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Purpose. To develop a rational basis for designing coating solution formulations for uniform and thick

coatings on microneedles and to identify coating strategies to form composite coatings, deliver liquid

formulations, and control the mass deposited on microneedles.

Materials and Methods. Microneedles were fabricated using laser-cutting and then dip-coated using

different aqueous, organic solvent-based or molten liquid formulations. The mass of riboflavin (vitamin

B2) coated onto microneedles was determined as a function of coating and microneedle parameters.

Coated microneedles were also inserted into porcine cadaver skin to assess delivery efficacy.

Results. Sharp-tipped microneedles, including pocketed microneedles, were fabricated. Excipients that

reduced coating solution surface tension improved coating uniformity, while excipients that increased

solution viscosity improved coating thickness. Evaluation of more than 20 different coating formulations

using FDA approved excipients showed that hydrophilic and hydrophobic molecules could be uniformly

coated onto microneedles. Model proteins were also uniformly coated on microneedles using the

formulations identified in the study. Pocketed microneedles were selectively filled with solid or liquid

formulations to deliver difficult-to-coat substances, and composite drug layers were formed for different

release profiles. The mass of riboflavin coated onto microneedles increased with its concentration in the

coating solution and the number of coating dips and microneedles in the array. Coatings rapidly

dissolved in the skin without wiping off on the skin surface.

Conclusions. Microneedles and coating formulations can be designed to have a range of different

properties to address different drug delivery scenarios.

KEY WORDS: coating formulations; dip-coating method; microfabricated microneedles; protein
coatings; transdermal drug delivery.

INTRODUCTION

Conventional transdermal delivery of drugs is limited to
small, lipophilic and potent molecules (1). As an alternative
approach, microneedles provide a minimally invasive method
to create micron-scale pathways into the skin for delivery of
small and large molecular weight compounds including pro-
teins, in a manner expected to be safe, painless and cost-
effective (2,3). Microneedles are individual needles or arrays of
needles having micron dimensions. They can be fabricated
using micromachining tools adapted from the microelectronics
industry (4). Both solid and hollow microneedles have been
used in different modes to increase skin permeability by orders
of magnitude to deliver large molecular weight molecules and
nanoparticles into the skin (5–7). In vivo delivery has been
shown for small molecules (8,9); peptides, such as insulin (6,8,
10) and desmopressin (11); genetic material, including plasmid
DNA (12) and oligonucleotides (13); and vaccines directed
against hepatitis B (12) and anthrax (14).

An attractive method of transdermal delivery using
microneedles involves the use of coated microneedles (15).
This process involves coating a drug formulation onto solid
microneedles and inserting them into the skin for subsequent
dissolution of the drug within the skin. Coated microneedles
have previously been shown to deliver peptides (11) and
proteins (16) into the skin in vivo. Robust immune responses
have also been generated in guinea pigs against an ovalbumin
model antigen using this approach (17).

Although, coated microneedles have been used to deliver
proteins and drugs into the skin, detailed studies of the
coating process itself have not been published. Excipients are
known to affect drug stability and activity (18), and therefore
a single coating formulation may not be universally applicable
to coat all therapeutic compounds and proteins. Therefore, it
is desirable to identify a rational basis for designing coating
formulations and different coating strategies, which can
enable uniform coating of therapeutics with diverse physico-
chemical properties. To address this, we sought to study the
effects of coating methods and formulations, and thereby
provide a rational basis for designing microneedles and
coating formulations for different applications. The micron
length scales of microneedles impose special coating chal-
lenges to obtain uniform coatings and to obtain spatial control
over the region of the microneedle to be coated. This is
largely because the effects of surface tension, capillarity and
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viscous forces become more prominent at these small length
scales. Therefore, in a companion study, we developed a novel
micro-dip-coating process that applied uniform coatings with
micron-scale control over the length of the microneedle shaft
to be coated (15). Using this device we investigated the range
of compounds and molecules that can be coated onto micro-
needles and found that small molecules, proteins, DNA,
viruses and microparticles as large as 10 mm in diameter could
be applied onto microneedles as uniform and stable coatings
(15). Coatings were applied not only to the surface of
microneedles, but could also be filled into Fpocket_ cavities
cut into the microneedles.

This study seeks to address the physical chemistry of
coating formulations in greater detail to: (1) determine
factors that affect coating uniformity and thickness, (2)
develop composite drug coatings to expand the utility of
coated microneedles, (3) deliver liquid formulations using
solid microneedles, and (4) examine the effect of micro-
needle and coating parameters on the mass of drug coated
onto microneedles. To attain these objectives, we varied the
physical properties of the coating solution formulations to
control the fluid mechanics of the dip-coating process and the
thermodynamics of microneedle surface wetting.

The process of wetting a solid with a liquid under static
conditions is described by the Young equation. According to
this equation, the contact angle should be zero for the liquid
to spread on the solid surface to form a uniform liquid film
(19), which, upon drying, would provide a uniform solid
coating on the solid substrate. In a coating process, however,
the system is not at rest but in a dynamic state as the
microneedle gets dipped into and out of the dipping solution
and the gravity and local surface tension gradients cause
micro-flows in the liquid film adhering to the microneedle
surface. Therefore, the static contact angle is no longer an
adequate measure of spreading, and the dynamic equilibrium
depends upon: (1) the hydrodynamics of the system, (2) the
physical properties of the coating solution and the solid
substrate, and (3) the rate of evaporation of the solvent (19).
Unfortunately, the complex physics of dynamic wetting is not
fully understood, which makes theoretical predictions of
coating uniformity and thicknesses difficult (19,20). There-
fore, while an understanding of the physics of coating can
serve as a guide, the control and optimization of microneedle
coatings requires experimental study.

Based on the physics of dip-coating, it is recognized that
the dip-coating process consists of two distinct steps generally
occurring in sequence: (a) the dipping and withdrawal step,
resulting in the formation of a liquid film on the solid
substrate, and (b) the drying step, resulting in the conversion
of the adherent liquid film into a solid coating (21). In the
first step, the formation of the liquid film after dipping and
withdrawal is fluid mechanically controlled, such that the
thickness of the liquid film formed on the solid substrate
depends on the withdrawal speed of the solid substrate and
the physical properties of the coating solution, notably the
surface tension and viscosity (21). A faster withdrawal speed
of the solid substrate, a higher viscosity of the coating
solution, and a lower surface tension of the coating solution
tend to produce thicker liquid films. There correspondingly
exists a critical speed of withdrawal for each coating solution-
substrate combination, below which a liquid film does not

form on the substrate because the hydrodynamic force of
withdrawal is unable to overcome the forces of gravity and
solution surface tension. If the substrate is withdrawn above
the critical speed, an adherent liquid film is formed even
from thermodynamically de-wetting liquids due to the
hydrodynamic drag, which overcomes the opposing forces
of surface tension and gravity. However, air entrainment in
the liquid film at very high withdrawal speed prevents
usage of systems with excessively high critical speed
requirements (19,21).

