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ABSTRACT

A coated microneedle array comprises sharp micrometer-sized
needle shafts attached to a base substrate and coated with
a drug on their surfaces. Coated microneedles are under inves-
tigation for drug delivery into the skin and other tissues, and
a broad assortment of active materials, including small mole-
cules, peptides, proteins, deoxyribonucleic acids, and viruses,
have been coated onto microneedles. To coat the microneedles,
different methods have been developed. Some coating methods
achieve selective coating of just the microneedle shafts, whereas
other methods coat not only microneedle shafts but also the
array base substrate. Selective coating of just the microneedle
shafts is more desirable since it provides control over drug

dosage, prevents drug waste, and offers high delivery efficiency.
Different excipients are added to the coating liquid to modulate
its viscosity and surface tension in order to achieve uniform
coatings on microneedles. Coated microneedles have been used
in a broad range of biomedical applications. To highlight these
different applications, a table summarizing the different active
materials and the amounts coated on microneedles is provided.
We also discuss factors that should be considered when deciding
suitability of coated microneedles for new-drug delivery applica-
tions. In recent years, many coated microneedles have been
investigated in human clinical trials, and there is now a strong effort
to bring the first coated microneedle-based product to market.

Introduction

Microneedles are sharp protrusions measuring less than
a millimeter in length. Microneedles were originally invented
for drug and vaccine delivery through the skin (Henry et al.,
1998). Microneedles achieve this objective by piercing the top
layer of the skin, the stratum corneum, which is the principal
barrier to transdermal delivery of drugs (Bouwstra and Ponec,
2006). Microneedles are attractive because they are minimally
painful (Gill et al., 2008; Haq et al., 2009; Nguyen and Park,
2018) and can be applied by patients in the comfort of their
homes (Birchall et al., 2011). A microneedle array (also known
as a microneedle patch) comprises one or more individual
microneedles situated on a flat base (also called a substrate).
When the individual microneedles rise perpendiclular to
the flat base, it is called a two-dimensional array, and when
the individual microneedle run parallel to the flat base
mimicking a “fork”, it is called a one-dimensional array. On
the basis of their design and mode of use, microneedles can be
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categorized into four basic types: hollow microneedles, dissolv-
able microneedles, poke-and-patch microneedles, and coated
microneedles. These classes have been reviewed before (Praus-
nitz, 2004; Quinn et al., 2014), and we only briefly introduce
them in this work. A hollow microneedle is similar to a conven-
tional hypodermic needle but is notably much shorter. It has
a hollow bore and liquid can be injected through it. A dissolvable
microneedle on the other hand is made entirely of either drug or
of a matrix in which the drug is dispersed. The dissolvable
microneedle upon insertion into the skin can dissolve within
minutes or can degrade over a longer time. In the “poke-and-
patch” approach, a solid microneedle is used to pretreat the skin
to increase its permeability by creating a micrometer-sized
perforation, after which the drug formulation or a transdermal
patch i applied over the pretreated skin. Finally, with a coated
microneedle, the drug is coated as a solid film on the micro-
needle surface. When the coated microneedle is inserted into
the skin it carries the coated payload with it. Once in the skin,
within minutes the coating dissolves, after which the micro-
needles can be removed and safely discarded.

A coated microneedle is a versatile delivery system. The
same microneedle patch can be used for the delivery of a broad
spectrum of materials ranging from small molecules, to pro-
teins, to DNA, to viruses, and even to microparticles (Gill
and Prausnitz, 2007a). In contrast to the dissolvable micro-
needle, whose mechanical properties can change when the
encapsulated drug fraction is altered or a different drug is
dispersed in its matrix, the mechanical properties of a solid

ABBREVIATIONS: PEG, polyethylene glycol.
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microneedle are not impacted when a different drugis coated on
it surface. Furthermore, the coated microneedle system has
been evaluated as a delivery system for not just the skin
(Prausnitz, 2017) but also the eye (Jiang et al., 2007; Kim et al.,
2014; Song et al., 2015), vascular tissue (Lee et al., 2014, 2017b),
and the oral cavity (McNeilly et al., 2014; Ma et al., 2015). A
recent article by Rzhevskiy et al. (2018) has reviewed the use of
microneedles for drug delivery into different tissues and organs.

To use coated microneedles for different applications, it is
important to consider the quality of coatings, reproducibility
of the coating process, and the delivery efficiency. In the first
publication on coated microneedles (Matriano et al., 2002),
it was reported that the microneedle patches were coated
by immersion in a coating solution. This resulted in coating
of the entire microneedle array, including the base substrate.
A few years later, to improve delivery efficiencies and to
reduce drug wastage, more precise coating methods were
developed to restrict coatings to just the microneedle shafts;
one such method was published in 2004 (Cormier et al., 2004)
and another in 2007 (Gill and Prausnitz, 2007a). Early studies
also described the influence of liquid properties on the
uniformity of the coating of microneedles and demonstrated
that a broad range of materials could be coated onto micro-
needles with precision (Gill and Prausnitz, 2007b). Since the
publication of these early studies, many microneedle coating
methods have been developed. The objective of our review is to
highlight the important design criteria and parameters that
should be considered in the development of coated microneedles
and to review the different microneedle coating methods. A
comprehensive analysis of in vivo and in vitro results from the
application of coated microneedles is outside the scope of this
review. We refer the readers to the recent microneedle review
articles for this information (Prausnitz, 2017; Shin et al., 2017;
Nguyen and Park, 2018; Rodgers et al., 2018).

The Concept of Coated Microneedles

A coated microneedle comprises a sharp, solid-core micro-
needle structure on which is coated a solid film containing
the active compound and water-soluble inactive excipients. The
water-soluble excipients not only aid in the microneedle coating
process but also catalyze the detachment of the film from the
microneedle surface. The process by which a coated micro-
needle delivers its payload into the skin is schematically
shown in Fig. 1. When a drug-coated microneedle is inserted
into the skin, the coating encounters the interstitial fluid
present in the tissue. Contact with this aqueous medium
helps to dissolve the water-soluble excipients in the micro-
needle coating, which in turn initiates the detachment of the
coating from the microneedle surface. Depending on the
aqueous solubility of the coating excipients, the detachment
of the coating can finish within seconds to minutes. It is only
necessary that the coating detach from the microneedle
surface before microneedles are removed from the skin; the
complete dissolution of the material left behind can occur in
due time. Coated microneedles can be used to deliver their
coated payload not only to skin but also other tissues.

Desirable Attributes in Microneedle Coatings

Uniform Coatings. To ensure reproducible delivery of
active molecules, it is important to produce uniform coatings
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Fig. 1. Schematic describing how coated microneedles facilitate delivery of
active materials into the skin. A microneedle shaft is first coated with the
active material. When the coated microneedle is inserted into the skin, the
coating encounters the interstitial fluid that bathes the cells. This causes
the coated material to start dissolving. After a certain duration the micro-
needle is removed. A portion of the material has been delivered into the skin,
but some material remains on the skin surface and some continues to stick
to the microneedle shaft after it has been removed. The ratio of the material
delivered into the skin to the total amount coated on a microneedle before
insertion is called the delivery efficiency of the microneedle.

on microneedle surfaces. If as depicted in Fig. 2-i, coatings are
irregular, random, and patchy in nature, poor consistency in
the mass of material being coated is achieved. Therefore,
a primary attribute required in microneedle coatings is that
they should form a uniform coverage on the microneedle shafts
without uncoated spots.

No Deposition of Coatings on the Base Substrate of
the Microneedle Patch. Only microneedle shafts penetrate
the skin. As such, drug that is not coated on the microneedle
shafts but is instead situated on the base substrate of the
microneedle patch (Fig. 2-ii and 2-iii) is not deliverable into the
skin. This wasted coating located between the microneedles
can be quite significant. For example, a 10x 10 mm patch with
10,000 microneedles/cm?, each measuring 250 um in length and
40 um in base diameter and tapering into a sharp point of less
than 2 um (Griffin et al., 2017; Fernando et al., 2018) has a total
surface area of about 245 mm?, of which about 65% (158 mm?,
assuming conical geometry) is useful since it is located on
microneedle surfaces, whereas 87 mm? (35%) constitutes the
wasted coating on the base substrate. The most preferred scenario
for producing coatings on microneedles is shown in Fig. 2-iv,
wherein the coatings are not only uniform but are also situated
only on the microneedle shafts. This can allow for a reproducible
and a highly efficient coated microneedle delivery system.

