
ABSTRACT 

BOEHM, RYAN DANIEL. Microscale Material Processing for Drug Delivery and Biosensing Applications. (Under the direction of Dr. Roger J. Narayan.) 
 

Rapid prototyping and additive manufacturing techniques have become more 
prevalent in recent years and their use in microscale medical device fabrication is of 
interest. In this thesis, a variety of rapid prototyping and microscale fabrication techniques 
are investigated to determine if they can be utilized in the creation of polymeric 
microneedle devices for drug delivery and biosensing applications. The 
photopolymerization technique dynamic mask microstereolithography is investigated to 
this end. Micromolding replication of structures created from this photopolymerization 
technique is highlighted. Furthermore, a combination of injection molding and drawing 
lithography are utilized for manipulation of a thermoplastic polymer material for 
microneedle fabrication. Inkjet printing, which is a noncontact deposition technique, is 
investigated as a means of applying surface coatings of therapeutic agents to microneedle 
arrays.  

Initially, an investigation was undertaken to evaluate the ability to fabricate 
microneedle arrays using dynamic mask microstereolithography in order to produce 
polymer master structures that are suitable for silicone mold creation and subsequent 
structure replication with poly(methyl vinyl ether – co – maleic anhydride) (PMVE/MA) 
material. The antimicrobial properties of microneedles fabricated using this technique were 
assessed in modified-disk diffusion agar plating studies. Early tests were conducted to 
assess the ability to deposit inkjet coatings of fluorescent quantum dot model drug solutions 
onto the surfaces of the microneedles. The material properties of the fabricated structures 
were investigated and the delivery of model drug to cadaveric porcine skin was investigated 
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with multiphoton microscopy. Microneedle arrays created out of PMVE/MA using the 
combination of dynamic mask microstereolithography and soft lithography were modified 
by inkjet printed drug coatings. Piezoelectric inkjet printing was utilized to deposit the 
antifungal drugs amphotericin B and miconazole onto the surfaces of the microneedles. The 
antifungal properties of the drug coatings on the microneedle arrays were assessed 

Microneedle arrays were also fabricated by using a combination of injection 
molding and drawing lithography out of the biodegradable polymer, poly(glycolic acid) 
(PGA). Surface coatings of voriconazole (antifungal agent) were applied to the microneedle 
arrays using piezoelectric inkjet printing. Examination of the microneedles and print 
coatings with microscopy, energy dispersive x-ray spectrometry, and Fourier transform 
infrared spectroscopy were conducted. Assessment of the porcine skin penetration by the 
microneedle arrays and the antimicrobial properties of the inkjet-modified arrays with agar 
plating studies were conducted. Modification of this technique was undertaken to create 
microneedle devices with multiple surface coatings. Drug release layers were applied to the 
microneedles with inkjet printing, followed by deposition of the poorly aqueously soluble 
drug, itraconazole. These devices were assessed for the chemical composition of the print-
coatings, antimicrobial properties, and penetration into skin. 

Furthermore, while microneedles are heavily investigated for drug delivery 
applications, they have also more recently sought attention as biosensing devices, 
particularly in transdermal sensing applications. These approaches may also have value in 
applications of food-based biosensing. Early tests were conducted to fabricate and test 
microneedles for fluid sampling of tuna in determination of histamine-spoilage with a 
commercially available lateral flow test for histamine. The results of these microneedle 
sampled tests were compared to the manufacturer’s protocol to assess the efficacy of the 
technique in foodstuff testing. 



iv  

Overall, these fabrication techniques proved effective in the production of 
microneedle arrays out of different materials, including PMVE/MA and poly(glycolic acid). 
Inkjet printing proved to be a useful process to create microscale coatings on microneedle 
surfaces, serving as a process that can be utilized for creation of accurately applied drug 
release layers and low-dose drug coatings. The microneedle sampling technique for use in 
biosensing/screening of histamine from fish samples also proved effective, with test results 
in good agreement with a commercial protocol for screening histamine-spoilage in tuna 
samples. 
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Chapter 1  Introduction 
This thesis describes the advances in microscale processing of materials utilized in 

applications for drug delivery and sampling of fluid for a biosensing application. 
Microneedle fabrication techniques and applications are the main crux of the thesis, with 
inkjet printing as a surface modification method utilized extensively to apply drug coatings 
to the microneedles. Much of the focus is placed on the deposition of antifungal drugs onto 
the surfaces of these microneedles as a means of transdermal delivery for superficial fungal 
infections.  

The microneedles have been fabricated using a variety of techniques, including 
microstereolithography, micromolding, and drawing lithography. Our research group has 
also focused on two-photon polymerization (2PP) as a microneedle fabrication technique, 
so that process is also briefly described. While 2PP has shown very fine resolution for 
fabrication of microneedles, several other fabrication techniques have been investigated in 
this thesis for production of polymeric microneedles to investigate production of the 
microneedles in larger batches than can be offered by the 2PP technique. The majority of 
the research has investigated microneedles for drug delivery purposes. In the final chapter, 
an investigation into the use of microneedles for sampling of foodstuffs (tuna fish) for 
detection of spoilage is investigated. While there has been growing interest in microneedle 
use for transdermal biosensing applications, there has been little research into this type of 
technique for sensing application in the food industry. The next few sections outline 
background information on microneedles and the associated fabrication techniques. The 
chapters to follow outline the published papers and recent completed work that is in 
preparation for submission on the outlined topics. 
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Microneedle Background 
Microneedles are small-scale, needle-like projections (typically less than 1 mm in 

