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Modification of microneedles using inkjet printing
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In this study, biodegradable acid anhydride copolymer microneedles containing
quantum dots were fabricated by means of visible light dynamic mask micro-
stereolithography-micromolding and inkjet printing. Nanoindentation was performed
to obtain the hardness and the Young’s modulus of the biodegradable acid anhy-
dride copolymer. Imaging of quantum dots within porcine skin was accomplished
by means of multiphoton microscopy. Our results suggest that the combination of
visible light dynamic mask micro-stereolithography-micromolding and inkjet print-
ing enables fabrication of solid biodegradable microneedles with a wide range of
geometries as well as a wide range of pharmacologic agent compositions. Copyright
2011 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [doi:10.1063/1.3602461]

. INTRODUCTION

Microneedles are small-scale needle-shaped devices in which one dimension of the device is
less than 500 pum in length. These devices are used to produce pores in the 15 um-thick stratum
corneum. This superficial layer of skin contains nonviable keratinized cells bathed in lipids; it
functions as a primary barrier to transport of pharmacologic agents.'~> Microneedles are commonly
used to deliver charged, polar, or large pharmacologic agents (e.g., nucleic acid-containing agents)
since these agents cannot be delivered in enteral form due to first-pass metabolism and/or pH-
driven degradation.*® Gill et al. showed that microneedles are associated with less pain than
26-gauge hypodermic needles; this result is attributed to the fact that microneedles have fewer
interactions with Pacinian corpuscles, Meissner’s corpuscles, and nerve endings in the dermis than
conventional hypodermic needles.” Due to the small dimensions of microneedle devices, tissue
damage at the injection site is also minimized; this feature is useful for treatment of diabetes and
other chronic medical conditions that necessitate frequent injections.® Furthermore, no specialized
medical training is necessary for microneedle use. Common drug delivery mechanisms involving
microneedle devices include: (a) coating solid microneedles with one or more pharmacologic agents
and inserting the coated microneedles into the skin; (b) flowing a liquid that contains one or more
pharmacologic agents through the bores of hollow microneedles; and (c) puncturing the skin with
microneedles and subsequently delivering one or more pharmacologic agents at the microneedle site
by means of a patch.’ Dip coating is commonly used to prepare coatings on microneedles and other
structures with complex geometries.'” In dip coating, microneedles are dipped and withdrawn from
a solution that contains the coating material; upon drying, a coating is obtained on the microneedle
surface.

Use of coated solid microneedles has been investigated by several researchers. For example,
Cormier et al. demonstrated delivery of desmopressin to a hairless guinea pig model by mean
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of a titanium microneedle array; in this study, the microneedles were coated with 24 or 40 wt.%
desmopressin and 0.2 wt.% polysorbate using a partial immersion process.'! They noted that the
partial immersion process resulted in creation of some contaminated microneedle arrays, in which
the coating extended to the microneedle base. Although good microneedle-to-microneedle coating
uniformity was noted, the distribution of the coating was not uniform throughout the microneedle
structure. Matriano et al. coated ovalbumin solution onto titanium microneedle arrays. Ovalbumin
in the coating interacts with immune cells within the skin; high antibody titers were obtained in
a hairless guinea pig model using these devices.!> Subsequent work showed that coating only the
topmost 100 um of the microneedle tips within a microneedle array instead of the entire microneedle
array increased the delivery efficiency from 4-14% to 48%-58%."3

It should be noted that several limitations are associated with conventional solid micronee-
dle coating mechanisms. For example, the total amount of pharmacologic agent loaded on the
microneedle is constrained by the microneedle surface area.” Gill et al. described a dip-coating
process involving dipping, withdrawal, and drying stages.'* Gill et al. used non-aqueous solvents
and surfactants in order to reduce surface tension, improve wetting, and increase coating uniformity.
They also indicated that viscosity enhancers, including acacia, sodium alginate, carboxymethylcel-
lulose, hyaluronic acid, polyvinylpyrollidone, sucrose, and xanthan gum, may be used to increase
the coating thickness. In another study, Gill et al. increased coating thickness and uniformity by
including the surfactant Lutrol F-68 NF and the viscosity enhancer carboxymethylcellulose in the
coating solution; they successfully coated macromolecules, small molecules, and microparticles
on microneedle surfaces using this approach.'” In addition, they created a specialized procedure,
which involved masking and micropositioning, for eliminating interactions between the microneedle
substrate and the coating solution. More recently, Chen et al. increased coating solution viscosity
with sodium alginate; they demonstrated nanopatch-based delivery of ovalbumin protein and DNA
using this approach. It should be noted that surface tension-related processes may serve to spread the
microneedle coating to portions of the microneedle device (e.g., the microneedle substrate) where it
is not needed"