Coating Methods

To coat microneedle surfaces with drug molecules, the two
must be brought in physical contact with each other.
Depending on how this contact is achieved, the coating
methods can be classified into dip coating, inkjet coating,
immersion coating, drop coating, and spray coating. These
methods vary greatly in their ability to selectively coat the
microneedles and can be further categorized into two
groups: The first group of methods can generate coatings
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Fig. 2. Possible outcomes of a microneedle-coating process. After a certain
coating methodology has been employed to coat microneedles, different
outcomes are possible with respect to placement of the coatings on the
microneedle patch. (i) Coatings are randomly produced and do not
uniformly cover the surfaces, (ii) coatings uniformly cover the microneedle
shaft but also cover a small region of the substrate near the base of the
microneedles, (iii) coatings uniformly cover the entire surface of the patch
including the microneedle shafts and the base substrate, (iv) coatings
cover just the shaft of the microneedles and do not contaminate the base
substrate.

selectively on the microneedle shafts without coating the
base substrate of the microneedle array, and the second
group of coating methods result in coating of both the
microneedle shafts and the base substrate of the micro-
needle array.

Coating Methods That Selectively Coat the Microneedle
Shafts without Contaminating the Base Substrate of the
Microneedle Array

Dip Coating. In this method, a microneedle is dipped into
the coating liquid. The microneedle, upon exiting the coating
liquid entrains a liquid film on its surface. When the solvent
in the liquid film evaporates, the dissolved or suspended solids
that are present in the liquid film get deposited as a coating
on the microneedle surface. However, at the micrometer
length scale of the microneedles, contribution of the surface
tension of the coating liquid becomes significant. Owing to
surface tension—induced capillary action, the coating liquid
rises along the microneedle length and the meniscus can touch
the flat substrate of the microneedle shafts leading to
contamination of the base substrate with the coating liquid.
As discussed in the previous section, this is an undesirable
outcome. To overcome this issue, two general approaches have
been developed to selectively coat just the microneedle shafts.
In the first approach a masking plate is used to prevent the
base substrate from touching the coating liquid and to allow
the microneedles to contact only the coating liquid. In the
second approach a thin film of the coating liquid is created into
which the microneedles are dipped. In particular, the thick-
ness (depth) of the coating liquid is kept lower than the height
of the microneedles. As a result, when the microneedles are
dipped into the thin liquid film, the coating liquid is unable
to rise significantly and thus is unable to touch the base
substrate of the microneedle array. These two techniques are
elaborated below.
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Masked dip coating. A physical mask can be introduced
between the microneedle base substrate and the coating liquid
interface. The mask is designed to allow contact of micro-
needles with the coating liquid but to physically keep the flat
substrate of the microneedle patch from touching the liquid.
The mask concept was first used by Gill and Prausnitz (2007a)
(Fig. 3A-i), wherein the dip-holes in the mask were produced
via laser machining, and later produced using microfabrica-
tion techniques by Caudill et al. (2018). Gill et al. laser
machined a channel to hold the coating liquid and covered
it with a masking plate with laser-drilled micrometer-sized
holes (Fig. 3A-ii). The holes were made to precisely corre-
spond to the locations of the microneedles in the array. After
proper alignment, the microneedle arrays were successfully
dip-coated without contaminating the base substrate. Figure
3A-ii shows a one-dimensional array being dip-coated, and
Fig. 3A-iii shows a two-dimensional microneedle array coated
with this approach. Instead of laser machining, Caudill et al.,
used the continuous additive manufacturing technique called
continuous liquid interface production (CLIP) to fabricate
both the microneedles and the masked dip-coating system
(Caudill et al., 2018) (Fig. 3B-i), and successfully coated
just the microneedle shafts (Fig. 3B-ii). An advantage of the
masked dip-coating process is the fine control over the length
of the microneedle that can be coated. Both Gill and Prausnitz
(2007a) and Caudill et al. (2018) demonstrated this fine
control by coating from as little as 25% to almost 100% of
the microneedle shaft without contaminating the base sub-
strate of the microneedle patch. The dip-coating technique
with a mask has been used by other investigators (Andrianov
et al., 2009). In a variation of the masked dip-coating method,
a single orifice, which is often a small-diameter pipette tip
(Chong et al., 2013) or a hypodermic needle (Witting et al.,
2015) has also been used to dip coat the microneedles.
Conceptually, the single orifice of the pipette or the hypoder-
mic needle can be considered equivalent to a single masked
hole that allows selective contact of the microneedle with the
coating solution.

Thin-film dip coating. Besides using a mask, capillary rise
can also be countered by reducing the thickness (depth) of
the coating liquid. Dip coating of microneedles into a thin film
of the coating liquid whose thickness measures less than the
height of the microneedle shaft diminishes the capillary rise.
Two main approaches have been used to generate the thin
liquid film. In one approach a drum is partially submerged
in the coating liquid and rotated (Fig. 3C-i). As the drum
rotates a thin film of liquid is entrained on the drum
circumference and its thickness is controlled with the help of
a doctor blade. Microneedles are moved tangential to this
liquid film and dipped into the film to achieve coatings
(Cormier et al., 2004; Ameri et al., 2010). Ameri et al. placed
a roller drum in a drug formulation reservoir (2 ml in volume)
and rotated the roller at 50 rpm to generate a thin film of the
coating liquid (approx. 100 um) and dipped 100-um long
microneedles into this thin film to selectively coat just the
microneedle shafts (Fig. 3C-ii) (Ameri et al., 2010). In the
second approach, a thin film is prepared by using a shallow
reservoir whose depth is less than the length of the microneedle
shaft, and microneedles are subsequently dipped into this
liquid film for coating (Fig. 3D-i). Different studies have used this
coating approach (Zhang et al., 2012a,b; Kommareddy et al.,
2013; Chen et al., 2015; Nair et al., 2015; Baek et al., 2017),
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Fig. 3. Microneedle-coating methods that have been shown to selectively coat the microneedle shafts without contaminating the base substrate of the
microneedle array. (A-i) Concept of dip coating microneedle shafts via a protective mask, (A-ii) mask with laser-drilled dip holes placed on top of an
underlying coating channel, (A-iii) stereomicrograph of a stainless steel microneedle array coated with riboflavin using a mask that contained dip holes
affixed over a solution reservoir (Gill and Prausnitz, 2007b), (B-i) concept of dip-coating microneedles via an additively manufactured solution-filled
coating mask device (Caudill et al., 2018), (B-ii) polyethylene glycol dimethacrylate microneedles coated with fluorescently labeled bovine serum
albumin (Caudill et al., 2018; on the left is a scanning electron micrograph and on the right is a confocal micrograph), (C-i) concept of generating a thin
coating liquid film on a roller using a doctor blade (Ameri et al., 2010), (C-ii) scanning electron micrograph of titanium microneedles coated with
parathyroid hormone peptide using the drum roller thin-film method (Ameri et al., 2010), (D-i) concept of generating a thin liquid film using a reservoir
that has a shallow depth, (D-ii) micrographs of liquid crystal polymer microneedles coated with lidocaine (Zhang et al., 2012a), (D-iii) stereomicrograph of
poly(i-lactide) microneedles coated with lidocaine containing sulforhodamine B as a colored dopant (Baek et al., 2017), (E-i) concept of using
a microstructure— well to create a thin liquid film and dipping microneedles into it (Lee et al., 2017a), (E-ii) scanning electron micrograph of
poly(L-lactide) microneedles coated with bleomycin after dipping into a liquid film created in a microstructure— well (Lee et al., 2017a), (F-i)
a piezoelectric nozzle coating onto a microneedle array (Uddin et al., 2015), (F-ii) scanning electron micrograph of a stainless steel microneedle array
coated with 5-fluororacil via piezoelectric-based inkjet printing (Uddin et al., 2015). Figures used with permission from publishers.
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and Fig. 3, D-ii and D-iii, are just two examples of micro-
needles coated in this manner. In yet another method, the
approach -distance of microneedles and coating liquid is
restricted by placing a physical barrier between them in the
form of a wall called the dam, which stops the microneedle
base from fully approaching the surface of the coating
solution (Chen et al., 2017; Caudill et al., 2018). Using
a different approach for creating a thin film, Lee et al.
(2017a) used a microneedle array to itself to hold the coating
solution such that the liquid filled the valleys in between the
microneedles, and then dipped a second microneedle array
into these valleys (Fig. 3E-i) (Lee et al., 2017a). An example
of a microneedle array coated using this method is shown in
Fig. 3E-ii.