length) that are used to physically penetrate the outermost layer of skin (stratum corneum) 
that serves as a major barrier to transdermal drug diffusion. The stratum corneum is 
composed of corneocytes in a lipid matrix, which serves as a transdermal drug diffusion 
barrier. The microneedles help to deliver therapeutic agents and vaccines through the skin 
and serve as a substitute to more traditional drug delivery mechanisms. For instance, 
microneedles are being investigated as an alternative to hypodermic needle delivery of 
drugs and vaccines. Although hypodermic needles are commonly used for subcutaneous 
and intravenous drug delivery, there are a number of problems associated with this 
method. For instance, needles are sometimes associated with patient fear with regard to 
needle size and the potential for pain, which can cause a lack of patient compliance with 
treatment regimens.[1,2] Additionally, use of hypodermic needles necessitates application by 
trained personnel for safety and effectiveness.[2] Oral drug delivery is one of the most 
desirable forms of administration of therapeutic agents due to its ease. However, first-pass 
metabolism by the liver and degradation of the therapeutic agent as it passes through the 
gastrointestinal tract limits efficacy and bioavailability.[3] Microneedles, however, serve as a 
means to circumvent some of the disadvantages with oral and hypodermic needle delivery 
problems. Their small-scale limits pain sensation relative to needles, they can be fabricated 
in patch forms for administration without extensive training, and the transdermal delivery 
mechanism avoids drug degradation that results from first-pass metabolism and exposure 
to the gastrointestinal tract.[4] 

Typically, microneedle patches come in the form of arrays of multiple microneedles, 
taking the form of one of the common subcategories listed below:[4] 
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 Solid microneedles – Made of a variety of materials, including polymers, metals, 
silicon, or ceramics that are coated with a therapeutic agent 

 Dissolving microneedles – Composed of water-soluble or biodegradable polymers or 
sugars, with a drug loaded within the microneedle or on the surface. Dissolution of 
the microneedle following skin insertion facilitates drug delivery. 

 Solid microneedles coupled with a transdermal patch – The skin is scraped or 
porated with a solid microneedle array, after which a topical transdermal patch or 
drug reservoir is applied at the penetration site, facilitating diffusion through the 
stratum corneum. 

 Hollow microneedles – Microscale versions of a hypodermic needle, with a bore 
running through their structure, facilitating transit of a drug solution from a 
reservoir into the skin. 

Microneedles can be fabricated out of a number of different materials, including 
metals, ceramics, glass, and polymers. The advances in the semiconductor industry over the 
last two decades, and the more recent developments in rapid prototyping, have facilitated 
the microscale fabrication techniques necessary to manufacture microneedle devices. Our 
group typically investigates the fabrication of polymer microneedles using techniques such 
as stereolithography, soft lithography, micromachining, injection molding, and drawing 
lithography. Polymer microneedles are of interest because of their low cost, mechanical 
properties, and the range of material functionalities (e.g., biodegradability). The fabrication 
approaches outlined in this document for polymer microneedles are dynamic mask 
microstereolithography, soft lithography, injection molding, drawing lithography, and two-
photon polymerization. 
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Dynamic Mask Microstereolithography 
Dynamic mask microstereolithography uses the concept of digital light processing 

(DLP), or lamp and mirror-based microstereolithography. In this technique a lamp is 
utilized to project an image onto a photopolymerizable resin vat in order to produce a layer-
by-layer build of a three-dimensional structure. Ultraviolet light or visible light sources are 
utilized, depending on the photoinitiator in the resin that is being cured. A schematic for 
this DLP technology setup is illustrated in Figure 1.1.[5] The lamp light is passed onto a 
Digital Mirror Device (DMD), through a focusing lens, and onto a 45˚ mirrored surface 
before interacting with the resin. Thousands of individually addressable micro-scale 
mirrors make up the DMD. These mirrors are turned “on” or “off” in a digital manner, based 
on the 3D model input file guiding the structure build. This “dynamic mask” allows the light 

of a specific pattern based on a layer of the 3D input file to be projected through the 
focusing lens, reflected off of the 45˚ mirror, and into the bottom of the resin vat located 

Figure 1.1: DLP schematic. a) Lamp light source b) Digital Mirror Device (DMD) c) Focusing lens d) 45˚ mirror e) Photoinitiated resin vat f) Build platform – Adapted from [5] – Fig. 1, pg. 67. 
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above the 45˚ mirror. The layer-by-layer build is completed as each voxel of light exposed to 
the resin polymerizes the material, adhering the structure onto the build platform or the 
previously polymerized layer. The resolution of these systems varies by the material that is 
used during the photopolymerization, as the opacity of the material dictates the light 
diffusion of the voxel projected into the resin vat. Generally, x-y resolution is in the 25-50 
µm range, with z-axis resolution varying from 15 µm to 100 µm. A number of different 
medically-related structures have been fabricated using this technique, including 
microneedle arrays. For instance, polymer microneedles for antimicrobial agent delivery,[6] 
master structures for soft lithography micromolding applications,[7] and hollow 
microneedles for biosensing applications[8] have all been fabricated with this technique.   
Two-photon Polymerization 