In the second step involving drying of the adherent
liquid film on the substrate, the fate of the entrained liquid
film is determined by a complex interaction of the hydrody-
namics of the entrained liquid film, the rate of solvent
evaporation, and the tendency of the liquid film to attain its
thermodynamic equilibrium on the solid surface (21,22).
Thermodynamically, the deposited liquid film may complete-
ly wet the surface, which favors formation of a uniform
coating, or, alternatively, may have a tendency to de-wet the
surface via a surface tension-driven contraction. In this case,
increasing the coating solution viscosity can significantly slow
down the de-wetting process and provide the coating solution
sufficient residence time on the solid surface to allow for
solvent evaporation to form the solid film before de-wetting
can occur (21). This kinetic effect, therefore, provides a
means to coat devices with liquid formulations that thermo-
dynamically favor de-wetting of the solid surface.

Guided by these physical principles, this study investi-
gated the effect of coating solution surface tension and
viscosity, and microneedle surface modification on (1) micro-
needle coating uniformity, (2) the mass of drug coated on
microneedles, and (3) the ability to fill pockets in micro-
needles with coating solution. The coating solution surface
tension was modulated by the addition of surfactants and by
using non-aqueous solvents. The coating solution viscosity
was also modified to increase the coating thickness in order
to coat larger amounts of a model drug onto microneedles.

MATERIALS AND METHODS

Fabrication of Microneedles

Using methods described in detail previously (15),
microneedle geometries were first drafted in AutoCAD
software (Autodesk, Cupertino, CA, USA) and then cut into
75 mm thick stainless steel sheets (Trinity Brand Industries,
SS 304; McMaster-Carr, Atlanta, GA, USA) using an
infrared laser (Resonetics Maestro, Nashua, NH, USA). To
form pockets in microneedles, the desired shapes, dimensions
and locations of the pockets on the microneedle shaft were
also drafted and then cut together with the microneedles. FIn-
plane_ microneedles were fabricated as one-dimensional rows
of microneedles oriented parallel to their base substrate. FOut-
of-plane_ microneedles were fabricated as two-dimensional
arrays with microneedles bent perpendicularly out of the plane
of their base substrate.

To deburr and clean microneedle edges and pockets, and
to make the tips sharp, microneedles were electropolished in
a solution containing glycerin, ortho-phosphoric acid (85%)
and water in a ratio of 6:3:1 by volume (Fisher Chemicals,
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Fair Lawn, NJ, USA) by applying 1.8 mA/mm2 of current for
15 min. Microneedles were then washed under running water,
dried using compressed air, and stored in air-tight containers
until later use.

Micron-scale Dip-coating

Single microneedles, and arrays of multiple micronee-
dles, were coated with molecules using a micron-scale dip-
coating process developed previously (15). Briefly, a coating
solution containing a model drug and, in most cases, a
surfactant and a viscosity enhancer was prepared in an
aqueous or organic solvent. Microneedles were then dipped
into the coating solution held in a dip-coating device.
Coatings were formed by dipping just once into the coating
solution, unless otherwise specified. The withdrawal speed of
microneedles from the coating solution was manually main-
tained at approximately 2 mm/s to produce solid films and at
approximately 0.35 mm/s to fill the pockets with a liquid. The
microneedles coated with solid films were allowed to air-dry
for at least 24 h before use, whereas the pocketed micro-
needles filled with liquid were used immediately to minimize
liquid evaporation.

Coating Solution Formulations

Aqueous coating solution formulations (w/v % unless
otherwise specified) were prepared using DI water according
to the following recipes: Formulation A1: 0.1% sulforhodamine
(Molecular Probes, Eugene, OR, USA). Formulation A2: 1%
carboxymethylcellulose sodium salt (CMC, low viscosity, USP
grade, CarboMer, San Diego, CA, USA), 0.5% Lutrol F-68
NF (BASF, Mt. Olive, NJ, USA), 0.1% sulforhodamine.
Formulation A3: 52% (w/w) sucrose (Fisher Chemicals),
0.2%(w/w) Tween 20 (Sigma, St. Louis, MO, USA), 0.1%
sulforhodamine. Formulation A4: 0.5% hyaluronic acid (Sigma),
0.5% Lutrol F-68 NF, 0.1% sulforhodamine. Formulation A5:
0.5% xanthan gum (Sigma), 0.5% Lutrol F-68 NF, 0.1%
sulforhodamine. Formulation A6: 1% sodium alginate (Sigma),
0.5% Lutrol F-68 NF, 0.1% sulforhodamine. Formulation A7:
5% polyvinylpyrrolidone (BASF), 0.5% Lutrol F-68 NF,
0.1% sulforhodamine. Formulation A8: 52% (w/w) sucrose,
0.5% Lutrol F-68 NF, 0.1% sulforhodamine. Formulation A9:
25% sucrose, 0.1% sulforhodamine. Formulation A10: 80% (v/v)
glycerol, 20% (v/v) aqueous solution of 0.1% sulforhodamine.
Formulation A11: 1% CMC, 0.5% Lutrol F-68 NF, 0.2%
sodium fluorescein (Sigma). Formulation A12: 80% (v/v)
glycerol, 20% (v/v) green food dye (Kroger, Atlanta, GA,
USA). Formulation A13: 80% (v/v) glycerol, 20% (v/v)
yellow food dye (Kroger). Formulation A14: 80% (v/v)
glycerol, 20% (v/v) red food dye (Kroger).

Organic solvent coating solution formulations (w/v %
unless otherwise specified) were prepared according to the
following recipes: Formulation O1: 5% poly(lactic-co-glycolic
acid) (PLGA, Absorbable Polymer International, Pelham, AL,
USA) in acetonitrile (Fisher Chemicals). Formulation O2: 5%
polyvinylpyrrolidone, 0.1% curcumin (Fisher Chemicals) in
ethanol (Fisher Chemicals). Formulation O3: 5% PLGA,
0.03% sulforhodamine in acetonitrile.