Factors affecting dip coating. Thickness of the coating
deposited on microneedle shafts is an important determi-
nant of the mass of drug coated on a microneedle patch;
the greater the coating thickness, greater will be the mass
coated. Different parameters can be tuned to control the
coating thickness, one is the speed at which the microneedle
exits the coating liquid A higher microneedle withdrawal
speed from the coating liquid will lead to entrainment of
a thicker liquid film on the microneedle surface, which
will in turn lead to deposition of a thicker coating compared
with a coating produced from lower microneedle withdra-
wal speeds (Gutfinger and Tallmadge, 1965; Scriven,
1988). However, studies investigating the effect of micro-
needle withdrawal speed are lacking, and most studies have
neither controlled nor reported the measure of this param-
eter. The second parameter that can be tuned to control
coating thickness is the solution viscosity (Gutfinger and
Tallmadge, 1965). An increase in viscosity of the coating
liquid can increase the thickness of the liquid film that is
entrained, which can in turn lead to deposition of thicker
coatings. For this reason, a viscosity enhancer is often added
into the coating solution to increase the viscosity. The third
parameter that can be used to control coating thickness is
the number of times a microneedle is dipped into the coating
solution, the greater the number of dips, the greater will be
the coating thickness (Gill and Prausnitz, 2007b; Kim et al.,
2010b, 2014; Pearton et al., 2012; Chen et al., 2015; Jain
et al., 2016). Additionally, to achieve uniform and nonpatchy
coatings, a surfactant is added into the coating solution. The
surfactant helps to reduce the surface tension of the coating
solution, which in turn permits proper wetting of the micro-
needle surface (Bierwagen, 1991). This ensures that the entire
dipped portion of the microneedle gets coated without forma-
tion of uncoated spots. Another factor that can affect the
amount coated is the drying time between dips. Pearton et al.
(2012) found that increasing the drying time from 5 to 30
seconds significantly increased the mass of DNA coated on
microneedles.

Inkjet Printing. In this method the material to be coated
is ejected directly onto the surface of the microneedle in the
form of tiny liquid droplets from piezo-driven nozzles (Uddin
et al., 2015; Boehm et al., 2016; Pere et al., 2018). Fig. 3F-i
shows a piezoelectric nozzle coating a microneedle on
an array, and Fig. 3F-ii shows a microneedle array coated
with this approach. In contrast to the dip-coating method,
for inkjet printing the coating solution viscosity must be
relatively low to prevent nozzle clogging and to successfully
generate small-sized drops (Uddin et al., 2015). The inkjet
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printing method can precisely deposit the droplets onto
the microneedle surface; however, since the droplets are
small, multiple drops maybe required to cover the desired
length of the microneedle. Unlike dip coating, inkjet print-
ing is unidirectional, thus at a given time only one side of
the microneedle can be coated with a nozzle. A second
coating cycle is required if both sides of a microneedle
are to be coated. In this coating method, if multiple micro-
needles are to be coated simultaneously, then multiple
nozzles are required. While this is achievable, however,
if the microneedle spacing is small, then placement of
multiple nozzles with appropriate spacing could become
challenging.

Coating Methods Shown to Coat Both the Microneedle
Shafts and the Microneedle Array Base Substrate

Immersion Coating. In this method the entire micro-
needle array is immersed into a coating solution. Upon
withdrawal of the array, the microneedles and the base
substrate both get coated (Fig. 4, A-i and A-ii). It should
be noted that in this approach, both the back and the front
sides of the base of the array also get coated. This was the
first technique reported in literature to coat microneedles
(Matriano et al., 2002) and has also been used by others (Raja
et al., 2013; van der Maaden et al., 2014; Zeng et al., 2017;
Chandler et al., 2018). This is the simplest of all coating
techniques, but it leads to significant wastage of the active
molecule since coatings are produced on the entire micro-
needle patch.

Drop Coating. In this method, instead of dipping the
microneedles in a coating solution, a drop of the coating liquid
is placed on the microneedle array thereby submerging all
the microneedles (Fig. 4B-i). This approach prevents coating
of the backside of the base substrate but still leads to coating
deposition on the front surface of the microneedle array base
substrate. As the solvent evaporates, the dissolved solid is
expected to conformally coat the microneedles and the base
substrate. However, under ambient conditions, the rate of
evaporation of the solvent (water in most cases) is not fast
enough, and consequently the liquid segregates away from
the microneedle tip and accumulates on the substrate between
the microneedles. As a result, conformal uniform coatings that
cover the microneedle shafts and the base substrate are not
achieved (Chen et al., 2009; Vrdoljak et al., 2012) (Fig. 4B-ii).
Instead, the coatings are produced primarily on the base
substrate in between the microneedle shafts. To address this
limitation, the rate of solvent evaporation can be increased
by heating the patch (Gittard et al., 2013) or by drying under
vacuum (DeMuth et al., 2013). Another approach called gas
jet—assisted drying coating has been developed to accelerate
the drying process with the expectation that the dissolved
solids can produce a conformal coating preferentially on the
microneedles (Fig. 4C-i). Chen et al. (2009) first reported
this technique and used a gas jet at 6—-8 m/s and an incident
angle of 20° to the horizontal to direct the coating liquid onto
the microneedles and away from the base of the micro-
needles. The 6-8 m/s jet flow was followed by a faster gas-jet
of about 10 m/s to blow away the excess coating solution from
the base of the microneedles (Chen et al., 2009). While this
coating method can preferentially coat the microneedles, it
does not completely prevent the base substrate from being
coated (Fig. 4C-ii).
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Fig. 4. Microneedle coating methods that
have been shown to coat both the micro-
needle shafts and the base substrate of the
array. (A-i and ii) Fluorescent micrographs
of titanium microneedles after immersion
in a solution containing fluorescently-
labeled ovalbumin (Matriano et al., 2002),
(B-i) illustration of a drop placed on a micro-
needle array to coat the microneedles, (B-ii)
top view of a silicon microneedle array after
coating with a drop containing fluorescein
isothiocyanate, white arrows point to tip of
a microneedle (Vrdoljak et al., 2012), (C-i)
concept of using a gas jet-assisted coating
in which gas is blown at an angle theta (9)
to dry the drop of coating formulation
placed on a microneedle array (Chen et al.,
2011), (C-ii) fluorescent micrograph of
a silicon microneedle array coated with
polio virus labeled with red fluorescent
DyLight 550, white arrows point to coated
microneedles (Muller et al., 2017), (D-i)
concept of spray-coating microneedles
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Spray Coating. Conventional spray coating, which uses
fluid pressure as the driving force to create droplets (Fig. 4D-i),
has also been used to coat microneedles (McGrath et al., 2011,
Vrdoljak et al., 2012). An important consideration in achieving
conformal coatings via spray coating is to promote coalescence
of the drops deposited on the microneedles and the substrate.
It was found that a balance between the viscosity and surface
tension of the coating liquid and the droplet size (smaller is

High voltage
power supply 1

needle array spray-coated with a coat-
ing formulation containing fluorescein
isothiocyanate (Vrdoljak et al.,, 2012),
(D-iii) fluorescent micrograph of a single
microneedle spray-coated with a coating
formulation containing fluorescein iso-
thiocyanate (Vrdoljak et al., 2012), (E)
schematic illustrating the concept of
electrohydrodynamic spray coating,
(F) confocal micrograph of a micronee-
dle array coated using the layer-by-
layer method with alternate layers of
diphtheria toxoid (green fluorescently
labeled with AlexaFluor 488) and N-
trimethyl chitosan, a cationic adjuvant
that was red fluorescently labeled with
rhodamine B isothiocyanate (Schipper
et al., 2017), (G) scanning electron micro-
graphs of poly(lactic-co-glycolic acid)
microneedles coated using the layer-by-
layer method with alternate layers of
a poly(B-amino ester) and cross-linked
vesicles (DeMuth et al., 2012). Figures
used with permission from publishers.