Two-photon polymerization (2PP) is a technique that uses a laser-guided trace to 
photocure a resin material. It is another stereolithography process, although it uses pulsed 
laser light as opposed to the DLP/microstereolithography lamp and build-platform 
approach described earlier. The basis for 2PP fabrication is the concept of two-photon 
absorption. In 2PP, femtosecond pulses of focused laser light are targeted into a 
photocurable resin in order to initiate a photoinitiated polymerization reaction. A nonlinear 
reaction occurs during these extremely short pulses of light, allowing the two photon 
absorption to be localized within the focal volume (voxel) of the laser light, resulting in 
localized polymerization reactions.[9] Since many photocurable resins can be crosslinked 
with UV light (λ = ~400 nm), a double-pulse of near-infrared (N-IR) (λ = ~800 nm) light can 
be used in order to cross-link the material at the focal spot of the double-pulse. While a 
single photon of the N-IR light lacks the energy to initiate the reaction, at the localized focal 
spot of the laser pulse a virtual state occurs wherein the combined energy of the two pulses 
of the N-IR light has energy equivalent to that of a single photon of UV light, initiating the 
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emission of a photon from the fluorophore of the photoinitiator, and causing the 
polymerization reaction.[10] By tuning the excitation and emission wavelengths of the 
photointiator with the laser parameters, polymerization can take place at the localized focal 
spot of the laser, but nowhere else within the resin. Additionally, since there is nonlinearity 
in the absorption event and the intensity needed for a polymerization reaction to initiate, 
the voxel that is polymerized can actually be smaller than the wavelength of light used to 
create the reaction. As a result, high resolution can be achieved with this technique, with 
reports of resolution as low as 100 nm.[11] 

 
 

A typical setup for this type of fabrication technique is shown in Figure 1.2. A pulsed 
laser with 100 femtosecond pulse length, wavelength of λ = 800 nm, and high repetition 
rates (e.g., 80 MHz) is often utilized.[9] The pulsed laser light travels through a series of 
optics and is focused into the sample resin using a high numerical aperture microscope lens. 
The sample is immobilized onto a moveable stage, which can raster back-and-forth 
according to the desired polymerization pattern, as the laser beam path polymerizes the 
desired geometry. Acrylic materials, organically modified ceramics, and epoxies may be 

Figure 1.2: “Scheme of the 2PP fabrication setup.” From [9] – Fig. 2, pg. 57. 
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polymerized using this technique.[11,12] A number of biomedically relevant structures have 
been fabricated with 2PP. For instance, tissue engineering scaffolds for cell seeding may 
have been fabricated using this technique.[13-16] Additionally, microneedles have been 
fabricated using this technique, which of particular interest in this work.[17,18] 

Injection Molding/Drawing Lithography 
Injection molding is another method that has been investigated for fabrication of 

microneedle arrays.[19-22] In this process, machined or etched molds are utilized for the 
pressurized injections of molten thermoplastics, which conform to the shape of the mold, 
are cooled, and then ejected following part fabrication. Microneedle arrays have been 
prepared in this manner from materials such as poly(lactic acid), poly(glycolic acid), cyclic 
olefin copolymer.[19-22] Use of a thermoplastic material allows the heat-based manipulation 
of the material shapes. Drawing lithography is another approach that takes advantage of 
thermoplastic material properties. In this process, the transitions between the glass 
transition and melting temperatures of a thermoplastic material are controlled, while the 
material is drawn between two surfaces, thinning the structure and forming a sharpened 
point. Drawing lithography has also been utilized as a microneedle fabrication technique, 
drawing the material into tapered high aspect ratio structures.[23-25] We have investigated 
the use of a combination of these two techniques, wherein injection molded microneedle 
structures are sharpened by a drawing lithography process to improve the aspect ratio and 
tip radii of the microneedles.[26] 

Inkjet Printing 
With solid microneedle arrays, a means of applying a drug or vaccine surface 

coating to the structures is required. Dip-coating is an approach that has been utilized to 
provide surface coatings on microneedles, wherein microneedle arrays are dipped into a 
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coating solution, removed at a controlled rate, and dried. While dip-coating methods have 
been utilized successfully in the past,[27-33] there are concerns over the consistency of the 
thickness of the coatings and potential for contamination of the substrates. Furthermore, it 
is noted that improvements in microneedle dosing uniformity, minimization of expensive 
pharmacologic material waste, limiting spread of the coating onto the microneedle 
substrates, and the ability to scale the manufacturing process are important for surface 
coating applications on microneedle arrays. Inkjet printing is being investigated as a means 
of accurately applying drug coatings to microneedles due to some of these concerns.[28,33] 

Inkjet printing has been utilized previously as an effective means of depositing 
pharmaceutical agents. For instance, Scoutaris et al. examined the inkjet deposition of 
mixtures of felodipine and polyvinyl pyrrolidone (PVP).[34] There was noted homogeneity in 
the micro-spots of the patterned PVP-drug mixtures and drug release could be controlled by 
varying the drug loading percentage within ink. Acetaminophen, theophylline, and caffeine 
were deposited onto paper and polyethylene terephthalate (PET) substrates with a Dimatix 
DMP-2800 inkjet printer in another study.[35] This work looked into the ability to accurately 
deposit the model drugs, investigate the crystallization of the compounds, and examine the 
penetration of the agents into porous substrates. The goal of the work was to examine inkjet 
printing as a means of fabricating complex drug delivery systems. A noted benefit of the 
inkjet printing technique was the ability to measure low-dosages, deposit poorly soluble 
drugs, and create on-demand individualized delivery systems for patient-specific 
applications. In this thesis, I have looked into applying these concepts for deposition of 
tissue adhesives, as outlined in Chapter 2, but also modification of microneedle devices. The 
inkjet printing process can facilitate deposition of drugs that are poorly water-soluble, dose 
in low quantities, accurately coat surfaces, and create multiplexed devices. As such, inkjet 
printing has been investigated as a means of applying model drug solutions and antifungal 
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drug coatings onto microneedles, including quantum dots, amphotericin B, miconazole, and 
voriconazole.[7,26,36,37] 
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Abstract 
Piezoelectric inkjet printing is a noncontact process that enables microscale 