Coating Solution Viscosity and Contact Angle Measurement

Viscosity of the aqueous coating solution containing
CMC and sucrose was measured using an Ubbelohde type
viscometer (viscometer no. 200-c21, Cannon Instrument
Company, State College, PA, USA). Static advancing contact
angles of the coating formulations containing various excip-
ients were measured on electropolished stainless steel using a
VCA 2500 XE contact angle system (AST Products, Bill-
erica, MA, USA). Both the viscosity and the contact angles
were measured at room temperature with a sample size of at
least n = 5 for each solution.

Effect of Coating Solution Surface Tension and Viscosity

To study the significance of surfactants and viscosity
enhancers in producing uniform coatings on microneedles,
single microneedles (n = 3) were dipped in formulations A1,
A2 and A3. Aqueous solutions of individual constituents of
formulations A2 and A3 with 0.1% sulforhodamine were also
used to evaluate their relative and synergistic effects.
Further, to assess the ability of different viscosity enhancers
to produce uniform coatings using Lutrol F-68 NF as the
surfactant, single microneedles (n = 3) were dipped in for-
mulations A4, A5, A6, A7 and A8. Dipped microneedles
were air-dried for 24 h and examined by fluorescence
microscopy using an Olympus IX70 fluorescence microscope
(Olympus America, Center Valley, PA, USA) with a CCD
camera (RT Slider, Diagnostic Instruments, Sterling Heights,
MI, USA) to assess coating uniformity.

Microneedle Surface Modification

To enable coating of microneedles without the use of
excipients in the coating solution, we modified the stainless
steel surface properties by depositing silicon dioxide or
PLGA. Silicon dioxide was deposited using a vapor deposi-
tion method (PlasmaTherm PECVD, Plasma-Therm, St.
Petersburg, FL, USA), while PLGA was deposited by
dipping the microneedles in formulation O1. Surface-modified
microneedles were then dipped into formulation A1, dried,
and examined by fluorescence microscopy to assess coating
uniformity.

Coatings Involving Hydrophobic Molecules, Molten Coating
Solutions and Pocketed Microneedles

To coat hydrophobic molecules, single microneedles
(n = 3) were dip-coated using formulations O2 or O3. Micro-
needles dipped in formulation O2 were immersed in water
for 15 s and checked for loss of coating from the microneedle
surface by fluorescence microscopy. To apply coatings of
essentially 100% drug, single microneedles with or without
rectangular pockets (400 mm long� 50 mm wide) were dipped
in molten liquid solutions of lidocaine (Sigma) at 100-C or
polyethylene glycol (MW 1500, Fisher Chemicals) at 45-C,
each containing up to 0.01% (w/v %) sulforhodamine. A hot
plate was used as the heat source.
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To apply coatings into microneedle pockets, single
microneedles (n = 3) with a rectangular pocket 400 mm long
and 50 mm wide were dipped in formulation A2, A9 or A10.
To coat both the microneedle surface and the pockets using
formulation A2, a total of six dips each separated by 15 s
were used. Multiple dips separated by drying intervals
enabled filling the pockets with more material as compared
to just a single dip. However, for formulations A9 and A10,
single dips were used to fill just the pockets. For formulation
A9, single dips prevented patchy coatings on the surface that
can result from repeated dips and microneedle surface
irregularities. For formulation A10, a single dip was sufficient
to fill just the pockets, because the coating remained as a
liquid phase. After each of these coating procedures, micro-
needles were air dried for at least 24 h and examined by
fluorescence microscopy to assess coating uniformity. How-
ever, the liquid-filled pocketed microneedles were used
immediately for imaging or insertion into porcine cadaver
skin to minimize liquid evaporation.

Composite Coatings

Single microneedles with or without pockets were se-
quentially dipped in different formulations to produce com-
posite coatings of multiple molecules. Four different schemes
were evaluated. (1) Pocketed microneedles with three circular
pockets (90 mm diameter each) were sequentially dipped into
different formulations to fill each pocket with a separate
solution. This was achieved by first dipping all three micro-
needle pockets into formulation A12 and then sequentially
dipping them into DI water, formulation A13, DI water and
formulation A14. At each DI water wash step, the length of
microneedle immersed into the wash water and all subse-
quent dip solutions was sequentially decreased by one pocket
length to retain the formulation filled in the pocket from the
previous dip, but cleaning the other pocket(s). (2) Non-
pocketed microneedles were dipped into formulation O3 (six
dips) and then into formulation A11 (six dips). (3) Non-
pocketed microneedles were sequentially dipped into formu-
lation A2, O1 and A11. (4) Microneedles with a rectangular
pocket (400� 50 mm) were dipped sequentially into formu-
lations A9, O1 and A11. Between sequential dips and after
completion of composite coatings, microneedles were air
dried and imaged by fluorescence microscopy.

Protein Coatings

To assess the ability of optimized formulations to coat
proteins, fluorescein isothiocyanate-labeled, (1) insulin derived
from bovine pancreas (MW = 6 kDa, Sigma) and (2) bovine
serum albumin (BSA) (MW = 66 kDa, Sigma) were coated
onto microneedles (n = 3). Insulin (0.075% w/v) and BSA
(0.15% w/v) were each coated onto single microneedles using
excipients of formulations A2, A4 and A6. Microneedles were
then air dried and imaged by fluorescence microscopy.

Determination of Mass in Coatings

To modulate the mass of material coated onto micro-
needles, coating parameters and microneedle parameters
were investigated. The coating parameters that were studied