+ Drug with
0-5 O positive
"'oé) charge

- - A- Mask
+ + + + + /
Microneedles with
negative charge

better) is essential to achieve conformal coatings (McGrath
et al., 2011; Vrdoljak et al., 2012). McGrath et al. found that
using this method, conformal coatings were produced on both
the microneedle surface and the base substrate (McGrath
et al., 2011). In another study, Vrdoljak attempted to spray-
coat onto a silicon microneedle patch, and found that instead
of a conformal coating, the coatings localized at the base
of the microneedles (Fig. 4, D-ii and D-iii) (Vrdoljak et al.,
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2012). As a variation to the conventional spray-coating method,
which uses fluid pressure to form droplets, an electrospraying
technique called electrohydrodynamic spray method has
also been used to coat microneedles. In this approach electrical
potential is used to create droplets. To achieve droplet
formation, the microneedle array is grounded while the liquid
nozzle is provided a high voltage (Fig. 4E). Khan et al. (2014)
coupled this method with a sacrificial insulating mask that
contained holes and slid it over the microneedles to protect the
base substrate from being coated. Although the insulating
mask prevented coating of the base substrate, it did not
prevent wastage of drug that is deposited on the mask instead
of the base substrate. Readers are referred to a recent review
by Haj-Ahmad (Haj-Ahmad et al., 2015), which contains
a more detailed explanation of spray coatings.

Layer-by-Layer Coating

Layer-by-layer coating is not necessarily a different method
of coating microneedles, it differs rather in the principle by
which coatings are produced on microneedles. In layer-by-
layer method, instead of relying on solution viscosity, electro-
static interactions are used to create a layered coating on
microneedle surfaces. First the microneedle surface is pre-
pared so that it can acquire the desired charge polarity. This
is often done by either chemically modifying the microneedle
surface (van der Maaden et al., 2015; Duong et al., 2018) or by
precoating multiple alternate layers of negatively and posi-
tively charged polymers through the standard layer-by-layer
coating protocols (Saurer et al., 2010). The charge of the top
polymer layer dictates the final charge of the microneedles.
Subsequently, alternate layers of drug and a suitably charged
material is coated using the layer-by-layer method (Saurer
et al., 2010; DeMuth et al., 2012; van der Maaden et al., 2015;
Schipper et al., 2017; Zeng et al., 2017). The layer-by-layer
protocol typically involves either submerging the entire

TABLE 1
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microneedle array into the solution (DeMuth et al., 2012;
Zeng et al., 2017) or placing a coating liquid drop on the array
to submerge the microneedles (van der Maaden et al., 2015).
The contact time of the liquid drop and microneedle array
varies anywhere between a few minutes (Saurer et al., 2010) to
hours (van der Maaden et al., 2015). To coat nanoparticles,
a spray method has also been used (DeMuth et al., 2012). Some
exemplary microneedles coated with layer-by-layer method
are shown in Fig. 4, F and G. The layer-by-layer approach
cannot be used to coat the microneedles selectively, as the base
substrate is also contaminated.

Coating Solution Excipients

To successfully create coatings on microneedles, different
coating methods require different values of coating solution
viscosities and surface tension. To impart these desirable
properties to the coating liquid, different excipients have
been added to the coating liquid. The materials that have
been used as viscosity enhancers can be classified as
synthetic polymers such as polyvinylpyrrolidone (Seok
et al., 2017) and polyphosphazene (Andrianov et al., 2009)
or natural polymers such as carboxymethylcellulose (Gill
and Prausnitz, 2007a), although small molecules such as
sucrose (Widera et al., 2006) have also been used. The
different materials used as viscosity enhancers are tabu-
lated in Table 1. The surfactants that have been used
include polymers such as poloxamer Lutrol F68 (Gill and
Prausnitz, 2007a,b) and the more conventional Tween class
of molecules (Widera et al., 2006), although some uncon-
ventional molecules such as Quil-A have also been used as
a dual-use material for its adjuvant effect and surfactant
properties (Fernando et al., 2012). The different surfactant
materials used in microneedle coatings are summarized in
Table 2. Besides adding surfactants to the coating liquid, the

Different excipients used to enhance viscosity of a coating solution

Viscosity Enhancer

Range Used

Carboxymethylcellulose sodium salt

Carrageenan
Fish sperm DNA
Glycol chitosan

Gum ghatti
Hyaluronic acid

Hydroxyethylcellulose
Hydroxypropyl methyl cellulose
Karaya gum

Methylcellulose

Pectin

Poly[di(carboxylatophenoxy) phosphazene]
Polyethylene glycol

Polyvinyl alcohol

Polyvinylpyrrolidone

Sodium alginate/Alginic acid
Sucrose

Xanthan gum

0.25% (w/v) (Kim et al., 2010b) to 10% (w/v) (Baek et al., 2017)
3.2% (w/w) (Song et al., 2015) to 14% (w/w) (Lee et al., 2017a)
2% (Kim et al., 2016a)*

2% (w/v) (Seok et al., 2017)

0.5% (Kim et al., 2016a)*

1% (w/v) (Seok et al., 2017)

1% (w/v) (Kim et al., 2010b)

0.5% (w/v) (Gill and Prausnitz, 2007b)

5% (Katsumi et al., 2017)*

0.5% (w/v) (Kim et al., 2016a)

1% (w/v) (Chen et al., 2015) to 12% (w/v) (McGrath et al., 2011)
1% (w/v) (Kim et al., 2010b)

—0.5% (Kim et al., 2016a)"

—4% (w/v) (Chen et al., 2009)

—2% (w/w) (Caudill et al., 2018) to 3.7% (w/w) (Song et al., 2015)
—0.5% (Kim et al., 2016a)”

0.5% (w/v) (Andrianov et al., 2009)

—20% (w/w) (Ma and Gill, 2014) to 80% (w/w) (Ma and Gill, 2014)
11% (w/w) (Chen et al., 2017) to 26% (w/w) (Chen et al., 2017)
1% (w/v) (Kim et al., 2010b) to 30% (w/v) (Chen et al., 2015)

10% (w/w) (Li et al., 2018)

0.3% (w/v) (Choi et al., 2015) to 5% (w/v) (Baek et al., 2017)

25% (w/v) (Gill and Prausnitz, 2007b) to 50% (w/v) (Chen et al., 2015)
52% (w/w) (Gill and Prausnitz, 2007b)

0.075% (w/v) (Choi et al., 2015) to 1% (w/v) (Kim et al., 2010b)

“Unit not mentioned in the reference.
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TABLE 2
Different surfactants used in coating formulations

Surfactant

Range Used

Lutrol F68 NF/Poloxamer 188/Pluronic F68
Polysorbate 20/Tween 20

0.5% (w/v) (Serpe et al., 2016) to 2% (w/v) (Hiraishi et al., 2011)
0.01% (v/v) (Pearson et al., 2013)

0.2% (w/w) (Peters et al., 2012)

Quil-A
Tween 80

0.2% (w/v) (Chen et al., 2009)
—0.02% (v/v) (Vrdoljak et al., 2012) to 0.5% (v/v) (Vrdoljak et al., 2012)

1% (w/v) (McGrath et al., 2011)

microneedle surfaces have also been subjected to different
treatments with the goal of changing the microneedle surface
energy such that proper microneedle wetting can be achieved
with coating liquids without the use of a surfactant. For
example, plasma treatment was helpful in reducing contact
angle of the coating solution on stainless steel microneedle
surfaces (Uddin et al., 2015), and a coating of silicon dioxide
on stainless steel microneedles also allowed for an excipient-
free coating (Gill and Prausnitz, 2007b).

In addition to viscosity enhancers and surfactants, stabil-
izers molecule have also been added to help stabilize and
protect active molecules such as proteins, inactivated viruses,
and virus-like particles from desiccation forces and denatur-
ation. The stabilizer molecules have typically been selected
from materials already known for their ability to serve as
stabilizers in freeze-drying processes. A study investigated the
effect of different excipients and stabilizers and found that
instead of carboxymethylcellulose, hydroxyethylcellulose and
methylcellulose without surfactant but with trehalose were
better able to stabilize hemagglutinin titers in viruses (Kim
et al., 2016a). Use of disaccharides such as trehalose, sucrose,
and maltose as excipients has helped to stabilize a broad range
of materials, such as DNA (Pearton et al., 2012), live measles
virus (Edens et al., 2013), erythropoietin (Peters et al., 2012),
live adenovirus and modified vaccinia virus Ankara (Vrdoljak
et al., 2012), inactivated influenza virus (Quan et al., 2009;
Kim et al.,, 2010a; Kommareddy et al., 2013), inactivated
rotavirus (Moon et al., 2013), human growth hormone (Ameri
et al., 2014), live bacillus Calmette-Guérin vaccine (Hiraishi
et al., 2011), influenza virus-like particles (Kim et al., 2010b),
ebola virus glycoprotein (Liu et al., 2018), and inactivated

TABLE 3
Different stabilizers added to coating solution

canine influenza virus (Choi et al., 2018). A list of stabilizers
with their respective ranges that have been added to coating
liquids are presented in Table 3.