patterning of biological materials. In this research summary, the use of piezoelectric inkjet 
printing for patterning medical adhesives and sealants, including a two-component 
polyethylene glycol hydrogel-based medical sealant, an n-butyl cyanoacrylate tissue 
adhesive, and a mussel adhesive protein biological adhesive, is described. The effect of 
Fe(III) on mussel adhesive protein structure was evaluated by means of atomic force 
microscopy. The ability to process microscale patterns of medical sealants and adhesives 
will provide an improvement in tissue joining, including enhanced tissue integrity, reduced 
bond lines, and decreased adhesive toxicity. Piezoelectric inkjet deposition of medical 
adhesives and sealants may be used in wound closure, fracture fixation, and microscale 
vascular surgery. 
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Introduction 
Inkjet printing is an additive process that involves direct fabrication of microscale 

patterns of materials from two-dimensional pixelated images.  By rasterizing the X- and Y- 
coordinates of the pixelated image, microscale patterns of materials for electronic, medical, 
optical, and polymeric applications may be prepared.[1,2] The resolution of the pattern is 
dependent on several parameters, including drop size, ink viscosity, surface tension, and 
printer head resolution.[3] Fluid drops deposited by inkjet printers can range in volume 
from picoliters to microliters; drop size is dependent on the nozzle dimensions.   

Several manufacturers, including Hewlett-Packard, have developed thermal inkjet 
printers for desktop printing applications.[4] In these devices, the printer head contains a 
heater, a fluid chamber, a manifold, a restrictor, and a nozzle. In thermal inkjet printing, ink 
is heated using a resistive element to ~300 °C until a bubble forms, which forces a droplet 
out of the printer head.[5] Thermal inkjet printing mechanisms have been categorized based 
on the plane of bubble formation with respect to droplet ejection.  For example, bubble 
formation and drop ejection are in the same direction in roof shooting thermal inkjet 
printers. Bubble formation and drop ejection are in opposite directions in back shooting 
inkjet printers. In side shooting inkjet printers, drop ejection is perpendicular to bubble 
formation. It should be noted that the high temperatures associated with thermal inkjet 
printing may preclude processing of some temperature-sensitive materials, including some 
biological materials. 

Syringe-solenoid inkjet printers are commonly used for dispensing fluids in large-
scale applications; these devices consist of a microsolenoid valve as well as a syringe 
pump.[6]  A variety of solenoid dispensers, including flow through, aspirate-dispense, and 
isolated technologies, have been developed.  Droplet size limitations have limited the use of 
syringe-solenoid processes to large-scale industrial applications, such as dispensing of 
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pharmacologic agents. In this research summary, the use of piezoelectric inkjet printing for 
patterning medical adhesives and sealants, including a two-component polyethylene glycol 
hydrogel-based medical sealant, an n-butyl cyanoacrylate tissue adhesive, and a mussel 
adhesive protein biological adhesive, is described. 
Piezoelectric Inkjet Printing  

Piezoelectric inkjet printing is a non-contact, additive process for creating 
microscale patterns using a variety of materials. In piezoelectric inkjet printing, actuation of 
a piezoelectric transducer enables the release of droplets; this technique can be performed 
at a range of temperatures (including room temperature).  The printer head contains a lead 
zirconate titanate transducer, manifolds, nozzles, chambers, and fluid inlet passages.  When 
voltage is applied to the transducer, vibrations produce acoustic waves, which force ink 
through the nozzles.[7] The type of deformation mode for the transducer gives rise to several 
printer head categories, including squeeze mode, bender mode, push mode, and shear 
mode.8 The cartridge in the Materials Deposition System (Dimatix Inc., Santa Clara, CA) is an 
example of a bender mode printer head; in this device, actuation of the transducer occurs in 
the wafer plane.  The cartridge contains patterned lead zirconate titanate attached to a 
silicon diaphragm.[7]  Viscosity and surface tension are important properties for materials 
that are processed using inkjet printing; the optimum viscosity for the Materials Deposition 
System is ~8-14 centipoise.  Since many biomaterials possess high surface tension (~60 
dynes/cm) and low viscosity (~1 centipoise) values, the printer head operating parameters 
(e.g., the waveform frequency, the waveform structure, and the voltage sent to the nozzles) 
are commonly modified. Sumerel et al. utilized piezoelectric inkjet printing for preparing 
microscale patterns of several biological applications, including sinapinic acid, 
deoxyribonucleic acid (DNA), streptavidin, and nanotube/DNA hybrid 
materials. Piezoelectric inkjet printing has also been used in recent years to fabricate a 
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variety of bioassays, including immunoassays on gold substrates, glucose oxidase sensors 
on silicon oxide substrates, enzyme-based sensors on paper substrates, and immunoassays 
on disposable nylon membranes.[10-13] In addition, Tavana et al. utilized piezoelectric inkjet 
printing to deliver patterns of genetic material to mammalian cells.[14] Piezoelectric inkjet 
printing has also been used to prepare patterns of viable cells; for example, Merrin et al. and 
Saunders et al. used piezoelectric inkjet printing to create patterns of viable 
microorganisms (e.g., Escherichia coli) and human cells (e.g., HT 1080 human fibroblast 
cells), respectively.[15,16] In addition, piezoelectric inkjet printing has been used to create 
microfluidic jets for deformation of lipid membranes and formation of vesicles.[17]  
Preparation of Medical Adhesives and Sealants 