included, (1) the concentration of a model drug in the coating
solution and (2) the number of dips during coating, and the
microneedle parameters that were investigated included, (1)
the number of microneedles in the array and (2) the ability to
selectively fill the microneedle pockets. Riboflavin (vitamin
B2, riboflavin-50-phosphate sodium salt dihydrate, Fisher
Chemicals) was used as the model drug in the coating
formulations. In-plane rows of microneedles were dipped
into a solution containing 1% sodium salt of CMC, 0.5%
Lutrol F-68 NF and a range of riboflavin concentrations. For
the study of coating parameter (1), riboflavin was used at
0.01, 0.1, 1, 2, 3 and 4% concentrations (n = 5 rows for each
condition) with six dips at 15 s intervals between dips. For
coating parameter (2), a 3% riboflavin concentration was
used with 1, 3, 6, 12 or 24 dips at 15 s intervals between dips
(n = 5 rows for each condition). To study microneedle
parameter (1), a 3% riboflavin solution was used with out-
of-plane arrays having 5 or 50 needles (n = 3 arrays for each
condition) with six dips at 15 s intervals between dips. To
investigate microneedle parameter (2), i.e. the ability of
pocketed microneedles to carry the model drug exclusively
within the pockets and without coating the surfaces, in-plane
rows with five microneedles each having a rectangular pocket
(400� 50 mm) were dipped into an aqueous formulation
containing 1 or 3% riboflavin and 25% sucrose with six dips
at 15 s intervals between dips. All coated microneedles were
allowed to dry for at least 24 h and imaged by brightfield
microscopy using an Olympus SZX12 stereo microscope
(Olympus America) with a CCD camera (Leica DC 300,
Leica Microsystems, Bannockburn, IL, USA). The mass of
riboflavin in the coatings was determined by dissolving the
coatings off the microneedles by immersing in DI water and
vortexing for 1 min, and then measuring riboflavin concen-
tration by calibration fluorescence spectroscopy (SpectraMax
Gemini, Molecular Devices, Sunnyvale, CA, USA; excita-
tion = 450 nm, emission = 534 nm). The mass of riboflavin in
the coatings was then calculated by multiplying the riboflavin
concentration by the volume of DI water used to dissolve the
coatings (typically 1 ml).

Microneedle Delivery into Skin In Vitro

Single, non-pocketed microneedles coated with formu-
lation A2 (n = 3) and single, pocketed (rectangular pocket—
400� 50 mm) microneedles coated with formulation A10
(n = 3) were each manually inserted into abdominal porcine
cadaver skin for 20 s and then removed. Microneedle
insertion speed was manually maintained at 0.5–1 mm/s or
1–2 cm/s for microneedles coated with formulation A2 and
A10, respectively. After removing the microneedles, the skin
surface was examined by brightfield microscopy for coating
residue. The skin was then examined histologically to assess
the extent of delivery of microneedle coatings into the skin.
The use of porcine cadaver skin has been approved by the
Georgia Institute of Technology Institutional Animal Care
and Use Committee (IACUC).

Microneedle Penetration into Skin of Human Subjects

For in vivo analysis, out-of-plane arrays of non-coated
microneedles were assembled into adhesive patches (15),
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ethylene oxide sterilized, and manually applied to the volar
forearms of human subjects (n = 3). After removing the
microneedle patch, gentian violet (2% solution, Humco,
Texarkana, TX, USA) was applied to the treated site for
1 min and then wiped away using isopropanol swabs.
Gentian violet selectively stained the sites of skin perfora-
tion, which identified the sites of microneedle penetration.
The use of human subjects has been approved by the
Georgia Institute of Technology Institutional Review Board
(IRB).

RESULTS AND DISCUSSION

Microneedles for Coating and Insertion

Stainless steel microneedles with appropriate mechanical
properties, sharp tips and clean edges were prepared in
different configurations for dip-coating. Microneedles were
fabricated as single microneedles without pockets (Fig. 1a),
single microneedles with three circular pockets each 90 mm in
diameter (Fig. 1b), single microneedles with a single rectan-
gular pocket measuring 400 by 50 mm (Fig. 1c), in-plane
microneedle rows each containing five microneedles (Fig. 1d)
and out-of-plane microneedle arrays each with 50 micro-
needles (Fig. 1e). All needles were 700 mm in length, 160 mm
in width and 50 mm in thickness. In-plane rows each with five,
rectangular pocketed (400 by 50 mm) microneedles were also
fabricated (image not shown).

Uniform Coatings with Spatial Control

For dose reliability, it is critical to consistently apply
uniform coatings just to the microneedle shafts without
contaminating the substrate. Using custom-designed dip-
coating devices, microneedles of different configurations
including single microneedles, in-plane rows of microneedles
and out-of-plane microneedles, were uniformly coated with
spatial control over the microneedle length being coated. A
representative example of a riboflavin-coated, out-of-plane
microneedle array containing 50 microneedles is shown in
Fig. 2a and a representative magnified view of a single
microneedle from the coated array is shown in Fig. 2b. The
properties of coating solution excipients required to obtain
uniform coatings are quantitatively assessed below.

Effect of Coating Solution Surface Tension and Viscosity

Dose reproducibility and a high drug loading into
microneedle coatings are critical for pharmaceutical drug
and vaccine delivery applications of coated microneedles.
This requires precision deposition of uniform and thick
coatings onto microneedle shafts. Control over physical
properties and kinetic parameters that affect the thermody-
namics and hydrodynamics of dip-coating are expected to
result in uniform and thick coatings. The two important
physical properties of the dipping formulation that are known
to influence the thermodynamics and hydrodynamics of dip-
coating are surface tension and viscosity. However, the
complex physics of dip-coating is not fully understood to

develop theoretical models that can accurately predict the
effect of surface tension and viscosity on coating uniformity
and thickness, especially at the micron length scales of
microneedles. Therefore, we dip-coated microneedles using
different formulations to experimentally study their effect on
coating uniformity and coating thickness.

First, microneedles were dipped in an aqueous solution
containing sulforhodamine as a model drug. This formulation
did not produce any coating on the microneedle (Fig. 3a).
Thermodynamics of wetting dictates that only solutions that
can completely wet the substrate i.e. have contact angles that
approach zero can produce uniform films on the substrate,
but the static contact angle of DI water on electropolished
stainless steel was measured to be 47.5 T 3-. This large contact
angle is the result of the aqueous coating solution having a
surface tension (72 mN/m at 25-C) (23) much larger than the
stainless steel substrate (39.6 mJ/m2) (24). We therefore
added Lutrol F-68 NF, a surfactant, which lowered the
coating solution surface tension and thereby decreased the

Fig. 1. The different microneedle designs used for coating experiments.

Brightfield microscopy image of a a single microneedle and b a circular-

pocketed microneedle. c Scanning electron microscopy image of a

rectangular-pocketed microneedle. d Brightfield microscopy image of

an Fin-plane_ row of five microneedles attached to a macroscopic base

substrate for ease of handling. e Scanning electron microscopy image

of a section of an Fout-of-plane_ array with 50 microneedles.
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contact angle to 25.9 T 5-. This produced a uniform, but thin,
coating on the microneedles (Fig. 3b).