Properties to Consider When Selecting Coating Excipients

When selecting a coating excipient for coating micronee-
dles, a few important criteria should be considered. First,
the material should be biocompatible, preferably it should
already be approved for use as an excipient in injectable
formulations by local regulatory agencies, such as the Food
and Drug Administration in the United States. Prior ap-
proval for use of the coating excipients for injectables can
reduce the regulatory hurdle in bringing the coated micro-
needle product to market. Often the “generally recognized
as safe” label is used to motivate the notion that the excip-
ient added to coating formulations is safe. It should be noted
though that it applies to food additives and not to injectable
excipients. Second, the excipients should be in solid state
at room temperature. This is important so that they can get
deposited as solids on the microneedle surface when the
solvent evaporates. If excipients are in liquid state at room
temperature, then the coatings will stay wet even after
evaporation of the solvent. Tween 20, which is a viscous liquid
at room temperature, has been used as a surfactant by many
investigators (Table 2). However, it has been added in low
amounts (typically 0.2% w/w), and thus its presence has not
adversely impacted the integrity of the coated solid film.
Third, the coating excipients should be used in as small an
amount as possible. If larger amounts are used, this automat-
ically reduces the fraction of the active component in the

Stabilizer

Range Used

Arginine

Dextran

Fish gelatin

Glucose

I-Phenylalanine

Inulin from dahlia tubers and chicory
Lactose

Maltodextrin

Maltose

5% (Kim et al., 2016a)*

15% (w/v) (Kim et al., 2010b)

1.25% (Edens et al., 2013)*

15% (w/v) (Kim et al., 2010b)

2% (wiv) (Witting et al., 2015)

15% (w/v) (Kim et al., 2010b)

15% (Kim et al., 2016a)*

15% (Kim et al., 2016a)*

1.5% (w/v) (Pearton et al., 2012) to 3% (w/v) (Pearton et al., 2012)

15% (Kim et al., 2016a)*

Mannitol
Mannose
Myo-inositol
Raffinose
Sucrose

0.35% (Muller et al., 2017)*

10% (Kim et al., 2016a)*

7.5% (Edens et al., 2013)*

15% (Kim et al., 2016a)*

15% (w/w) (Peters et al., 2012) to 48% (w/w) (Widera et al., 2006)

0.75% (Muller et al., 2017)*
5% (w/lv) (Witting et al., 2015) to 15% (w/v) (Kim et al., 2010b)

Trehalose

0.75% (Muller et al., 2017)*

30% (w/v) (Kim et al., 2010b)

“Unit not mentioned in the reference.
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coatings, and thus lowers the drug-carrying capacity of the
microneedle array.

In Vitro Characterization of Coated Microneedles

Once coatings have been deposited on microneedles, it is
important to determine the uniformity of coating, the amount
of drug that has been coated, and the delivery efficiency.

Coating Uniformity

A visual analysis of the coated microneedles under a micro-
scope (often a stereomicroscope) can provide details on coating
uniformity, and whether coatings are contaminating the base
substrate of the microneedle array. This is typically done by
adding a colored compound or a fluorescent dye into the
coating solution, or by conjugating a fluorescent dye onto the
active molecule being coated. This aids in visualization of
coatings under a stereomicroscope (Fig. 3, A-iii, D-ii, and D-iii;
Fig. 4, A-i and A-ii), or a confocal microscope (Fig. 3B-ii-right;
Fig. 4, C-ii and F-i). Alternatively, coated microneedles can
also be imaged using a scanning electron microscope (Fig. 3,
B-ii-left, Fig. 3, C-ii, E-ii, and F-ii; Fig. 4, D-ii and G).

What Is the “Effective Amount” of Drug That Is Coated on
a Microneedle Array?

Since only microneedle shafts penetrate the skin, the drug
coated just on the microneedle shafts should be considered
as the “effective amount” of drug coated on a microneedle
array. For microneedle arrays in which the drug coating is
situated and localized on just the microneedles shafts, the
drug on the entire microneedle array becomes the “effective
drug.” To make this quantification, coated microneedle arrays
are often immersed in water to allow for the coating to
completely dissolve, and the amount of drug in the solution
is then determined. However, when the drug is coated on
microneedle shafts and on the base substrate of the micro-
needle array, it is not feasible to determine the effective drug
loading of the microneedle array. This is because once drug
from the patch has been dissolved into the extraction liquid,
the fraction of drug that emanates from the microneedle shafts
cannot be discriminated. In such cases, the amount of drug
that is actually delivered into the skin provides a measure of
the “effective amount” of drug coated on a microneedle array.

As shown in Table 4, the “effective amounts” of active
materials that have been coated on microneedles has ranged
from nanograms to hundreds of micrograms to a couple of
milligrams. The approximate weight ranges of the different
materials that have been coated are: viruses and bacteria,
0.43 ng (Corbett et al., 2010) to 30—-45 ug (Kommareddy et al.,
2013); virus-like particles, 0.4 ug (Song et al., 2010) to 10 ug
(Pearton et al., 2013); oligonucleotides, 4 ng (Kask et al., 2010)
to 40 wg (Chong et al., 2013); peptides and proteins, 0.05 ug
(Schipper et al., 2017) to 500 wg (Ameri et al., 2014); and small
molecules, 132 ng (Chen et al.,, 2017) to 1.9 and 3.8 mg
(Kellerman et al., 2017). Because the dip-coating method
provides control and precision in coating, it has been success-
fully used to coat materials ranging from a few nanograms
to milligrams. On the other hand, drop coating and layer-by-
layer methods have produced coatings that contain relatively
lower amounts of active materials.

Microneedle Coating Methods 563

Delivery Efficiency

Delivery efficiency is defined as the fraction of the drug
coated on a microneedle array that gets delivered into the
skin. Although this is an important parameter, during our
review we found that not all published studies have determined
it. Delivery efficiency is often computed by finding the mass of
the drug coated on microneedles, and then subtracting the mass
of the drug left on the microneedle array after its insertion into
the skin and the mass of the residual drug that maybe left
behind on the skin. For microneedles coated with the dip-
coating process, the delivery efficiency has been reported in the
range of 60%—90% for skin (Hiraishi et al., 2011; Zhang et al.,
2012b; Zhao et al., 2016; Baek et al., 2017; Shakya et al., 2017;
Nguyen et al., 2018), about 65%—-90% for the oral cavity (Ma
et al., 2014; Serpe et al., 2016), and about 50%—74% for the eye
(Jiang et al., 2007; Kim et al., 2014). Delivery efficiencies from
microneedle arrays coated via drop coating (including gas
jet—assisted drying coating and layer-by-layer) have been
reported to be in the range of 7%—67% for skin (Prow et al,,
2010; Fernando et al., 2012; Pearson et al., 2015; Schipper
et al., 2017) and about 31% for oral mucosa (McNeilly et al.,
2014). For spray coated microneedle arrays, a delivery effi-
ciency of about 40% was achieved (Vrdoljak et al., 2012).

Factors Affecting Delivery Efficiency.

Deposition of coatings only on microneedle shafts. Since
only microneedle shafts penetrate the skin, any drug coated
on the microneedle array but away from the microneedle
shafts is undeliverable and contributes toward an ineffi-
cient delivery process. The contribution of the microneedle
array base area toward the inefficiency can be calculated.
For example, the typical microneedle patch design used in
gas jet—assisted drying coating comprises a 4 x 4 mm patch
with 3364 microneedles (Chen et al., 2011). Each micro-
needle has a base diameter of 25 um and a length of 110 um.
Although these microneedles are not conical, for an approx-
imate calculation, the microneedles are assumed to be
conical in shape, and their total surface area is then about
14.6 mm? and the surface area of the space between micro-
needles is about 14.3 mm?. Thus, if drug is uniformly coated
on the patch, about 50% of the drug is wasted since it coats
the base substrate of the microneedle array. Thus, to achieve
higher delivery efficiencies, the base substrate of the micro-
needle patch should remain uncoated.