Gill et al. noted that increasing microneedle-to-microneedle dosage uniformity and minimizing
waste of expensive pharmacologic agents are important considerations in the development of a
microneedle coating process.'” Chen et al. and Gill et al. described several attributes of an ideal
microneedle coating process; these include: (a) minimizing deposition of the coating material on
the microneedle substrate, (b) minimizing heating or pH changes for the coating material, and (c)
maximizing adhesion between the coating material and the microneedle material.!®!> Chen et al.
also noted that an ideal microneedle coating approach should be suitable for scalable, industrial-scale
processing.'

Inkjet printing may serve as an alternative approach for modifying the surfaces of micronee-
dles. Inkjet printing is a non-contact process that has been used for dispensing picoliter vol-
umes of biologically-relevant materials, including proteins and nucleic acids, in a drop-on-demand
manner.'®!® Kim et al. described inkjet printing as a “dosing robot” that generates microscale pat-
terns with arbitrary geometries.'” Furthermore, coatings can be deposited at room temperature on a
wide variety of materials, including temperature-sensitive polymers and fabrics.?’ Abe et al. and Al-
lain et al. noted that piezoelectric inkjet printing is associated with low contamination rates and high
reproducibility rates, respectively.”!-?? In addition, Dzik et al. noted that inkjet printing is associated
with low cost and low rates of material waste.>* They also showed that materials can successfully
be patterned without use of a wetting agent. High inkjet printing rates have been demonstrated;
for example, Lin et al. described inkjet processing rates as high as 10 m/s.>* Cerna et al. noted
that inkjet printing is more efficient process for creating coatings than dip coating.'® Mosiadz et al.
noted that dip coating suffers from coating-to-coating nonuniformity; inkjet printing provides greater
control over coating amount.? In piezoelectric inkjet printing, a container containing a dispersion
or solution is surrounded by a piezoelectric actuator.’ In this study, the container includes a silicon
diaphragm, which is attached to patterned lead zirconate titanate transducer. Voltage pulses lead
to sub-micrometer scale contraction and expansion of the transducer; the pressure wave associated
with this motion leads to droplet release from a nozzle. The droplet size is related to the nozzle
dimensions. Deformation of the piezoelectric actuator is associated with bend, push, squeeze, or
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shear motions.?” The cartridge used in this study contains a bender mode printer head; transducer
actuation takes place in the wafer plane. Increases in the applied voltage are associated with in-
creases in droplet impact force, velocity, and mass. Unlike thermal inkjet printing, piezoelectric
inkjet printing does not involve heating of the dispersion or solution. Piezoelectric inkjet printing
also provides greater control over generation of the pressure pulse and ejection of the droplet than
thermal inkjet printing.

A variety of materials, including glass, silicon, metals (e.g., nickel), metal alloys (e.g., stainless
steel), non-biodegradable polymers (e.g., acrylate-based polymers) and biodegradable polymers
(e.g., polylactic acid), have been used in microneedle fabrication.?®=3! Using microneedles that are
fabricated out of non-biodegradable materials is problematic because broken microneedles may be
retained within the skin. In this study, microneedles were fabricated out of a biodegradable acid
anhydride copolymer (CAS 9011-16-9) containing alternating maleic anhydride and methyl vinyl
ether groups, which is sold under the tradename Gantrez® AN-139.3? Gantrez materials are soluble
in organic solvents (e.g., aliphatic esters, alcohol, and phenols) as well as water. It should also be
noted that Gantrez AN materials exhibit solubility as well as stability in water over the complete pH
range; the solubility of Gantrez AN materials in water is constrained by the viscosity of the solution.
Gantrez® AN-139 was first commercially distributed by General Aniline and Film Corporation
in 1961; it is currently distributed by International Specialty Products, Incorporated.>> Lappas
and McKeehan described the use of poly(methylvinyl ether-co-maleic anhydride) as a coating for
enteric and sustained-release applications.?? Infrared spectroscopy, turbidity point, and electrometric
titration studies indicated no thermal instability in materials that were aged at 50° C. Chronic and
acute toxicology studies indicated that the material is nontoxic. Irache et al. noted that the oral
toxicity of Gantrez® AN polymers is quite low; in the guinea pig, the LDs, was noted to be 8-9 g/kg
per 0s.>*