Thicker coatings should increase the drug loading on
microneedles. Based on the hydrodynamics of dip-coating,
thicker coatings can be obtained by increasing the coating
solution viscosity, because elevated viscosity increases the
hydrodynamic drag on the liquid during substrate withdrawal
and leads to an increase in the volume of the liquid film that
is formed on the microneedle upon withdrawal. Thus, to test
the ability of a higher viscosity of the aqueous formulation to
produce thicker coatings, CMC, a viscosity enhancer, was
added to the aqueous coating solution. The surfactant, Lutrol
F-68 NF was not included in the formulation to indepen-
dently study the effect of the viscosity enhancer. Using a 1%
(w/v) aqueous CMC solution (viscosity: 47 T 0.5 mPa.s) as the
coating solution, a thicker coating was produced on the
microneedle. However, the coating was localized towards
the center, away from the microneedle periphery (Fig. 3c).
This phenomenon of de-wetting suggested that the high
surface tension of the CMC-containing aqueous solution
induced contraction of the liquid film on the microneedle
during the drying phase.

Finally, we simultaneously modified the surface tension
and the viscosity of the coating solution by adding both the
surfactant and the viscosity enhancer, which resulted in thick
and uniform coatings (Fig. 3d). Thus, application of the
macro-scale principles of thermodynamics and hydrodynamics
of wetting and dip-coating to the micron length scale of
microneedles enabled the formation of (1) uniform coatings
on microneedles by matching the surface energies of the
coating solution and the substrate to promote wetting and (2)
thicker coatings by increasing the viscosity of the coating
solution, which increased the volume of the liquid film
adhering to the microneedle upon withdrawal from the coating
solution. These two criteria form a general basis for designing
coating solution formulations to produce uniform coatings on
microneedles.

In order to test the generality of these findings, we coated
microneedles using another aqueous surfactant-viscosity en-
hancer system. Based on a previous study (17), we selected
Tween 20 as the surfactant and sucrose as the viscosity
enhancer. A similar trend in coating uniformity and thickness
was observed for these aqueous coating solutions. A coating
solution containing only Tween 20 (contact angle: 25.3 T 4-)
and sulforhodamine as the model drug resulted in a very thin,

but uniform layer on the microneedle surface (Fig. 3e), while
coating with only sucrose (52% w/w, viscosity: 18.7T 0.1 mPa.s)
produced a thicker coating which was localized along the
center of the microneedle shaft (Fig. 3f). Next, combining
Tween 20 with sucrose increased the spread of the coatings
on the microneedle surface, although the tip still remained
uncoated (Fig. 3g). Thus, this surfactant-viscosity enhancer
combination gave results similar to the Lutrol F-68 NF and
CMC combination. Uncoated microneedle tips can slightly
decrease the amount of drug coated onto microneedles.
However, if this decrease is not significant, the excipients
may be acceptable.

Choice of Excipients for Coatings

The previous set of experiments identified two formula-
tions useful for microneedle coatings, both of which utilized
excipients categorized by the FDA as safe for parenteral
delivery (25). Optimization among these and other possible
coating formulations will depend on drug physicochemical
properties and needs of specific applications. For example,
the use of CMC as a viscosity enhancer may be preferred
over sucrose, because just 1% CMC (w/v) increased viscosity
more than twice as much as 52% (w/w) sucrose. Minimizing
excipient concentrations maximizes drug content in the
coatings. Comparing the surfactants, Lutrol F-68 may be
preferred over Tween 20, because Lutrol F-68, which is solid
at room temperature, produced hard coatings, whereas,
Tween 20, which is a liquid at room temperature, produced
coatings with a waxy texture.

For specific applications, it may be desirable to use other
excipients, for example, to avoid unfavorable drug-excipient
interactions. Therefore, based on the coating formulation
design criteria established above, we examined the ability of
five additional viscosity enhancers in combination with Lutrol
F-68 surfactant to produce good coatings. In all five cases,
using hyaluronic acid (Fig. 3h), xanthan gum (Fig. 3i), sodium
alginate (Fig. 3j), polyvinylpyrollidone (Fig. 3k) and sucrose
(Fig. 3l) as the viscosity enhancers, thick uniform coatings
were formed, although the sucrose formulations did not coat
the tips, which may be due to the crystallinity and relatively
high surface tension of sucrose. Altogether, this suggests that
decreasing surface tension and increasing viscosity of the
coating solution is a broadly applicable approach to rationally
design optimized coating solution formulations.

Surface Modification for Coating

The addition of excipients may be undesirable for some
drugs due to incompatibility between the drug and the
excipients, which may lead to loss of drug activity (18).
Rather than matching the surface energies of the coating
solution and the microneedle surface by lowering the surface
tension of the coating solution using a surfactant, we instead
raised the surface energy of the stainless steel microneedles by
making it more hydrophilic by pre-coating the microneedles
with a thin layer of silicon dioxide. Subsequent coating with an
excipient-free, aqueous solution of sulforhodamine resulted in
a uniform but thin coating (Fig. 3m), consistent with coating
using appropriately matched surface energies, but inadequate
viscosity.

Fig. 2. Out-of-plane microneedle array uniformly coated with

riboflavin. Imaging by brightfield microscopy shows a uniform

coating of microneedle shafts without contamination of the base

substrate of an array of 50 microneedles and b a representative

magnified view of a single microneedle showing the uniform coating.
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As an additional approach, the stainless steel microneedle
surface was pre-coated with PLGA, which also resulted in a
uniform, but thin coating using an excipient-free solution
(Fig. 3n). Although, PLGA provides a hydrophobic surface
that does not improve the thermodynamics of the microneedle-
coating solution surface energy mismatch, we believe it
instead increased surface roughness, which increased the
hydrodynamic drag to allow entrainment of a liquid film and
reduced the surface tension-induced fluid contraction on the
microneedle surface, and thereby increased the residence time
for drying of a thin film on the PLGA surface. Although these
excipient-free methods produced only thin coatings, surface
modification may nonetheless be well suited for coating
sensitive protein solutions, since protein solutions are often
inherently viscous and can act as self-viscosity enhancers to
increase the coating thickness.

Coating Proteins

To directly assess the ability of optimized formulations
to coat proteins, we coated insulin and bovine serum albumin
onto microneedles using Lutrol F68 as the surfactant and
either CMC, hyaluronic acid or sodium alginate as the
viscosity enhancer. Uniform coatings were obtained on the
microneedle shafts for both proteins and all formulations
tested (Fig. 4). These observations are consistent with our
previous work (15), which demonstrated coating of peptides,
proteins, DNA, viruses and microparticles. Together, these
results suggest that the coating formulations developed in this
study may have a broad applicability to coat a range of
compounds and microparticles.