Mass of material coated on microneedles. It has been
observed that as the amount of material coated is increased,
then after a certain threshold amount, the delivery efficiency
decreases (Widera et al., 2006; Kim et al., 2014; Jain et al.,
2016; Abdalla et al., 2019). In a study done by Widera et al.
(2006) it was seen that the delivery efficiency in hairless
guinea pig skin using microneedles coated with radiolabeled
ovalbumin was a function of the amount coated. A delivery
efficiency of 27% was observed when a high dose (25 ug) was
coated; however, the delivery efficiency increased to 50% when
a lower dose (5 ug) was coated on the same patch. Likewise,
Jain et al. (2016) found that although the amount of 5-
aminolevulinic acid on a microneedle patch increased from
206-350 to 458-680 ug/patch, the delivery efficiency was
found to have fallen from about 90% to 60% across the dose
range. Abdalla et al. (2019) also found a similar threshold
effect. When they coated tramadol onto microneedles, they
saw that at 20% or 30% (w/v) of tramadol in the coating
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solution, the resulting delivery efficiencies were similar and
measured at 73% and 72%, translating into delivery of 139
and 185 ug tramadol, respectively. However, when the mass
of tramadol in the coating solution was increased to 50% (w/v),

then, despite the presence of a higher mass of tramadol in the
coatings, the delivery efficiency fell to 26% and a much lower
mass of tramadol got delivered (78 ug). A similar phenomenon
was observed upon insertion of microneedles into the cornea of

TABLE 4

Representative different active materials coated on microneedle patches
This is not an exhaustive list. The objective of this table is to provide an assortment of active materials that have been coated on microneedles, along with
their respective ranges.

Active Material Coated Coating Method Total Amount Coated (Total Microneedle Shafts in the Patch That Are Coated)*®
Viruses and bacteria

Bacillus Calmette-Guérin vaccine Dip 0.83 ug (5 microneedles)® (Hiraishi et al., 2011)

Francisella novicida Immersion 2.5 x 10° CFU/ml (77 microneedles)® (Chandler et al., 2018)

Human papillomavirus: Gardasil

Inactivated chikungunya virus
Inactivated polio virus
Inactivated split influenza virus
Inactivated split influenza virus
Inactivated split influenza virus
Inactivated split influenza virus

Drop-gas jet

Drop-gas jet
Drop-gas jet
Dip
Dip
Drop-gas jet
Drop-gas jet

300ng-0.43 ng HPV vaccine (3364 microneedles)®
(Corbett et al., 2010)
0.38 ug (3364 microneedles)® (Prow et al., 2010)
1 D-antigen units (10,000 microneedles)® (Muller et al., 2016)
3 ug (5 microneedles)® (Koutsonanos et al., 2012)
30-45 ug (320 microneedles)” (Kommareddy et al., 2013)
37 ng (3364 microneedles)® (McNeilly et al., 2014)
15 ug hemagglutinin (10,000 microneedles)®
(Fernando et al., 2018)

Inactivated whole influenza virus Dip 0.4 pg (5 microneedles)” (Quan et al., 2009)

Inactivated whole influenza virus Dip 3 or 10 ug (5 microneedles)” (Koutsonanos et al., 2009)
Inactivated rotavirus vaccine Dip 5 or 0.5 ug (5 microneedles)® (Moon et al., 2013)

Live measles vaccine virus Dip 200 or 1000 TCIDj5( (5 microneedles)” (Edens et al., 2013)

Pneumococcal-conjugate vaccine
Trivalent inactivated whole influenza viruses
Virus-like particles (VLPs)

Drop-gas jet
Dip

1 ug (21,400 microneedles)® (Pearson et al., 2015)
6 ug ((5 microneedles)” (Kim et al., 2016b)

Influenza VLPs Dip 0.4 pg (5 microneedles)” (Song et al., 2010)

Influenza VLPs Dip 10 pg (5 microneedles)® (Pearton et al., 2013)
Oligonucleotides

DNA vaccine (hepatitis C virus, nonstructural 3/4  Dip 1.6 ug (5 microneedles)” (Gill et al., 2010)

A protein)

DNA vaccine (herpes simplex virus type 2 US6)

Drop-gas jet

400—4 ng (3364 microneedles)® (Kask et al., 2010)

DNA vaccine (influenza virus hemagglutinin) Dip 3.6 ug DNA (5 microneedles)” (Kim et al., 2012)
DNA vaccine (influenza virus nucleoprotein) Drop—gas jet 10 ug (3364 microneedles)® (Fernando et al., 2016)
DNA vaccine (Leishmania) Dip 20 ug DNA (10 microneedles)” (Moreno et al., 2017)
Oligonucleotide Dip 0.136 nmol (5 microneedles)* (Luo et al., 2013)
siRNA Dip 40 pg (10 microneedles)® (Chong et al., 2013)

Peptides and proteins
Bevacizumab (antibody) Dip 1.1 ug (5 microneedles)* (Kim et al., 2014)
Bovine serum albumin (protein) Dip 30 pg (64 microneedles)” (Caudill et al., 2018)
Bovine serum albumin (protein) Dip 20-100 pg (50 microneedles)® (Andrianov et al., 2009)
Der pl (house dust mite allergen protein) Dip 25 + 25 ug CpG (57 microneedles)® (Shakya et al., 2018)
Desmopressin (peptide) Dip 82 ug (642 microneedles)” (Cormier et al., 2004)
Diphtheria toxoid (protein) Layer-by-layer ~ 0.05-0.6 ug (576 microneedles)® (Schipper et al., 2017)
Ebola virus glycoprotein Dip 0.63 ug (5 microneedles)” (Liu et al., 2018)
Erythropoietin (protein) Dip 200 g (1950 microneedles)® (Peters et al., 2012)
Exendin-4 (peptide) Dip 0.5-4 pg (140 microneedles)® (Liu et al., 2016)
M2e-flagellin (fusion protein) Dip 1.4 pg (5 microneedles)” (Wang et al., 2014)
Ovalbumin (protein) Dip 25 + 25 ug CpG (57 microneedles)” (Shakya et al., 2017)
Ovalbumin (protein) Drop-gas jet 5 ug OVA (3364 microneedles)® (Ng et al., 2012)
Parathyroid hormone peptide Dip 20, 30, 40 pg (1300 microneedles)® (Daddona et al., 2011)
Peptides and CpG (oligonucleotide) Layer-by-layer 5 to 6 ug (77 microneedles)® (Zeng et al., 2017)
Recombinant human growth hormone (protein) Dip 500 ug (1740 microneedles)” (Ameri et al., 2014)
Salmon calcitonin (cyclic polypeptide) Dip 1.5 ug (5 microneedles)” (Tas et al., 2012)
Small molecules
5-Aminolevulinic acid Dip 206-680 ug (57 microneedles)® (Jain et al., 2016)
Alendronate Dip 15 pg (190 microneedles)® (Katsumi et al., 2017)
Bleomycin Dip 62-518 pg (100 microneedles)” (Lee et al., 2017a)
Calcein Dip 0.13-21 ug (144 microneedles)” (Chen et al., 2015)
Curcumin, 5-fluorouracil, sodium fluorescein Inkjet 24-118 pg (50 microneedles)® (Uddin et al., 2015)
Doxorubicin encapsulated in particles Dip 0.6 pg (5 microneedles)” (Ma et al., 2015)
Lidocaine Dip 45-94 ug (316 microneedles)” (Zhang et al., 2012b)
Lidocaine Dip 290 ug (256 microneedles)” (Baek et al., 2017)
Lidocaine Dip (molten 15 g (5 microneedles)® (Ma and Gill, 2014)

drug)

Paclitaxel Dip 1 pg (9 microneedles)® (Lee et al., 2014)
Sulforhodamine Dip 132-835 ng (25 microneedles)® (Chen et al., 2017)
Sulforhodamine Dip 15 pg (57 microneedles)” (Serpe et al., 2016)
Zolmitriptan Dip 1.9 mg (1987 microneedles)” (Spierings et al., 2018)

3.8 mg (microneedle number unclear)” (Kellerman et al., 2017)

“Amount coated on microneedle shafts.

