combination of
microneedle-based delivery with other methods, such as iontophoresis. Because the skin
pretreatment method relies on long-lived pores in the skin, the duration of drug delivery is
limited by the lifetime of these pores. Finally, because drug delivery occurs over a long time
(i.e., hours to days), milligram doses per day should be possible for many drugs, depending
on treated skin area, drug solubility in the delivery vehicle, drug diffusivity in pores, and
other factors.
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5.2.2. Coated and dissolving microneedle patch—The use of a microneedle patch,
either coated with or encapsulating drugs, is arguably the simplest method of microneedle-
based drug delivery for patients. In this scenario, the patient applies the patch to the skin,
possibly using an applicator, and then leaves the patch in place probably for a few minutes
before discarding it. While coated microneedles may be considered biohazardous sharps
waste, dissolving microneedles should be discarded as non-sharps waste.

This patient convenience, however, requires more sophisticated microneedle design and
manufacturing. Microneedles must be designed for biomechanical function with the added
constraints of including bioactives; have to be formulated using safe excipients that quickly
dissolve in the fluids of the skin and protect drug stability during fabrication and storage;
and may need to be manufactured under aseptic conditions. Biomechanical constraints are
still greater for dissolving microneedles, which are generally weaker than metal or non-
dissolving polymer microneedles suitable for coating.

A microneedle patch enables rapid bolus delivery. If sustained-release delivery is preferred,
the microneedle formulation can be adjusted to have slow drug release from a skin depot
formed by the dissolution products of the microneedle or its coating. Perhaps the greatest
limitation of the microneedle patch is the small dose that can be coated on or encapsulated in
microneedles. Although it depends strongly on drug properties – especially water solubility,
since dissolving microneedles and microneedle coatings are typically prepared in aqueous
solution – a general rule of thumb is that on the order of 0.1 – 1 μg of drug can be
administered per microneedle, which corresponds to 10 – 1000 μg for a patch containing
100 – 1000 microneedles. Some of the very small microneedles may not support so much
drug per microneedle, but can generally be packed at higher density such that this same dose
range applies for a patch of up to a few square centimeters in size.

5.2.3. Hollow microneedles—Injection of drugs through hollow microneedles is
arguably the most powerful method of microneedle-based drug delivery that enables the
greatest control over the amount and timing of drug delivery. Hollow microneedles can be
briefly inserted into the skin for bolus injection or can be left in place for sustained infusion.
When coupled with a microprocessor-controlled pump, a wide variety of delivery profiles
can be achieved, possibly in response to real-time patient or biosensor input.

Microneedle design is simplified by separation of the microneedle from the bioactive during
manufacturing and drug formulation is simplified by use of liquid formulations that may
need little or no changes from drug formulations already in clinical use. However, hollow
microneedles have to be designed not only for mechanical strength during insertion, but also
to enable leak-free infusion into skin and coupling to a drug reservoir. Single hollow
microneedles have been shown to be sufficient for a number of applications, but multiple
microneedles may be desirable in other scenarios. In addition to the design and manufacture
of the microneedle, hollow microneedle systems typically require design and manufacture of
a drug reservoir, pump, microfluidic netoworks and possible electronic controller, making
the whole system much more complex than a microneedle patch.

5.3. Conclusions
The field of microneedles has dramatically grown over the past 15 years. Microfabrication
technology has enabled a variety of different microneedle designs for drug delivery to the
skin and other targets. Microneedles have been fabricated out of many different materials
including silicon, metals, polymers, and ceramics using a variety of different fabrication
methods including lithography, wet and dry etching, laser cutting and micromolding.
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Solid microneedles, either on planar substrates or assembled as rollers, can be used to
pretreat the skin and thereby increase skin permeability by orders of magnitude. A drug
formulation or patch can then be applied to treated skin for sustained drug delivery.
Alternatively, drugs can be encapsulated within a water-soluble matrix that is either applied
as a coating onto metal or polymer microneedles or used as the matrix material of the
microneedles themselves. Upon insertion into skin, the matrix dissolves and releases the
encapsulated drug. Finally, hollow microneedles can be used to infuse liquid formulations of
drug into the skin.