Medical sealants based on hydrophilic polymers known as hydrogels have recently 
been developed. Cross-linking of hydrogels involves covalent bond formation by means of 
chemical reactions, photopolymerization, or ionizing radiation. Coseal® (Baxter, Deerfield, 
IL) is a hydrogel medical sealant composed of the following: (a) two polyethylene glycol 
polymers, (b) a sodium phosphate-sodium carbonate solution, (c) a hydrogen chloride 
solution; these components form a hydrogel, which covalently interacts with synthetic 
biomaterials and tissue proteins.[18-21] Coseal® has been utilized in urinary, neurological, 
and cardiovascular procedures; leak-free closures have been produced.[18-21] Coseal® has 
demonstrated high internal cohesion and tissue adhesion; for example, it has been shown to 
withstand supraphysiologic pressures in a porcine model.[22] In addition, Coseal® does not 
induce tissue inflammation and resorbs within thirty days after use.[19,23] Piezoelectric inkjet 
printing may allow one to apply the minimum necessary amount of hydrogel sealant at the 
lesion site, thereby minimizing swelling, reducing bond lines between tissues, and 
improving strength. 
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Figure 2.1: Scanning electron micrographs of CoSeal® material inkjetted in circular pattern on Si (111) substrates. Microscale Patterning of Two-Component Biomedical Hydrogel, A Doraiswamy, R Crombez, WDA Shen, YS Lee, RJ Narayan, Journal of Adhesion, 86 (1): 62-71, 2010. Reprinted by permission of the publisher (Taylor & Francis Group, http://www.informaworld.com). 

 

In Doraiswamy et al., a DMP-2800 piezoelectric inkjet printer (Fujifilm Dimatix, 
Santa Clara CA) and a 10 picoliter drop size cartridge were used to create patterns of 
Coseal®.[24] Polyethylene glycol was dissolved in the sodium carbonate-sodium phosphate 
solution; this solution was subsequently moved to an inkjet cartridge (part I solution). 
Dilute hydrogen chloride solution (part II solution) was transferred into another cartridge. 
Cross-linking of the hydrogel was obtained by initially inkjet printing a pattern with part I 
solution and subsequently inkjet printing directly over this pattern with part II solution.[25] 
Inkjet printing parameters, including voltage, frequency, and waveform pulse shape, were 
independently optimized for each solution. Scanning electron microscopy images of the 
hydrogel patterns were obtained using a S3200 system (Hitachi, Tokyo, Japan), which was 
equipped with a Robinson backscattered electron detector. Scanning electron microscopy 
images of an inkjet printed CoSeal® circular pattern on a silicon substrate are shown in 
Figure 2.1. 300-400 μm wide circular patterns were noted; some shrinkage of the inkjet 
printed polyethylene glycol hydrogel sealant was observed.  

Suturing has long been considered the "gold standard" approach for joining tissues; 
however, suturing (a) requires a skilled medical practitioner and (b) consumes a significant 
amount of operating time.  Suturing can result in development of several unwanted tissue 
responses, including postoperative epithelial ingrowth, infection, inflammation, and tissue 
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warping. For example, many microvascular surgical procedures require joining of vessels in 
an end-to-end manner as well as closing of small vessels.[26] Suturing provides a 90-95% 
success rate; however, blood vessel endothelium (inner layer) damage associated with 
suturing has been linked with platelet aggregation, foreign body reaction, blood vessel 
distortion, and blood vessel wall ischemia. Lacerations of the vessel endothelium can lead to 
formation of strictures and failure of grafted tissue.[27] An alternative mechanism for tissue 
joining involves the use of medical adhesives; these adhesives must provide adequate 
tensile strength for several weeks while wound healing and tissue growth processes take 
place. Studies at the Walter Reed Army Medical Center have demonstrated the efficacy of n-
butyl cyanoacrylate in wound hemostasis, tissue joining, and blood vessel joining.[28-34] 
Matsumoto et al. showed that  n-butyl cyanoacrylate enables less blood loss, less complex 
surgeries, and shorter operating times than suturing.[31-34] Saba et al. used an in vivo canine 
model to demonstrate that sutureless joining of blood vessels with n-butyl cyanoacrylate is 
an appropriate alternative to suture-based  tissue joining.[35] Cyanoacrylate tissue adhesives 
have also for embolization of arteriovenous malformations (AVM).[36,37]  In addition, 
cyanoacrylate tissue adhesives have been used for vascular anastomosis (vessel joining) in 
a porcine carotid artery model; Bastiaanse et al. suggest that cyanoacrylate adhesives may 
be suitable for use as an alternative to suturing in closed chest surgery as well as other 
procedures that necessitate limited surgical access.[37] 

In Doraiswamy et al., the DMP-2800 piezoelectric inkjet printer was used to prepare 
microscale patterns of Vetbond® n-butyl cyanoacrylate tissue adhesive, which consists of n-
butyl cyanoacrylate (>98%), blue dye, as well as hydroquinone.[38] The inkjet printed 
patterns of n-butyl cyanoacrylate tissue adhesive were examined by means of phase 
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Figure 2.2: Phase contrast optical micrograph of array of Vetbond™ n-butyl cyanoacrylate adhesive on a glass microscope slide. 