Glicksman described use of this material in a variety of pharmaceutical and cosmetic products,
including ointment thickening agents, denture stabilizers/fixatives, detergents, hair sprays, lotions,
and shampoos.>* Corzani described use of Gantrez® AN-139 for reducing odor in hygienic articles;
he noted that Gantrez® AN-139 exhibits anti-bacterial properties comparable to those of antibiotics,
including norfloxacin, netilmicin, ceftriaxone, ceftazidime, and amoxicillin/clavulanic acid.* Using
in vitro studies, Gantrez® AN-139 was shown to prevent growth of Escherichia coli, Staphylococcus
aureus, Streptococcus spp., Pseudomonas aeruginosa, Proterus vulgaris, and Aspergillus niger. The
antimicrobial properties of Gantrez® AN-139 may be useful for minimizing movement of microor-
ganisms through microneedle-fabricated pores.!3%37 Date et al. prepared nanoparticles containing
the anti-tuberculosis agent rifmapicin, the complexing agent dioctyl sodium sulfosuccinate, and the
polymer Gantrez® AN-119 by means of an emulsion-solvent diffusion protocol.® Fructose and
trehalose were shown to function as cytoprotectants; the cytoprotection functionality was propor-
tional to the cytoprotectant concentration. These nanoparticles demonstrated rifampicin release rates
that corresponded with diffusion kinetics. Poly (methyl vinyl ether-co-maleic anhydride) materials
are commonly used for oral drug delivery due to the fact that these materials facilitate gut mucosa
interactions and increase the bioavailability of pharmacologic agents. Elizondo ef al. noted that use
of polyanyhdride nanoparticles for oral drug delivery has been approved in the United Kingdom.*
They utilized a compressed antisolvent protocol for creating gentamicin-loaded Gantrez® AN-119
nanoparticles; the efficacy of the composite nanoparticles against a facultative intracellular organism,
Brucella melitensis, was demonstrated. Nabi et al. described preparation of a detrifice containing
Gantrez® and triclosan; the Gantrez®-triclosan dentrifice was associated with higher rates of tri-
closan uptake to enamel and buccal epithelial cells than the triclosan dentrifice.** A dentrifice
containing 2.0% PVM/MA copolymer, 0.3% triclosan, and fluoride (Colgate® Total® Toothpaste)
was subsequently developed to provide protection against caries, malodor, plaque, and periodon-
tal disease progression.*! More recently, Donnelly et al. created microneedles with heights of
600 zem and 900 zem out of Gantrez® AN-139 using a laser-based micromoulding method; solid mi-
croneedles containing 1% (w/w) theophylline were noted to be not flexible.*> Penetration of porcine
skin was demonstrated; delivery of theophylline was observed using high performance liquid chro-
matography. In contrast, they noted that Gantrez® AN-139-theophylline mixtures containing above
1% (w/w) theophylline were flexible and unsuitable for microneedle fabrication. In another study,
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Donnelly et al. delivered a model drug, Nile red, using Gantrez® AN-139 microneedles.** The
hydrophobic model drug was encapsulated within 150 nm diameter poly(lactic-co-glycolic acid)
nanoparticles. Nile red was observed in low levels within excised porcine skin sections that were
obtained from unpunctured skin. On the other hand, high concentrations of Nile red were noted in
microneedle-treated skin.

A quantum dot solution was selected as a model drug due to its unique potential as a fluorophore
and as a drug delivery vehicle. Quantum dots are fluorescent semiconductor nanocrystals with diam-
eters between 2 nm and 10 nm.**8 These nanoparticles exhibit quantum confinement due to the fact
that the nanoparticle radius is smaller than the exciton Bohr radius (average electron-hole distance);
due to quantum confinement, quantum dots exhibit larger bandgap values than bulk material as
well as characteristic excitation states. Quantum dots exhibit unusual photoluminescence properties,
including higher resistance to photobleaching (light-dependent oxidation). In addition, quantum dots
exhibit high brightness values, which are associated with large molar extinction coefficient values
and high quantum yield values. Quantum dots may be utilized in tumor treatment; passive quantum
dot-tumor cell interactions (e.g., preferential retention of quantum dots within tumor cells) and active
quantum dot-tumor cell interactions (e.g., conjugation of quantum dots with antibodies, aptamers,
peptides, and/or pharmacologic agents) have been described in the literature.**=*

In this study, solid biodegradable acid anhydride copolymer microneedle devices containing
quantum dots were fabricated by means of visible light dynamic mask micro-stereolithography-
micromolding and inkjet printing. Nanoindentation was performed to obtain the hardness value and
the Young’s modulus value of the biodegradable acid anhydride copolymer. Imaging of quantum
dot delivery within porcine skin was accomplished by means of multiphoton microscopy. This study
suggests that the combination of visible light dynamic mask micro-stereolithography-micromolding
and inkjet printing may provide a unique approach for fabricating polymeric microneedle arrays,
which may be used for transdermal delivery of a wide variety of pharmacologic agents.