®Amount delivered into skin (for coating methods that generate coatings on microneedle shaft and base of patch).
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anesthetized rabbits (Kim et al.,, 2014). It was seen that
although the amount of bevacizumab coated on microneedles
increased from 1.1 to 7.6 ug, the delivery efficiency was
reduced from around 52% to 44%.

Residence time of coated microneedles in tissues. It has
also been observed that if the coated amount is fixed but the
wear time of the patch is increased, the delivery efficiency
increases (Cormier et al., 2004; Baek et al., 2017; Lee et al.,
2017a). In a study done by Peters et al. (2012) a delivery
efficiency of 75% was achieved when a patch coated with
100 pg of erythropoietin was placed in skin for 15 minutes and
was further enhanced to 90% when the patch was placed for
2 hours. In another study, Zhang et al. (2012a) coated lidocaine
on microneedles and observed a similar effect. The delivery
efficiency for a lower dose (approx. 90 ug/array) increased from
53% to 71% as the wear time was increased from 1 to
4 minutes. At a higher dose (approx. 225 ug/array), a much
lower delivery efficiency was seen after a 1-minute wear time
(approx. 16%), which increased to 28% with a wear time of
4 minutes; however, it was still significantly lower compared
with the low dose group. One possible explanation for this
phenomenon is that if a larger amount of material is delivered
into the skin using coatings, then the material does not
immediately dissolve in the limited local interstitial fluid
available in the tissue. As a result, if the microneedles are
removed while there is still undissolved material at the
deposition site, then the microneedle can pull back a fraction
of this material, leading to lower delivery efficiencies. How-
ever, if the microneedle is allowed to stay inserted in the skin,
then over time, the material dissolves in the local tissue fluid
and dissipates away from the delivery site.

Other factors. Delivery efficiency can also be affected
by hydrophobicity of the active molecule. In one study, keeping
all parameters same, use of low, medium, and high water-
soluble peptides led to significantly different delivery efficien-
cies of about 46%, 59%, and 90%, respectively (Zhao et al.,
2017). Delivery efficiency can also vary on the basis of the site
of insertion. For example, it was observed by Ma et al. (2014)
that using microneedles coated with ovalbumin, a delivery
efficiency of 64% was achieved in rabbit lip, whereas a signif-
icantly higher delivery efficiency of 91% was observed when
the patch was inserted in the tongue. The flat area available to
insert a microneedle patch is comparatively smaller in the lip
compared with the tongue, which could have reduced the
delivery efficiency.

Material of Microneedle Fabrication

A variety of materials have been used to make the coated
microneedles. The most dominant material reported in
literature is stainless steel, followed by silicon, titanium,
and other materials, including polymers. Since microneedles
are often dipped in aqueous solutions for coating, they should
not be constructed from water-soluble materials. A few
studies have, however, reported microneedles made from
hyaluronic acid (Liu et al., 2016; Choi et al., 2018). In these
studies, to coat microneedles made from hyaluronic acid, the
microneedles were dipped rapidly into the aqueous coating
solutions to minimize microneedle dissolution (Liu et al.,
2016; Choi et al., 2018). In one study however, the micro-
needles were first frozen to reduce their solubility in water
(Choi et al., 2018).
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Biomedical Applications, Animal Models, and
Human Studies Pursued with Coated
Microneedles

Not only is the skin an attractive anatomical site for
vaccine delivery, but it also provides an attractive pathway
for the delivery of other active compounds. Drugs delivered via
coated microneedles bypass the hepatic first-pass effect and
can also eliminate adverse effects such as gastric irritation,
which can arise if drugs are delivered orally. A broad range
of active materials have been coated on microneedles. These
include small molecules, peptides, proteins, short nucleic
acids, DNA, viruses, virus-like particles, polymeric particles,
and insoluble inorganic particles (Cormier et al., 2004; Gill
and Prausnitz, 2007a; Kim et al., 2010b; Zhang et al., 2012b).
More specifically, coated microneedles have been widely
investigated to study influenza vaccination (Kim et al., 2011;
McNeilly et al., 2014; Wang et al., 2014; Fernando et al., 2016;
Choi et al., 2018). Additionally, coated microneedles have
also been used to deliver antigens for other infectious diseases
such as diphtheria (Schipper et al., 2017; Du et al., 2018), ebola
(Liu et al., 2018), hepatitis (Andrianov et al., 2009; Gill et al.,
2010), herpes simplex virus (Chen et al., 2010; Kask et al.,
2010), human immunodeficiency virus (Ma et al., 2014;
Caucheteux et al.,, 2016), human papillomavirus (Kines
et al., 2015), Leishmania (Moreno et al., 2017), measles
(Edens et al., 2013), pneumonia (Pearson et al., 2015), polio
(Muller et al., 2016), severe fever with thrombocytopenia
syndrome (Jung et al., 2017), smallpox (Hooper et al., 2007),
tuberculosis (Hiraishi et al., 2011), West Nile virus (Prow
et al., 2010), and chikungunya (Prow et al., 2010). Micro-
needles have also been used for treatment of allergy (Shakya
and Gill, 2015), local delivery of anesthetics (Zhang et al.,
2012a), for treatment of anemia (Peters et al., 2012),
treatment of type 2 diabetes (Liu et al., 2016), treatment of
intimal hyperplasia (Lee et al., 2017b), corneal neovascula-
rization (Kim et al., 2014), treatment of enuresis (Cormier
et al., 2004), and treatment of cancer (Ma et al., 2015; Jain
et al., 2016). Coated microneedles have also been used in
immunotherapy of type 1 diabetes (Zhao et al., 2017) and for
treatment of osteoporosis (Katsumi et al., 2017) and reste-
nosis (Lee et al., 2014).

In addition to mice and rats, larger animals whose skin better
resembles that of humans have also been used for in vivo
investigation of coated microneedles. These larger animals
include guinea pigs/hairless guinea pigs (Kommareddy et al.,
2013), pigs (Andrianov et al., 2009; Zhang et al., 2012b), and
macaques (DeMuth et al., 2013). Rabbits have also been used to
deliver drugs and vaccines into the eye (Jiang et al., 2007) and
the mouth (Ma and Gill, 2014).

Coated microneedles have been tested in humans. For
example, coated microneedles have been used to study
treatment of warts (Ryu et al., 2018), osteoporosis (Daddona
et al., 2011), migraine (Spierings et al., 2018), and influenza
vaccination (Fernando et al., 2018). The tolerability and
acceptability of excipient-coated microneedles in humans
has also been evaluated. Griffin et al. (2017) noted redness
of the skin (erythema) in humans, which lasted day 3 to day
7 post—-microneedle application. Pin-prick bleeding was
observed in some subjects but it lasted only until 10 minutes
post-application. It was found that most of the subjects
preferred microneedle patch application over needle and
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syringe (Griffin et al., 2017). A safety study (Ono et al.,
2017) and pain evaluation from uncoated microneedles (Gill
et al., 2008) has also been done in humans.

Factors to Consider When Deciding Suitability of
Coated Microneedles for New-Drug Delivery
Applications

When deciding whether coated microneedles are a suitable
drug delivery system for a new application, the drug physical
properties at room temperature, drug potency, and drug water
solubility are some of the important factors to consider. For
obvious reasons, drug that is in a liquid state cannot be
delivered using solid microneedles since the liquid will wipe
off on the skin surface during insertion. The physical state
of the drug at room temperature must be a solid so that when
the solvent in the coating solution evaporates, the drug that
remains behind can produce a solid film on the microneedle
shaft. One of the most important questions to ask in decid-
ing suitability of coated microneedles for drug delivery is the
amount of drug that is to be delivered. This is because the
delivery capacity of coated microneedles is limited. In general,
a microneedle patch of about 1 cm? can carry as much as a few
hundred micrograms of drug. Thus, potent drugs are a good
candidate for delivery via coated microneedles. However, if
multiple microneedle patches are used or the microneedle
patch size is increased, then much higher amounts of drug
can be delivered. For example, in a human study, 3.8 mg of
drug (zolmitriptan) was delivered using two 5-cm? patches
each coated with 1.9 mg of drug, and also with a single 10-cm?
patch that was coated with 3.8 mg, and the drug pharmaco-
kinetics were found to be similar (Kellerman et al., 2017).
Another factor to consider is the water solubility of the drug.
Drug water solubility is important because the coating solution
often has water as the solvent, and thus it is important that the
drug should be water soluble to allow its dissolution in the
coating liquid. However, it should be noted that materials
such as viruses, bacteria, nanoparticles, and microparticles,
although not water-soluble, can nevertheless form a stable
dispersion in water and thus be coated on microneedles. These
dispersions do not have to be indefinitely stable but should
stay stable at least during the coating process. Although it is
preferable that drugs should be water soluble, even hydropho-
bic materials can be coated on microneedles by creating special
coating formulations, such as by using cosolvents for dissolving
the material in the coating solution (Zhao et al., 2017). The drug
stability is an important factor, which is especially relevant to
proteins, and must be considered when making a decision to
pursue drug delivery using coated microneedles.