 contrast microscopy using an upright DMLB instrument (Olympus Inc., Center Valley, PA). 
In recent work, a microscale adhesive dot array patterns were prepared with a 1 picoliter 
drop size cartridge on a glass microscope slide (Figure 2.2). An array of ~35 µm diameter 
disk-shaped structures was obtained; these structures are approximately the same size as 
human cells (10-30 µm).[39] Good dot size uniformity and consistent dot spacing were 
observed in the dot array. Droplet morphology is governed by optimization of voltage, 
frequency, and waveform (amplitude, slew rate and duration), which governs the droplet 
velocity and the droplet shape. HAAE-1 vascular endothelial cell viability on n-butyl 
cyanoacrylate surfaces was evaluated using an MTT (3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyl tetrazolium bromide) assay; this assay is based on reduction of a yellow 
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Figure 2.3: Primary amino acid sequence of Mefp-1, Mefp-3, and Mefp-5 mussel adhesion proteins.  A, K, P, S, 
Y, T, G, N, R, W, E, L are the single letter notations for the amino acids alanine, lysine, proline, serine, tyrosine, 
threonine, glycine, asparagine, arginine, tryptophan, glutamic acid, and leucine, respectively. Reprinted from 
J.H. Waite, Adhesion a la moule, Integrative and Comparative Biology, ©2002, 42, 6, 1172-1180, by permission 
of The Society for Integrative and Comparative Biology. 

tetrazolium salt (MTT) to a purple formazan dye by the mitochondrial succinnic 
dehydrogenase enzyme.[40] Viability of cells on Vetbond® tissue adhesive was significantly 

lower than on control material (media). Previous work by Chen et al. indicated that cultured 
bovine corneal epithelial cells, keratinocytes, and corneal endothelial cells exhibited 
cytotoxicity when exposed to drops of n-butyl cyanoacrylate.[41] Leggat et al. and Toriuni et 
al. suggest that degradation of cyanoacrylate into cyanoacetate and formaldehyde is a 
contributor to in vivo as well as in vitro toxicity.[42,43] Inkjet printing, micropipetting, and 
other microscale patterning technologies may serve to increase reduce the amount of 
cyanoacrylate adhesive needed for a given surgical procedure and decrease toxicity.44 In 
addition, it should be noted that cyanoacrylate adhesives are not biodegradable and remain  



21  

 Figure 2.4: Optical micrographs of mussel adhesive protein solution inkjetted into microarray and line patterns. Reprinted from A Doraiswamy, TM Dunaway, JJ Wilker, RJ Narayan, Inkjet Printing of Bioadhesives, Journal of Biomedical Materials Research Part B-Applied Biomaterials, 89B (1): 28-35, 2009 by permission of the publisher.  at the site of application. 
Mussel adhesive proteins are adhesives that are utilized by sedentary mussels 

(bivalve mollusks or clams) for attachment to ships, rocks, piers, and other underwater 
surfaces. Mytilus edulis, the blue mussel, is a commonly studied organism that is primarily 
found in the intertidal zone on the coastlines of North American and Europe. This organism 
produces a number of adhesive proteins, which include Mytilus edulis foot protein-1, 
Mytilus edulis foot protein-2, Mytilus edulis foot protein-3, Mytilus edulis foot protein-4, 
Mytilus edulis foot protein-5, and Mytilus edulis foot protein-6.[45-53] Mussel adhesive 
proteins contain up to thirty mole percent of 3,4-dihydroxyphenyl-L-alanine (DOPA), which 
is formed by post-translational modification of the amino acid L- tyrosine. DOPA is 
suggested to play a key role in adhesion of the mussel plaque to environmental surfaces 
(Figure 2.3); adhesion is believed to occur as a result of covalent coupling, chelate-mediated 
crosslinking, and/or noncovalent interactions.[45-53]   

As described by Doraiswamy et al., Mytilus edulis Mefp-1 and Mefp-2 were extracted 
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 Figure 2.5: Topography-flattened atomic force micrograph of inkjetted mussel adhesive protein, 1:1 Fe:DOPA, 10:1 Fe:DOPA, and 100:1 Fe:DOPA structures. Scale bar equals 10 m. Reprinted from A Doraiswamy, TM Dunaway, JJ Wilker, RJ Narayan, Inkjet Printing of Bioadhesives, Journal of Biomedical Materials Research Part B-Applied Biomaterials, 89B (1): 28-35, 2009 by permission of the publisher.  from mussel feet using a process previously proposed by Waite et al. with the exception that 
protein pellet extraction was performed with water rather than with acetic acid.[54] The 
resulting solution consisted of approximately 80% Mytilus edulis foot protein-1 and 
approximately 20% Mytilus edulis foot protein-2; it contained a total DOPA concentration of 
0.16 mM. The DMP-2800 piezoelectric inkjet printer was used to prepare 1 cm2 patterns of 
the mussel adhesive protein solution. In order determine the effect of printing voltage, 
inkjet printing of the mussel adhesive protein solution was performed at 10, 20, 30 and 40 
V. The effect of iron on crosslinking of mussel adhesive protein solution was evaluated by 
initially printing mussel adhesive protein solution and subsequently printing FeCl3 solution 
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over the mussel adhesive protein pattern; 1:1, 10:1, and 100:1 Fe:DOPA ratios were 
obtained in the resulting structures. Patterns of Vetbond® n-butyl cyanoacrylate (3M, St. 
Paul, MN), Nexaband® 2-octyl cyanoacrylate (Abbott Laboratories, North Chicago, IL), and 
Loctite® ethyl cyanoacrylate (Ted Pella, Redding, CA) were prepared for comparison 
purposes.         