Coating Hydrophobic Molecules

Having studied a variety of approaches to coat micro-
needles from aqueous formulations, we next wanted to

investigate coating of hydrophobic molecules. This provided
an interesting formulation challenge, because excipients for
this application need to be soluble in an organic coating
solution solvent as well as soluble in the aqueous environment
of the skin for rapid dissolution off the microneedle after
insertion. We therefore selected an amphiphilic viscosity
enhancer, polyvinylpyrrolidone (PVP), which has good solu-
bility in water and in ethanol, the organic solvent selected for
the coating solution. Use of an organic solvent also removed
the need to add surfactant, since ethanol already has a low
surface tension (21.8 mN/m at 25-C) (23). For this study,
curcumin was used as the model hydrophobic drug. Curcumin
is also fluorescent, making it easy to visualize the coatings.

Microneedles prepared using this formulation resulted in
uniform coatings of the microneedle surfaces (Fig. 5a).
Consistent with the design, dipping the coated microneedles
into DI water for just 15 s completely removed the coatings.
Even though curcumin has negligible solubility in water,
dissolution of PVP excipient caused the microneedle coating
to fall off the microneedle surface (Fig. 5b). Using an
alternate approach, microneedles were coated using PLGA
as the viscosity enhancer from an acetonitrile-based coating
solution containing sulforhodamine. This formulation ap-
proach also resulted in uniform coatings (Fig. 5c). Because
PLGA coatings degrade slowly in water, this formulation is
envisioned to provide controlled release from coated micro-
needles left in the skin for an extended period of time.

Molten Coating Solutions

To simplify the coating formulation further, we next
wanted to investigate coatings prepared without solvent or
excipient. Because many solid drugs can remain stable above
their melting point, microneedles could be coated by dipping
them into pure drug as a molten liquid. This method would

Fig. 3. Effect of surface tension and viscosity on coating uniformity on microneedles with sulforhodamine

as the model drug. Fluorescence microscopy images with supplemental brightfield illumination to also

view the microneedle outline after dip-coating single non-pocketed microneedles from different

formulations. a Aqueous coating without excipients (Formulation A1). Based on Formulation A2,

b coating only with Lutrol F-68 (F68), c coating only with carboxymethylcellulose (CMC), and d coating

with the full formulation. Based on Formulation A3, e coating only with Tween 20, f coating only with

sucrose, and g coating with the full formulation. Coating with F68 and h hyaluronic acid (HA)

(Formulation A4), i xanthan gum (XG) (Formulation A5), j sodium alginate (SA) (Formulation A6),

k polyvinylpyrrolidone (PVP) (Formulation A7), and l sucrose (Formulation A8). Aqueous coating

without excipients (Formulation A1) on microneedle surfaces modified by pre-coating with m silicon

dioxide (SiO2) and n poly(lactic-co-glycolic acid) (PLGA).
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enable coatings made of 100% drug and therefore result in
higher mass loaded per microneedle. To test this idea, both
pocketed and non-pocketed microneedles were dip-coated
into molten lidocaine. Because the molten lidocaine was very
viscous, the resulting coatings were thick and covered the
entire surface in both non-pocketed (Fig. 5d) and pocketed
(Fig. 5e) microneedles. As an additional model compound,
molten polyethylene glycol (PEG) was coated onto micro-
needles, which was unable to coat non-pocketed micro-
needles well (data not shown). This probably occurred
because molten PEG has high surface tension (45 mN/m at
70-C) (26). However, molten PEG was able to fill the interior
of pocketed microneedles (Fig. 5f). These observations show
that by using the molten liquid coating approach, drugs can
be coated in their pure state on the surface of microneedles
and inside microneedle pockets. As another variation,
coating microneedles via the molten formulations may
provide a way to coat and deliver hydrophobic molecules
using molten polymers as a non-volatile solvent, because
molten substances like PEG and PVP are known to improve
solubility of hydrophobic drugs (27).

Pocketed Microneedles

We next wanted to explore other ways to fill drug
formulations into microneedle pockets. Pockets in micro-
needles can provide a protective cavity that can be exploited
to deliver drug formulations that would otherwise be difficult
to coat onto microneedles or would wipe off on the skin
surface during insertion. The previously successful formula-
tion comprising Lutrol F-68 and CMC was used to coat
pocketed microneedles, and was found to coat both the
microneedle surfaces as well as fill the pockets (Fig. 5g).
Thus, the use of formulations with surfactant and viscosity
enhancer may provide a general method to coat and fill
pocketed microneedles. However, in some circumstances it
may be desirable to only fill the protective pockets without

coating the microneedle surfaces. We were able to selectively
fill the pockets by (1) removing the surfactant to inhibit
surface wetting and increase the critical speed of liquid film
formation, (2) keeping the viscosity enhancer to help retain
coating solution within pockets, and (3) increasing the solids
content by using 25% sucrose to help produce a conformal
solid layer in the pockets (Fig. 5h).

In some cases it may be desirable to store and deliver a
drug in liquid solution. Pocketed microneedles offer the
further possibility to deliver drug formulations as liquids. In
this way, the liquid can be protected from wiping off the
microneedle during insertion into skin (see below). Dipping
microneedles in a viscous glycerol solution containing
sulforhodamine selectively filled the pockets without coating
the microneedle surfaces (Fig. 5i). Glycerol has a high surface
tension (62.5 mN/m at 25-C) (23) and such a high critical
speed of liquid film formation that it does not produce liquid
films on the microneedle surface. Yet, it is viscous enough to
fill the pockets by counteracting the surface tension that
tends to collapse the liquid drop formed inside the pocket. To
further prevent micron-scale surface roughness from accu-
mulating any liquid drops, microneedle withdrawal from the
glycerol solution was done at a slow speed (about 0.35 mm/s).
A limitation of this approach, however, is that the liquid in
the pockets can evaporate: the glycerol in this example
completely evaporated after approximately 24 h at ambient
conditions. A similar coating using sulforhodamine dissolved
in propylene glycol also selectively filled the pockets, but
evaporated more rapidly (data not shown). For extended
storage, these liquid filled pockets can be made more stable,
for example, by packaging under pressure in a nitrogen
atmosphere.

Composite Coatings

Some therapeutic delivery scenarios may require the
application of different drugs from the same microneedle and
may require different drug release profiles. To address this
scenario, our next objective was to study composite drug
coatings as a way to coat multiple drugs on the same
microneedle. As a first example, microneedles were prepared
to each have three circular pockets. Using the liquid glycerol
method to selectively fill pockets, a sequence of dipping and
washing steps (see BMATERIALS AND METHODS^) was
used to fill the upper pocket with a red dye, the middle
pocket with a yellow dye and the lower pocket with a green
dye (Fig. 5j). This Btraffic signal^ design enabled micro-
needles with three different model drugs each sequestered in
different pockets to avoid drug–drug interactions.