Il. EXPERIMENTAL PROCEDURE

The master structures of the microneedle arrays were fabricated in a layer-by- layer manner
using a Perfactory III SXGA+ visible light dynamic mask micro-stereolithography system (Envi-
sionTEC GmbH, Gladbeck, Germany). This commercial rapid prototyping system utilizes a Digital
Micromirror Device (DMD™) to achieve selective polymerization of a photosensitive material. The
part fabrication time for visible light dynamic mask micro-stereolithography is minimized since
an entire layer of material is polymerized at once. The system contains a large build envelope,
which may allow multiple structures to be fabricated in a parallel manner. Several investigators
have described the use of visible light dynamic mask micro-stereolithography for processing of mi-
croneedle structures. For example, Park et al. prepared 3 x3 arrays of microcone cylinders by means
of micro-stereolithography; 5 m wide tips were demonstrated in these structures.’ Miller et al.
recently fabricated a hollow microneedle array out of an acrylate-based polymer; they subsequently
incorporated carbon fiber electrodes within the bores of the hollow microneedles. Monitoring of
ascorbic acid and hydrogen peroxide by the carbon fibers was shown.’®

The Perfactory III SXGA+4 visible light dynamic mask micro-stereolithography system is
equipped with a 1280 x 1024-pixel resolution SXGA+ guidance chip (Texas Instruments, Dallas,
TX) and a halogen bulb. The system was operated using a lamp power of 550 mW and a z-direction
step size of 50 uwm. The microneedle array master structures were fabricated within a 96.54 mm x
72.41 mm build envelope according to a layout that had been specified using Perfactory® RP
software (Envisiontec GmbH, Ferndale, MI). The master structure, a 1 X 5 microneedle array on
a rectangular substrate, was designed using SolidWorks Education Edition 2009-2010 (Dassault
Systemes SolidWorks Corporation, Concord, MA). The microneedle center-to-microneedle center
distance was 2 mm; the dimensions of the rectangular substrate were 10 mm x 2.5 mm. Each
microneedle consisted of a tip with a modified conical shape, which was located directly above a
base with a modified cylindrical shape. The base exhibited a modified cylindrical shape, including
a diameter of 500 um and a height of 500 um. This cylinder was modified by extrude-cutting
a surface with a 63.4° slope through half of the cylinder width. The tip exhibited a modified
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conical shape, including a base diameter of 500 um and a height of 1000 wm. The tip exhibited
a longitudinally-sliced cone shape; in this structure, the flat vertical face was aligned with the
slanted face of the base. This flat vertical face facilitated deposition of quantum dot solution by
means of piezoelectric inkjet printing. The microneedle array master structures were prepared using
a Class-Ila biocompatible acrylate-based polymer.”’ The polymer, which is distributed under the
tradename eShell 200 (Envisiontec GmbH, Ferndale, MI), is used to create water-resistant medical
devices such as thin-walled hearing aid shells. Per manufacturer data, eShell 200 contains 0.5-1.5%
wt phenylbis(2,4,6 trimethylbenzoyl)-phosphine oxide photoinitiator, 15-30% wt propylated (2)
neopentyl glycoldiacrylate, and 60-80% wt urethane dimethacrylate. The acrylated-based polymer
exhibits a water absorption value of 0.12% (D570-98 test method), a flexural strength of 103 MPa
(D790M test method), a tensile strength of 57.8 MPa (D638M test method), a glass transition
temperature of 109 °C (E1545-00 test method), and an elongation at yield of 3.2% (D638M test
method).

The master structures were used to create molds out of Silgard® 184 polydimethylsiloxane
(PDMS) (Dow Corning, Midland, MI). Each master structure was sputter-coated for three minutes
with a layer of 60% gold-40% palladium using a Technics Hummer II instrument (Anatech, Battle
Creek, MI). The base was adhered to a small strip of aluminum using Loctite® 404™ a cyanoacrylate
adhesive (Henkel, Rocky Hill, CT). A 20 mm diameter aluminum crimp top seal washer was wrapped
in aluminum foil and filled with 5 mL of PDMS; a 1:10 curing agent: elastomer ratio was used in this
study. The master structure was subsequently suspended upside down on the aluminum ring while
being dipped into the PDMS resin. This construct was placed on a 125°C hotplate for ten minutes
to facilitate polymerization of PDMS. The master structures were subsequently removed from the
molds using forceps.