Inkjet printing of mussel adhesive protein solution with a 10 picoliter drop size 
cartridge enabled a pattern with a minimum feature size of 50 µm as well as lines with 
widths of ~60, ~90, ~180, and ~300 µm to be obtained (Figure 2.4). As the firing voltage 
was increased, a linear increase in the velocity of the mussel adhesive protein solution was 
observed. Figure 2.5 shows atomic force microscopy of mussel adhesive protein solution 
upon addition of FeCl3 solution. Patterns of mussel adhesive protein solution in the absence 
of iron demonstrated some fibrous networks. Complex fiber networks were observed in the 
10:1 Fe:DOPA pattern and the 1:1 Fe:DOPA pattern; islands of cross-linked material were 
observed in the 100:1 Fe:DOPA pattern. Ninan et al. have described adhesion of marine 
mussel extracts using several curing conditions; they showed that oxidants such as Cr6+, 
Fe3+, and V5+ increased the strength of joints formed with mussel adhesive protein 
solution.[55] Ninan et al. also indicated that moisture adversely affects the curing behavior of 
mussel adhesive protein.[56] Lee et al. previously utilized atomic force microscopy to 
demonstrate single DOPA residue-wet metal oxide surface interactions are of a reversible 
and noncovalent nature.[57] 

Butt joints on full-thickness pig skin substrates were utilized to obtain adhesion 
data. Data was acquired using an 8501 uniaxial tensile test system (Instron, Norwold, MA); 
measurements were obtained six times for each solution. Tensile testing revealed that 
mussel adhesive protein solution yielded significantly lower adhesion strength than  
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Figure 2.6: Average strength of bioadhesives inkjetted on full thickness porcine skin. All samples were cured for 24 hours. The difference in strength was statistically significant for all except those indicated by “*”, “^”, and “#” (P<0.05). Bars indicate standard deviation of mean strength. Reprinted from A Doraiswamy, TM Dunaway, JJ Wilker, RJ Narayan, Inkjet Printing of Bioadhesives, Journal of Biomedical Materials Research Part B-Applied Biomaterials, 89B (1): 28-35, 2009 by permission of the publisher.  cyanoacrylate-based adhesives (Figure 2.6). Ink printed ethyl cyanoacrylate, n-butyl 
cyanoacrylate, and 2-octyl cyanoacrylate exhibited high adhesion strengths; however, 
Pinkerton et al., Hauptmann et al., and Hauptmann et al., and Leggat et al. have noted the 
toxicity of these materials.[58-60] No correlation between adhesion strength and Fe (III) 
concentration could be obtained from the tensile testing data. The low adhesion strength of 
the 100:1 Fe:DOPA pattern was attributed to the high degree of cross-linking within this 
material; Monahan et al. suggest that dissimilar catecholate complexes are created at low 
Fe:DOPA ratios and high Fe:DOPA ratios.[61] 

Conclusion  
Piezoelectric inkjet printing has been shown to be a non-contact method for 

preparing microscale patterns of medical adhesives and sealants, including polyethylene 
glycol hydrogel sealant, n-butyl cyanoacrylate, and mussel adhesive protein. Piezoelectric 
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inkjet technology is a low cost, scalable process that can be readily reduced in size and 
translated to a clinical setting. It is anticipated that clinical application of piezoelectric inkjet 
technology may provide improved bond strength, reduced bond lines between tissues, and 
reduced toxicity. Piezoelectric inkjet printing may improve wound repair in a number of 
medical and dental applications. 
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Abstract 
In this study, biodegradable acid anhydride copolymer microneedles containing 

quantum dots were fabricated by means of visible light dynamic mask 
microstereolithography-micromolding and inkjet printing. Nanoindentation was performed 
to obtain the hardness and the Young’s modulus of the biodegradable acid anhydride 
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 microstereolithography-micromolding and inkjet printing enables fabrication of solid 
biodegradable microneedles with a wide range of geometries as well as a wide range of 
pharmacologic agent compositions. 
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Introduction 
Microneedles are small-scale needle-shaped devices in which one dimension of the 

device is less than 500 µm in length. These devices are used to produce pores in the 15 µm-
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.[1-3] 

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.[4-6] 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.[7] 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.[8] 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.[9] 
Dip coating is commonly used to prepare coatings on microneedles and other structures with 
complex geometries.[10] 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. 
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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 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.[11] 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.[12] Subsequent work showed that coating 
only the topmost 100 µm of the microneedle tips within a microneedle array instead of the 
entire microneedle array increased the delivery efficiency from 4-14% to 48%-58%.[13] 

It should be noted that several limitations are associated with conventional solid 
microneedle coating mechanisms. For example, the total amount of pharmacologic agent 
loaded on the microneedle is constrained by the microneedle surface area.[9] Gill et al. 
described a dip-coating process involving dipping, withdrawal, and drying stages.[14] 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, carboxymethylcellulose, 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.[10] In addition, they created a 
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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.[15] 

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.[10] 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.[10,15] Chen et al. also noted that an ideal microneedle coating approach 
should be suitable for scalable, industrial-scale processing.[15]  