We also explored ways to prepare layered coatings, such
that each layer could contain different drugs and could be
formulated to have different release kinetics. To have a burst
release of a first drug followed by slow release of a second
drug, a PLGA layer containing sulforhodamine was over-
coated with water-soluble excipients containing sodium
fluorescein (Fig. 5k). To achieve sequential burst releases
separated by a delay, a coating made of water soluble
excipients containing sulforhodamine was overcoated with
PLGA followed by applying another layer containing water-
soluble excipients and sodium fluorescein (Fig. 5l). As
another double-burst approach, microneedle pockets were

Fig. 4. Microneedles with protein coatings. Fluorescence microscopy

images with supplemental brightfield illumination of single non-

pocketed microneedles dip coated with fluorescein isothiocyanate-

labeled insulin and bovine serum albumin (BSA) using Lutrol F-68

(F68) and carboxymethyl cellulose (CMC) (Formulation A2), Lutrol

F-68 and hyaluronic acid (HA) (Formulation A4) and Lutrol F-68

and the sodium salt of alginic acid (SA) (Formulation A6).
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selectively filled with water-soluble excipients containing
sulforhodamine and covered with PLGA, which was then
followed by another layer containing water-soluble excipients
and sodium fluorescein (Fig. 5m). Dipping these layered
composite microneedles into DI water for 1 min caused the
exposed water-soluble layers to dissolve, while the PLGA
layers and the water-soluble layers beneath them remained
intact (data not shown). Variations on these composite
coatings could be tailored to meet drug delivery require-
ments for complex delivery profiles for single or multiple
drugs.

Factors Affecting Mass in Coatings

Because microneedles are small, they are inherently
limited to deliver small doses of drug. To determine how
much drug could be delivered using microneedles and how to
coat microneedles with controlled amounts of drug, we
studied the effect of four parameters on the mass of drug
coated onto microneedles using riboflavin (vitamin B2) as the
model drug. First, two coating parameters were examined,
which showed that the concentration of drug in the coating
solution and the number of coating dips increased both the
mass of drug coated onto microneedles and the thickness of
the coating (Figs. 6a and b). At the maximum concentration

of riboflavin used (i.e. 4%), a mass of 2.6 T 0.3 mg of riboflavin
was coated per microneedle. At the maximum number of
dips used (i.e. 24 dips), a mass of 6.4 T 0.8 mg riboflavin was
coated per microneedle. Although we determined that coat-
ings containing up to 1.8 mg riboflavin (i.e. six dips)
successfully inserted into porcine cadaver skin, thicker coat-
ings may wipe off onto the skin surface during insertion,
which would limit their utility. Despite this limitation, these
results suggest that a patch about 10–20 cm2 in size
containing a few hundred microneedles is capable of
delivering up to 1 mg of drug.

Changing microneedle design also affected drug coating.
For example, increasing the number of microneedles from 5
to 50 did not change the drug mass on each microneedle and
therefore proportionally increased the mass on the array
approximately ten fold (Fig. 6c). This demonstrates the
consistency and uniformity of the coatings among the needles
of the arrays. Filling drug selectively into pockets reduced the
amount of drug per microneedle. For example, filling the
pockets with riboflavin using an aqueous formulation con-
taining 3% riboflavin and 25% sucrose enabled loading up to
0.066 T 0.013 mg per microneedle (Fig. 6d). Guided by these
relationships, a single coating or microneedle parameter or a
combination can be used to coat a pre-determined mass of
drug onto microneedles.

Fig. 5. Microneedles with hydrophobic coatings, molten formulation-based coatings, coatings of pocket

designs, and composite coatings. Fluorescence microscopy images with supplemental brightfield illumination to

also view the microneedle outline after dip coating single microneedles (non-pocketed unless specified) from

different formulations. Coating resulting from Formulation O2, containing polyvinylpyrrolidone and

fluorescent curcumin in ethanol solvent a before and b after dipping in water for dissolution test. c Coating

resulting from Formulation O3, containing poly(lactic co-glycolic acid) (PLGA) in acetonitrile solvent with

fluorescent sulforhodamine. Coating resulting from liquid molten lidocaine containing fluorescent sulforhod-

amine on d non-pocketed microneedles and e pocketed microneedles. f Coating resulting from liquid molten

polyethylene glycol containing fluorescent sulforhodamine. Coatings of pocketed microneedle designs from

aqueous solutions of fluorescent sulforhodamine, g using Formulation A2 containing carboxymethylcellulose

and Lutrol F-68, h using Formulation A9 containing sucrose, and i using Formulation A10 containing glycerol.

j Three circular pockets filled with glycerol solution containing a green dye (bottom pocket), a yellow dye

(middle pocket) and a red dye (apical pocket) using Formulation A12, A13 and A14, respectively. k Two

distinct coating layers from sequential dips, first in poly(lactic co-glycolic acid) (PLGA) in acetonitrile solvent

with fluorescent sulforhodamine (Formulation O3) and then in an aqueous solution of carboxymethylcellu-

lose, Lutrol F-68 and sodium fluorescein (Formulation A11). l Three distinct coating layers from sequential

dips, first in an aqueous solution of carboxymethylcellulose, Lutrol F-68 and sulforhodamine (Formulation

A2), then in poly(lactic-co-glycolic acid) in acetonitrile (Formulation O1) and lastly in an aqueous solution of

carboxymethylcellulose, Lutrol F-68 and sodium fluorescein (Formulation A11). m Three distinct coating

layers from sequential dips, first in an aqueous solution of sucrose containing fluorescent sulforhodamine

(Formulation A9), then in poly(lactic-co-glycolic acid) in acetonitrile solvent (Formulation O1), and lastly in

an aqueous solution of carboxymethylcellulose, Lutrol F-68 and sodium fluorescein (Formulation A11).
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As an additional assessment, we studied the reproduc-
ibility of controlling the amount of drug coated on to
microneedles for drug delivery. While standard deviation
bars are shown for the specific experiments in the graphs in
Fig. 6, the average relative standard deviation (RSD) of all
the standard deviation bars in Figs. 6a, b and c equals 19%.
As a comparison, the Freadily acceptable_ pass criteria
established by the FDA for the manufacture of tablets and
capsules is set at RSD e 5% (28). We expect that since the
current microneedle coating process is performed manually,
improved control of temperature and humidity in the coating
environment, precision in making coating formulations, and
automation of the coating process should reduce the RSD to
within acceptable limits.