Conclusion and Perspective on Microneedle
Coatings

Of the different coating methods, some are better than
others at achieving the two important properties desirable in
a coating process, i.e., achievement of uniformity in coating
and the ability to selectively coat just the microneedle shafts
without coating the microneedle array base substrate. The
dip-coating methods and the inkjet-coating method are pre-
cision coating methods that coat just the microneedle shafts
without causing wasteful depositions on the substrate. The

gas jet—drying coating version of drop coating has improved
over the years and offers better selectivity in coating the
microneedle shafts; however, its delivery efficiencies are still
lower than the microneedles coated with the dip-coating
approaches. The spray-coating method indiscriminately
sprays the drug on the microneedle patch, and although
a sacrificial mask can be used to prevent the coating of the
substrate of the microneedle, the drug that gets coated on the
sacrificial mask is still wasted. In the layer-by-layer method,
selective coating of just the microneedles is not achieved;
instead, the coatings are also deposited on the base sub-
strate. Thus, the layer-by-layer coating approach also in-
herently suffers from poor drug delivery efficiencies.
However, if the dip-coating approach is used for layer-by-
layer coatings, higher drug delivery efficiencies could be
achieved. In terms of time taken to coat a microneedle array,
the layer-by-layer method on average is expected to take
longer than the other coating methods.

Delivery efficiency of a coated microneedle is an impor-
tant and biologically relevant design parameter because it
directly affects the dose of the active material that is
administered in vivo. The delivery efficiencies of microneedle
arrays coated via the dip-coating method average around
70%—-90%, but this number is reduced to around 30%—-50% for
immersion coating, drop-coating, spray-coating, and layer-by-
layer coating methods. Delivery efficiency is a critical param-
eter, however, during our review of the literature, we found
that many studies failed to report delivery efficiency of
their coated-microneedle array. To facilitate cross-study com-
parisons and to promote rigor, the quantification and report-
ing of delivery efficiencies of coated-microneedle patches should
be considered essential. It should be noted that quantification
of proteins and oligonucleotides on microneedles after their
insertion into tissues, via nonspecific assays that rely on
quantifying total proteins and oligonucleotides can lead to
erroneous results and should be avoided. This is because when
the coated microneedles are removed from tissues, they can
transport out native proteins and DNA from the tissues, and
these molecules can erroneously increase the test readings.
Fluorescent or radiolabeled tags or tracer molecules are better
approaches to facilitate evaluation of delivery efficiencies
(Widera et al., 2006; Crichton et al., 2010; Hiraishi et al.,
2011; Chen et al., 2012; Luo et al., 2013). Inherent spectroscopic
properties of the active material have also been used to
specifically quantify the active materials (Peters et al., 2012;
Ameri et al., 2014; Jain et al., 2016).

Coated microneedles offer a versatile approach for the
delivery of therapeutics. Importantly, different researchers
have shown that by using the same base microneedle struc-
ture and with almost no change in coating excipients, a few
nanograms to hundreds of micrograms of a broad assortment
of active materials can be coated including small molecules,
proteins, DNA, viruses, and micro- and nanoparticles. For
example, in our own coating studies at Texas Tech University
(Lubbock, TX), we have continued to use carboxymethylcellu-
lose (1% w/v) as the viscosity enhancer and Lutrol F68 (0.5% w/
v) as the surfactant in all our experiments. Likewise, the
Prausnitz laboratory at Georgia Institute of Technology
(Atlanta, GA) has also been using these same excipients for
most of their studies. They have also added trehalose at
varying amounts to confer stability on the more labile active
materials that are at risk of denaturation upon drying. The
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work coming out of 3M and Zosana Pharma, likewise, have
used sucrose in varying amounts as the viscosity enhancer,
with Zosana Pharma also using polysorbate 20 at 0.2% (w/w)
as the surfactant. The Kendall group at the University of
Queensland (St. Lucia, Australia) has chiefly used methylcel-
lulose as the viscosity enhancer for coating a broad range of
materials. The significance of this observation is that when
faced with a situation of coating a new active material, the
same coating formulation without modification can often be
used as a good starting point, and the targeted mass in the
coating can be achieved by simply changing the weight
fraction of the active material in the coating solution. This
suggests that not only the same base microneedle array but
also the same coating formulation could be used to develop
new products based on coated microneedles, which can help to
accelerate product development.

Recently, the concept of individually coated microneedles
(Caudill et al., 2018; Li et al., 2018) has emerged as a means
of coating different drug molecules on the same microneedle
patch. Using this concept, it should be possible to provide
combination drug therapies through a single microneedle patch.
In addition to their use in the delivery of active molecules, coated
microneedles are now being developed for use in sampling
the skin and the interstitial fluid for detection and sensing
purposes (Mandal et al., 2018; Samant and Prausnitz, 2018).

In addition to water-based coating solutions, a molten
coating solution without a solvent has also been reported. To
coat water-insoluble drugs, Ma and Gill (2014) used a mixture
of polyethylene glycol (PEG)+lidocaine (water-insoluble base
form of lidocaine), heated it to 120°C to melt the PEG and
lidocaine, and dip-coated the microneedles in it. PEG was
added as an excipient to serve as a water-soluble matrix so
that upon insertion into skin PEG would dissolve and
facilitate detachment of the PEG+lidocaine coating from the
microneedle surface. Such approaches could be used to de-
velop formulations for coating water-insoluble small-molecule
drugs onto microneedles, which could increase the scope of
materials that can be delivered using coated microneedles.

From a commercialization viewpoint, four companies,
namely Zosana Pharma (https://www.zosanopharma.com/,
accessed: April 1, 2019), 3M (https:/www.3m.com/3M/en_
US/drug-delivery-systems-us/technologies/microneedle/solid/,
accessed: April 1, 2019), Vaxxas (http:/www.vaxxas.com/,
accessed: April 1, 2019), and Moonlight Therapeutics (https:/
www.moonlighttx.com/, accessed: April 1, 2019) are operating
in the coated-microneedle space. Zosana Pharma and Moon-
light Therapeutics use metal microneedles as their base
platform, 3M uses polymer microneedles, and Vaxxas use
silicon microneedles. These four companies are seeking to
develop products with coated microneedle technology as
a basis. Zosana Pharma, 3M, and Moonlight Therapeutics
use the dip-coating approach to coat microneedles, whereas
Vaxxas uses the drop gas jet—assisted drying coating method.
Zosana Pharma has a coated microneedle patch for treat-
ment of migraine, and they have completed a phase 3 trial
in humans. Vaxxas is developing coated microneedles for
vaccine delivery and for use in oncology. 3M on the other
hand has developed capability to coat microneedles and
works directly with partners for custom applications. Moon-
light Therapeutics is developing coated microneedles for
treatment of allergies and is focusing on peanut allergy as
their first product.
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In conclusion, a wide range of microneedle coating meth-
ods have been developed. For most applications, controlled
coating of microneedle shafts without contaminating the
base substrate is desirable. It can, however, be argued that
in some instances, e.g., when the drug is inexpensive,
contamination of the base substrate may be tolerated.
So far, the dip-coating and inkjet-coating methods have
exhibited most promise in facilitating the selective coating
of microneedle shafts without contaminating the base sub-
strate. The most widely studied use of coated microneedles
has been for the delivery of infectious disease vaccines;
however, other applications are being actively investigated.
Although additional fundamental research on the coating
processes can benefit the field of coated microneedles, there
is now a strong effort, after 17 years from when the first
article on coated microneedles was published (Matriano
et al., 2002), to bring the first coated microneedle-based
product to market.
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