Microneedles have been studied for a diversity of medical applications, where delivery of
bioactives to the skin has been the primary focus. Animal and human studies have
demonstrated microneedle-based delivery of low molecular weight drugs including
naltrexone, lidocaine, phenylephrine and compounds for photodynamic therapy;
biotherapeutics including parathyroid hormone and insulin among other protein and peptide
drugs; and vaccines including influenza, rabies, BCG, West Nile virus, HPV and other
vaccines. Ocular delivery has been targeted to the cornea, sclera and suprachoroidal space
using solid and hollow microneedles. Microneedles have been used for intracellular delivery
of DNA and other compounds as well. Finally, microneedles have been used to collect
bodily fluids and make bioelectric measurements as diagnostic sensors.

Functional use of microneedles has also received extensive attention. Optimization of
microneedle sharpness, length, insertion force and velocity, and other parameters has
enabled reliable microneedle insertion into skin. Fluid infusion through hollow microneedles
depends on geometry of the microneedle (especially at the tip), infusion pressure, and
possible partial retraction of the microneedle. Skin undergoes substantial recovery of barrier
properties after microneedle treatment within hours if skin is not occluded, within about one
day if skin is occluded and within up to one week if agents inhibiting skin repair are added.
Stability of biomolecules encapsulated in microneedles and microneedle coatings has been
facilitated by storage in a dry state in a formulation often containing trehalose among other
excipients.

Patients and healthcare workers have seen value and expressed preference for microneedle-
based delivery compared to hypodermic injections in surveys. Human subjects report little
or no pain associated with most microneedle designs. After microneedle treatment, the skin
often shows mild, transient erythema, but there is currently no evidence for increased risk of
infection at the treatment site.

Microneedle research and development has progress tremendously over the past 15 years.
Microfabrication tools have been adapted to the needs of microneedles as drug delivery
devices. A variety of drug and vaccine applications have been shown in animals and
humans. Patients, healthcare providers and companies have demonstrated interest in the
technology. Microneedles are poised to make expanded impact on clinical medicine over the
coming years.
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Figure 1.
Cumulative number of publications on microneedles. The number of publications was
determined by searching the PubMed database (http://www.ncbi.nlm.nih.gov/pubmed/) and
Web of Science (http://apps.webofknowledge.com) on 25 November 2011 using the search
terms “microneedle”, “microfabricated needle”, and “nanopatch”. Conference proceedings
were excluded.
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Figure 2.
Methods of drug delivery to the skin using microneedles (MN). Microneedles are first
applied to the skin (A) and then used for drug delivery (B). Solid microneedle are used as a
pretreatment, after which drug can diffuse through residual holes in skin from a topical
formulation (solid MN). After insertion of drug-coated microneedles into the skin, the drug
coating dissolves off the microneedles in the aqueous environment of the skin (coated MN).
Drug-loaded microneedles are made of water-soluble or biodegradable materials
encapsulating drug that is released in the skin upon microneedle dissolution (dissolving
MN). Hollow microneedles are used to inject liquid formulations into the skin (hollow MN).
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Figure 3.
Solid microneedles made of silicon, metal and polymer. Images reproduced with permission
from references (a) [39], (b) [343], (c) [59], (d) [344], (e) [312], (f) [53], (g) [67], (h) [52],
(i) [49], (j) [71], (k) [43], and (l) [87].
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Figure 4.
Coated microneedles made of metal and polymer after (a,c,d,f,g,i,k) and before (b,e,h,j,l)
coating.. Images reproduced with permission from references (a,b) [90], (c) [51], (d,e) [91],
(f) [96], (g,f) [98], (i,j) [229], and (k,l) [99].
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Figure 5.
Dissolving microneedles made of water-soluble polymers and biodegradable polymers.
Images reproduced with permission from references (a) [113], (b) [112], (c) [127], (d) [126],
(e) [140], (f) [50], (g) [119] and (h) [130].
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Figure 6.
Hollow microneedles made of silicon and polymers. Images reproduced with permission
from references (a) [148], (b) [149], (c) [145], (d) [150], (e) [151], (f) [156], (g) [168], (h)
[345], (i) [163], (j) [317], and (k) [167].
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Table I

Characteristics of different microneedle-based drug delivery system designs.

Microneedle design Simplicity of design and
manufacturing

Simplicity of use by
patient

Maximum possible
drug dose

Control over drug
delivery profile

Microneedle pretreatment + + + + + + + + +

Microneedle patch + + + + + + + +

Hollow microneedles + + + + + + + +
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