Gantrez® AN-139 was obtained from a commercial source (International Specialty Products,
Wayne, NJ).® Per the manufacturer, the as-prepared material is a water-insoluble white powder
that is readily dispersed in water; hydrolysis of the anhydride results in formation of a transparent
solution, which contains the soluble free acid. Gantrez® AN-139 exhibits a nominal molecular
weight of 1.0 x 10° and a T, of 151° C. Rowe et al. noted that Gantrez® AN-139 exhibits a bulk
density of 0.33 g/cm? and a polydispersity of 3.47 (Mn/Mw).>* A 20% w/w aqueous gel material was
created using the as-received powder and deionized water by means of heating and sonication. To
create microneedle arrays out of Gantrez® AN-139, the PDMS molds were filled with the aqueous
gel material. The molds were subsequently centrifuged at 3500 rpm for fifteen minutes. The molds
were then allowed to dry overnight at room temperature. Following drying, the molds were filled with
additional material. The molds were subsequently centrifuged at 3500 rpm for fifteen minutes. The
molds were then allowed to dry overnight at room temperature. The Gantrez® AN-139 microneedle
arrays were subsequently removed from the PDMS molds using forceps.

A Qtracker® 705 non-targeted quantum dot solution (Invitrogen, Carlsbad, CA) was patterned
on the longitudinally cut surfaces of the microneedles using a Dimatix Materials Printer DMP-
2831 piezoelectric inkjet printer (Fujifilm Dimatix Incorporated, Santa Clara, CA). Qtracker®
non-targeted quantum dots were developed for imaging of small animal tissues; increased tissue
penetration is facilitated by red-shifted emission. These heterogeneous nanoparticles consist of
cadmium/selenium/tellurium cores, which are enveloped by zinc sulfide shells.?® In addition, the
nanoparticles are modified with polyethylene glycol-5000 coatings, which serve to minimize tissue
immune response and nonspecific tissue interaction.®'-%* The polyethylene glycol-5000 coating may
also serve to increase solubility in biologically-relevant media. The as-received material contains
2 uM quantum dots in 50 mM borate buffer and exhibits a pH of 8.3; 2 uM of the as-received quantum
dot solution was diluted at a 1:10 volume ratio in 1x phosphate buffered saline. The recommended
diluents for Qtracker® 705 solution are phosphate buffered saline and 0.14 M saline.®' 1 mL
of this diluted solution was transferred into a DMC-11610 printing cartridge (Fujifilm Dimatix
Incorporated, Santa Clara, CA) using a syringe. The disposable cartridge used in this study exhibits
a fluid capacity of 1.5 ml and contains a linear array of sixteen nozzles; the nozzle diameter is
21.5 pum and the drop volume is 10 pL. The software and the XY positioning system were used to
deposit a triangle-shaped lattice of droplets containing quantum dot solution on the longitudinally
cut surface of the microneedles; droplet formation, ejection, and trajectory were monitored using a
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charge-coupled device camera and a stroboscopic light emitting diode array. Droplets of quantum dot
solution were deposited at 28°C using a single cartridge nozzle. A drive voltage of 31.0 V was used
in this study. Ten layers of quantum dot solution were deposited onto the longitudinally cut surface
of each microneedle. During the inkjet printing process, the microneedle arrays were secured to a
microscope slide with polymer clay; this procedure enabled the printing region of the microneedles
and the droplet trajectory to be aligned.

Dried chips of material acquired from the centrifugation process were prepared for examina-
tion with Fourier transform infrared spectroscopy. Fourier transform infrared (FTIR) spectroscopy
was performed on Gantrez® AN-139 material using a Nexus 470 system; this system contains
a continuum scope and an OMNI sampler (Thermo Fisher, Waltham, MA). Spectrum analysis
was accomplished using OMNIC™ software (Thermo Fisher, Waltham, MA). Visualization of the
microneedle arrays was performed using a S-3200 variable pressure scanning electron microscope
(Hitachi, Tokyo, Japan). Prior to imaging, the microneedle arrays were coated using a Technics Hum-
mer II instrument (Anatech, Battle Creek, MI) with 60% gold-40% palladium. The height, width,
and surface features of the quantum dot-coated and unmodified visible light dynamic mask micro-
stereolithography-micromolding fabricated microneedles were determined from the digital SEM
images using Photoshop® CS3 Extended software (Adobe Systems, San Jose, CA). Microneedles
used for transdermal drug delivery must exhibit appropriate mechanical properties for skin insertion
as well as handling by patients and health care providers. Nanoindentation was performed on dried
chips of material acquired from the centrifugation process. Hardness (resistance of a material to
penetration and/or plastic deformation) and Young’s modulus (relative stiffness of a material against
elastic deformation) values were obtained using an Ultra Nanoindentation Tester (CSM Instruments,
Needham, MA). A force was applied normal to the sample surface using an B-J45 indenter with
Berkovich geometry; a contact load of 20 N, a maximum load of 2 mN, a loading rate of 4 mN
min™!, and an unloading rate of 4 mN min"' were used in this study. Five indents were performed;
after the maximum load was achieved, the normal load was reduced to facilitate partial or complete
material relaxation. Load and penetration depth data were recorded during loading and unloading
cycles of the test. Indentation hardness and Young’s modulus of the material were obtained from the
tangential slope of the curve and the indenter tip by means of the Oliver and Pharr method.%