In Vitro and In Vivo Insertion into Skin

It is important to prepare microneedle coatings that not
only adhere to microneedles, but adhere to them during
insertion into the skin and then dissolve off within the skin. To
assess this, microneedles coated using many of the formula-

tions discussed above were inserted into porcine cadaver skin.
Coated microneedles were found to insert into the skin, their
coatings did not wipe off onto the skin surface, and the
coatings dissolved off the microneedles within less than 1 min
and remained in the skin after microneedle removal.

Figure 7a shows a representative result for a non-
pocketed microneedle coated with an aqueous formulation
of sulforhodamine. The histological section of pig skin after
insertion and removal of the microneedle displays the track
left in the skin at the site of microneedle insertion and the
fluorescence of coated sulforhodamine deposited in the skin.
Note the lack of fluorescence on the skin surface consistent
with deposition within the skin, and not on the surface. After
removal, the microneedle was clean, indicating complete
delivery of the coated formulation. No noticeable difference
was perceived in the manual effort required to insert a coated
versus an uncoated microneedle into porcine cadaver skin.

Through a companion study, quantitative assessment of
the percentage of model drug delivered into the skin was
made (15). It was found that after a 5-min insertion of
riboflavin coated microneedle rows with five needle shafts,

Fig. 6. Mass of riboflavin coated on microneedles as a function of formulation and microneedle

parameters. Effect of a riboflavin concentration in coating solution, b number of coating solution dips,

c number of microneedles in the array, and d riboflavin concentration during selective coating of

microneedle pockets. The coatings were done using a, b and c Formulation A2, and d Formulation A9, with

riboflavin as the model drug. Inset images show brightfield microscopy views of microneedles

representative of the ones used to generate the data in the graphs.
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91T 6% of the riboflavin was delivered into the skin, whereas
2T 1% was found on the skin surface and 7 T 2% remained
adhered to the microneedle surface after removal from the skin.

Figure 7b shows a representative result for a pocketed
microneedle filled with a liquid, glycerol-based formulation of
sulforhodamine. As proposed, the pocket protected and
carried the liquid formulation into the skin for subsequent
and rapid release within the skin. Microneedle insertion speed
affected the tendency of the liquid in the coatings to wipe off
on the skin surface. Low insertion speeds (0.5–1 mm/s),
typically used for inserting microneedles coated with a solid
film, led to wiping off of some liquid on the skin surface (data
not shown). To prevent this liquid wipe off during insertion,
higher insertion speed of about 1–2 cm/s was used, which
reduced the contact time between the liquid contained in the
pockets and the skin surface, thus preventing liquid wipe off
on the skin surface.

As a final assessment, we wanted to determine if these
microneedles can insert into the skin of human subjects in

vivo. Because we did not have IRB approval to use coatings
on human subjects, we inserted a non-coated 50-microneedle
array into the skin of human subjects. After removing the
microneedles, a dye was applied to the skin to stain the sites
of microneedle penetration into the skin. Brightfield imaging
of the skin surface displayed stained dots that correspond to
the insertion sites of all 50 of the microneedles in the array
(Fig. 7c). Insertion of 50-microneedle arrays into the skin of
human subjects elicited mild sensation that was reported to
be non-painful.

CONCLUSION

Motivated by previous demonstrations of peptide and
protein delivery using coated microneedles, this study
provides the first detailed examination of the design and
control of microneedle coating formulations. First, stainless
steel microneedles with or without pockets were fabricated
by laser micromachining. Then, microneedle coating solution
formulations were designed by recognizing the need to lower

solution surface tension (1) to promote good wetting of the
microneedle surface and (2) to decrease the critical speed of
film formation, which facilitates retention of a liquid film on
the microneedle after dipping. Good surface wetting was
achieved through the addition of FDA approved surfactant
excipients, the use of organic solvents, and modification of
microneedle surface properties. Coating solutions were also
designed to increase solution viscosity by using FDA
approved viscosity enhancing excipients. Increased viscosity
led to increased volume of liquid film adhering to the
microneedles and an increased residence time of the adher-
ent liquid film, producing thicker and more uniform coatings.
When selectively filling pockets, increased solution viscosity
was helpful, but surface tension was kept high in order to
prevent coating of the microneedle surface.

Depending on drug properties, different aqueous, or-
ganic and molten coating formulations were used to coat
microneedle surfaces and also to incorporate drugs into
pockets in solid and liquid phases. Model proteins, insulin
and bovine serum albumin, were coated onto microneedles
using three different coating formulations, which demon-
strates the versatility of this coating approach. Using an
amphiphilic excipient, a hydrophobic molecule was also
coated from an ethanol-based formulation and released from
the microneedle in aqueous medium within 1 min. Composite
drug coatings were applied as distinct layers, and to distinct
regions on the microneedle, to either segregate different
drugs from each other or to facilitate combination of burst
and controlled release from the same microneedle.

The mass of a model drug, riboflavin, coated on micro-
needles was found to increase with its concentration in the
coating solution, the number of coating solution dips, and the
number of microneedles in the array. These data indicated
that up to 1 mg of drug can be expected to be coated on a few
hundred microneedles on a patch size of about 10–20 cm2.
The average relative standard deviation of the current
microneedle coating process was found to be 19%, although
reduced deviation is expected with automated manufacturing.
Microneedle insertion into skin was demonstrated and shown
to rapidly release coatings within the skin and not wipe off on

Fig. 7. Insertion of microneedles into skin in vitro and in vivo. Histological sections of porcine cadaver skin after insertion

and removal of a a non-pocketed microneedle coated with a solid-phase (Formulation A2) and b a pocketed microneedle

filled with a liquid-phase (Formulation A10). The images exhibit perforations in the skin at the sites of microneedle

penetration, which are surrounded by fluorescence of sulforhodamine released from the coatings indicated by the arrows.

Images offset to the left show the coated microneedles used at the same magnification. Imaging was done using combined

brightfield and fluorescence microscopy. c Brightfield microscopy surface image of skin on the forearm of a human subject

stained with gentian violet after insertion and removal of an out-of-plane, 50 microneedle patch. The sites of microneedle

penetration into the skin are stained by the dye. Sc = Stratum Corneum.
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the skin surface. Altogether, this study shows that microneedle
coating formulations can be designed to have a range of different
properties to address a variety of different drug delivery
scenarios.
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