Porcine skin and human skin exhibit similar morphology and thickness; due to these similarities,
porcine skin is an acceptable model for human skin.®-%° Dermatomed porcine skin of 400-500 um
was retrieved from the back of a euthanized female weanling Yorkshire pig; the skin was refrigerated
at 3° C for one day between retrieval and use. To examine microneedle delivery of quantum dots
into porcine skin, multiphoton laser scanning confocal microscopy was performed using a LSM-
710 microscope (Carl Zeiss AG, Oberkochen, Germany). Multiphoton fluorescence microscopy is a
useful technique for in situ imaging of quantum dots and other fluorophores; Larson et al. noted that
quantum dots provide up to 47,000 Goeppert-Mayer unit multi-photon excitation cross-sections.”® !
In multiphoton fluorescence microscopy, a fluorophore absorbs two long-wavelength photons from
a femtosecond laser in a nearly simultaneous manner. In this technique, the emission wavelength is
shorter than the excitation wavelength. This technique enables three-dimensional imaging of fluo-
rophores within tissues for extended periods of time at high spatial resolutions. Kim et al. evaluated
penetration of the stratum corneum layer by a combination of magainin and N-lauroyl sarcosine.
Magainin/N-lauroyl sarcosine-mediated enhancement of fluorescein penetration into human cadaver
skin was demonstrated using multiphoton microscopy.’?> More recently, Gittard et al. created hollow
microneedle arrays out of an acrylate-based polymer using two photon polymerization.?! They used
a hollow microneedle to inject quantum dots into porcine skin; imaging of the quantum dots within
porcine skin over fifteen minutes was obtained using multiphoton microscopy.

An array of quantum dot-coated Gantrez® AN-139 microneedles was applied to the dermatomed
porcine skin surface. The array was held in place on the skin surface with removable adhesive
putty (3M, St. Paul, MN). The skin was subsequently inverted and placed in a Petri dish; images
were obtained through the backside of the dermatomed porcine skin. For comparison purposes,
multiphoton laser scanning confocal microscopy was also used to examine topical application of
quantum dot solution to the porcine skin surface. The quantum dots were imaged using a LSM-710
multiphoton microscope, which included a Chameleon femtosecond laser (A = 850 nm) (Coherent,
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FIG. 1. Force-displacement data from nanoindentation of Gantrez® AN-139 material.

Santa Clara, CA). A 10x/0.3 EC Plan-Neofluar objective, 3.15 us pixel dwell, and 591-728 nm
filtering were used in this study. Z-stack images were created from the multiphoton laser scanning
confocal microscopy data; maximum projections from the Z-stacks of quantum dot fluorescence
were created using Zen 2009 Light Edition software (Carl Zeiss Microlmaging GmbH, Germany).

lll. RESULTS AND DISCUSSION

Nanoindentation of the Gantrez® AN-139 material provided hardness and Young’s modulus
values of 385.6 +/- 12.00 MPa and 6.56 +/-0.56 GPa (data is shown as mean = standard deviation
for n=>5), respectively. Figure 1 contains force-displacement data from nanoindentation of Gantrez®
AN-139 material; a relatively good degree of repeatability among the indents was observed. Park
et al. indicated that a microneedle created with a material with a Young’s modulus value greater
than ~1 GPa exhibits a fracture force that exceeds skin insertion forces.”®> Park et al. prepared
microneedles out of poly-lactic-co-glycolic acid, which exhibits a Young’s modulus of 3 GPa;
they discussed interactions among aspect ratio, failure force, and Young’s modulus.”* The Fourier
transform infrared spectrum for Gantrez® AN-139 is shown in Figure 2. The spectrum shows peaks
at2945.2cm!, 1709.7 cm!, 1648.9cm™, 1186.4 cm™!, and 1094.2 cm’!. Stretching bands associated
with the anhydride group are observed at 1648.9 cm~! and 1709.7 cm~!; in addition, stretching bands
associated with the methyl ether group are observed at 1186.4 cm~' and 1094.2 cm~'.3° The broad
peak at 2945.2 cm’! is attributed to carbon-hydrogen stretching. The features in this spectrum closely
match those of Gantrez® AN-119 methyl vinyl ether-maleic anhydride copolymer cast on calcium
iodide.”

Figure 3 contains scanning electron micrographs of unmodified and quantum dot-coated
Gantrez® AN-139 microneedles. Figure 3(a) shows a scanning electron micrograph of three un-
modified GantrezZ® AN-139 polymer microneedles in a five microneedle array; these micronee-
dles were produced using visible light dynamic mask micro-stereolithography-micromolding.
Figure 3(b) shows a scanning electron micrograph of three quantum dot-coated Gantrez® AN-
139 polymer microneedles in a five microneedle array; these microneedles were produced using
visible light dynamic mask micro-stereolithography-micromolding and piezoelectric inkjet printing.
Figure 4 contains scanning electron micrographs of an unmodified Gantrez® AN-139 microneedle
and a quantum dot-coated Gantrez® AN-139 microneedle. Figure 4(a) shows a scanning electron
micrograph of an individual unmodified Gantrez® AN-139 polymer microneedle and Figure 4(b)
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FIG. 2. Fourier transform infrared spectrum for Gantrez® AN-139 material.

shows scanning electron micrograph of an individual quantum dot-coated Gantrez® AN-139 poly-
mer microneedle. Scanning electron microscopy data indicated that the microneedles exhibited
heights of 926 £ 76 um and base widths of 465 + 22 um (data is shown as mean =+ standard
deviation for n = 6). ~38 um tall features were observed on the surfaces of the microneedles; these
features were attributed to the spacing between the build layers in the master structure. The mea-
surements of the microneedles are slightly smaller than the corresponding input stereolithography
files. Excellent device-to-device uniformity was noted among the microneedles in the microneedle
array. Microneedle arrays with greater device-to-device uniformity may be obtained by iteration of
molding materials, mold fabrication parameters, and other processing parameters. The minor differ-
ences between the input dimensions and the measured dimensions were attributed to shrinkage of
the Gantrez® AN-139 material within the molds as well as translation of the computer-aided design
drawing by the Perfactory® RP software. Triangle-shaped regions, which contain material that was
modified by the quantum dot solution, were observed on the tips of the coated microneedles. The
coated microneedle exhibits crater-like features; these features were attributed to local hydrolysis
of the Gantrez® AN-139 microneedle by the phosphate buffered saline solution. Sodium chloride
crystal precipitation from phosphate buffered saline solution was noted on the coated microneedle
surface using energy-dispersive X-ray spectroscopy. In addition, a significant difference in the cad-
mium concentration between quantum coated-coated region (0.58 weight percent) and the uncoated
region (0.01 weight percent) was observed using energy-dispersive X-ray spectroscopy.

Figure 5 contains maximum projections rendered from acquired Z-stack multiphoton images
that show (i) topical administration of quantum dots as well as (ii) Gantrez® AN-139 microneedle-
based delivery of quantum dots. Figure 5(a) shows topically applied quantum dots one hour after
application; in this figure, the skin was oriented with the stratum corneum at the top of the imaging
window. This figure indicates that the quantum dots remained near the skin surface one hour after
topical administration. Figure 5(b) shows a single quantum dot-coated microneedle one hour after
application; in this figure, the image was oriented with the microneedle and the stratum corneum
at the bottom of the imaging window. In Figure 5(b), the skin is positioned above the microneedle
array to enable imaging; in this figure, the quantum dot signal was noted to extend >200 pm within
the skin. Several investigators have examined the permeability of skin to heterogenous quantum
dots. Ryman-Rasmussen et al. examined topical application of polyethylene glycol-amine-coated
and polyethylene glycol-coated quantum dots on porcine skin; they showed that quantum dots with
ellipsoid shapes and spherical shapes became localized within the epidermis layers by eight hours.*



022139-9 Boehm et al. AIP Advances 1, 022139 (2011)

FIG. 3. Scanning electron micrographs of unmodified and quantum dot-coated Gantrez® AN-139 microneedles. (a) Scan-
ning electron micrograph of three unmodified Gantrez® AN-139 polymer microneedles in a five microneedle array; these
microneedles were produced using visible light dynamic mask micro-stereolithography-micromolding. (b) Scanning electron
micrograph of three quantum dot-coated Gantrez® AN-139 polymer microneedles in a five microneedle array; these mi-
croneedles were produced using visible light dynamic mask micro-stereolithography-micromolding and piezoelectric inkjet
printing. Triangle-shaped regions, which were modified by the quantum dot solution, can be observed on the longitudinally
cut surfaces of the coated microneedles.

More recent work by Zhang et al. showed the topically applied quantum dots became localized within
the outer layers of the stratum corneum as well as near hair follicles.”® The reduction in image quality
from deeper tissue regions is attributed to deflection by skin tissue, autofluorescence of skin tissue,
and poor light penetration.”” An increase in laser power may facilitate imaging of deeper tissues;
however, tissue burning may take place at high laser intensities. Levene et al. utilized gradient index
lenses with needle-like dimensions to perform multiphoton microscopy of deep tissues; for example,
they obtained images of quantum dots within hippocampal and cortical layer tissues in a murine
model.”® Other techniques may find use for in vivo imaging of deeper skin layers. For example,
Kirstajic et al. utilized optical coherence tomography for imaging of deeper skin layers; they noted
that imaging of tissues greater than 500 xum from the surface was relatively poor.””
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FIG. 4. Scanning electron micrographs of an unmodified Gantrez® AN-139 microneedle and a quantum dot-coated Gantrez®
AN-139 microneedle. (a) Scanning electron micrograph of an individual unmodified Gantrez® AN-139 polymer micronee-
dle. (b) Scanning electron micrograph of an individual quantum dot-coated Gantrez® AN-139 polymer microneedle. The
longitudinally cut surface of the coated microneedle exhibited crater-like features, which were attributed to hydrolysis of
the Gantrez® AN-139 polymer by the quantum dot solution. Sodium chloride crystal precipitation from phosphate buffered
saline solution was observed on the coated microneedle surface.

IV. CONCLUSIONS

We successfully modified the surfaces of solid Gantrez® AN-139 polymer microneedles by
means of piezoelectric inkjet printing. The Young’s modulus value for Gantrez® AN-139 suggests
that it has appropriate stiffness for use in microneedle-based transdermal drug delivery. Deposition
of quantum dot solution onto Gantrez® AN-139 microneedles was confirmed via scanning electron
microscopy. The quantum dot-coated Gantrez® AN-139 microneedle successfully created a pore
in the stratum corneum layer, which enabled delivery of quantum dots to deeper layers of the skin.
Multiphoton imaging indicated that quantum dots were placed >200 pum within the skin by the
quantum dot-coated Gantrez® AN-139 polymer microneedle.

This study provides a proof-of-concept involving the combination of two rapid prototyping
methods, visible light dynamic mask micro-stereolithography-micromolding and inkjet printing, for
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FIG. 5. Maximum projections (in red) rendered from acquired z-stack multiphoton images of quantum dot delivery into
porcine skin. (a) Topically applied quantum dots one hour after application. The skin was oriented with the stratum corneum
at the top of the imaging window. (b) A single microneedle one hour after application. The image was oriented with the
microneedle and the stratum corneum at the bottom of the imaging window. In these figures, the spacing between the bars on
the Z-axis is 50 um. Inversion of the colors was performed to facilitate viewing.

fabrication of biodegradable microneedles. This approach is associated several attributes, including
rapid processing times, scalability, and low cost. It should be noted that no high-cost processing
environments, such as clean room environments, are necessary for microneedle fabrication using this
approach. The combination of visible light dynamic mask micro-stereolithography-micromolding
and inkjet printing enables fabrication of solid microneedles containing a wide range of geometries
as well as a wide range of pharmacologic agent compositions. For example, inkjet printing may be a
useful approach for incorporating highly lipophilic pharmacologic agents (e.g., photosensitizers) on
solid microneedles. Printing of multiple agents, including proteins and nucleic acids, on micronee-
dles may enable the development of transdermal sensors and theranostic (combined detection and
treatment) devices. In addition, visible light dynamic mask micro-stereolithography-micromolding
and inkjet printing may be used to fabricate microneedles for patient-specific applications, includ-
ing usage in depth-dependent transdermal delivery (e.g., precise delivery of pharmacologic agents
to epidermal, dermal, or subdermal tissues). The development of additional coating materials that
enable dissolution of pharmacologic agents and exhibit compatibility with inkjet cartridge materials
would facilitate this work. The functionality and biodistribution of pharmacologic agents after inkjet
printing also needs to be considered. We envision that devices containing inkjet printer-modified
microneedles and sensors may be used for treatment of diabetes mellitus and other chronic medical
conditions.
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