Inkjet printing may serve as an alternative approach for modifying the surfaces of 
microneedles. Inkjet printing is a non-contact process that has been used for dispensing 
picoliter volumes of biologically-relevant materials, including proteins and nucleic acids, in 
a drop-on-demand manner.[16-18] Kim et al. described inkjet printing as a “dosing robot” that 
generates microscale patterns with arbitrary geometries.[19] Furthermore, coatings can be 
deposited at room temperature on a wide variety of materials, including temperature-
sensitive polymers and fabrics.[20] Abe et al. and Allain et al. noted that piezoelectric inkjet 
printing is associated with low contamination rates and high reproducibility rates, 
respectively.[21,22] In addition, Dzik et al. noted that inkjet printing is associated with low cost 
and low rates of material waste.[23] They also showed that materials can successfully be 
patterned without use of a wetting agent. High inkjet printing rates have been 
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demonstrated;  for example, Lin et al. described inkjet processing rates as high as 10-2 
m/s.[24] Cerna et al. noted that inkjet printing is more efficient process for creating coatings 
than dip coating.[16] Mosiadz et al. noted that dip coating suffers from coating-to-coating 
nonuniformity; inkjet printing provides greater control over coating amount.[25] In 
piezoelectric inkjet printing, a container containing a dispersion or solution is surrounded 
by a piezoelectric actuator.[26] 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 shear motions.[27] 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.[28-

31] 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.[32] Gantrez materials are soluble in organic solvents 
(e.g., aliphatic esters, alcohol, and phenols) as well as water. It should also be noted that 
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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.[33]  Lappas and McKeehan described the use of poly(methylvinyl ether-co-
maleic anhydride) as a coating for enteric and sustained-release applications.[32] 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 LD50 was noted to be 8-9 g/kg per os.[34]  
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.[33] 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.[35] 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 microorganisms 
through microneedle-fabricated pores.[1,36,37] 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.[38]  
Fructose and trehalose were shown to function as cytoprotectants; the cytoprotection 
functionality was proportional to the cytoprotectant concentration. These nanoparticles 
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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 et al. noted that use of polyanyhdride 
nanoparticles for oral drug delivery has been approved in the United Kingdom.[39] 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 triclosan uptake to enamel and buccal epithelial cells than 
the triclosan dentrifice.[40] 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 periodontal disease progression.[41] More 
recently, Donnelly et al. created microneedles with heights of 600 µm and 900 µm out of 
Gantrez® AN-139 using a laser-based micromoulding method; solid microneedles containing 
1% (w/w) theophylline were noted to be not flexible.[42] Penetration of porcine skin was 
demonstrated; delivery of theophylline was observed using high performance liquid 
chromatography. 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, Donnelly et al. delivered a model drug, Nile red, using Gantrez® AN-
139 microneedles.[43]  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. 
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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 diameters between 2 nm and 10 nm.[44-48] 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.[49-54]  

In this study, solid biodegradable acid anhydride copolymer microneedle devices 
containing quantum dots were fabricated by means of visible light dynamic mask 
microstereolithography-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 microstereolithography-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. 
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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 microstereolithography 
system (EnvisionTEC GmbH, Gladbeck, Germany). This commercial rapid prototyping system 
utilizes a Digital Micromirror Device (DMDTM) to achieve selective polymerization of a 
photosensitive material. The part fabrication time for visible light dynamic mask 
microstereolithography 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 microstereolithography for processing of microneedle structures. For 
example, Park et al. prepared 3×3 arrays of microcone cylinders by means of 
microstereolithography; 5 µm wide tips were demonstrated in these structures.[55]  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.[56]  

The Perfactory III SXGA+ visible light dynamic mask microstereolithography 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 µm.  

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 Systémes SolidWorks Corporation, Concord, MA). The microneedle center-to-
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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 µm and a height of 500 µm. 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 conical shape, including a base diameter of 
500 µm and a height of 1000 µm. 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-IIa biocompatible 
acrylate-based polymer.57 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® 404TM, 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 
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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).[58] 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 106 and a Tg of 151◦C. Rowe et al. noted that 
Gantrez® AN-139 exhibits a bulk density of 0.33 g/cm3 and a polydispersity of 3.47 
(Mn/Mw).[59] 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 
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heterogeneous nanoparticles consist of cadmium/selenium/tellurium cores, which are 
enveloped by zinc sulfide shells.[60] In addition, the nanoparticles are modified with 
polyethylene glycol-5000 coatings, which serve to minimize tissue immune response and 
nonspecific tissue interaction.[61-64] The polyethylene glycol-5000 coating may also serve to 
increase solubility in biologically-relevant media. The as-received material contains 2 µM 
quantum dots in 50 mM borate buffer and exhibits a pH of 8.3; 2 µM 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.[61]  One 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 µm 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 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 
examination 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 (ThermoFisher, 
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Waltham, MA). Spectrum analysis was accomplished using OMNICTM software (Thermo 
Fisher, Waltham, MA). Visualization of the microneedle arrays was performed using an S-
3200 variable pressure scanning electron microscope (Hitachi, Tokyo, Japan). Prior to 
imaging, the microneedle arrays were coated using a Technics Hummer 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 
microstereolithography-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 µN, a maximum load of 2 mN, a loading rate 
of 4 mN min-1, and an unloading rate of 4 mN min-1 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.[65]  

Porcine skin and human skin exhibit similar morphology and thickness; due to these 
similarities, porcine skin is an acceptable model for human skin.[66-69] Dermatomed porcine 
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skin of 400-500 µm 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.[70,71] 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 fluorophores 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.[72] More recently, Gittard et al. created hollow microneedle arrays 
out of an acrylate-based polymer using two photon polymerization.[31] 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 
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included a Chameleon femtosecond laser (λ = 850 nm) (Coherent, Santa Clara, CA). A 10x/0.3 
EC Plan-Neofluar objective, 3.15 µs 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 MicroImaging GmbH, 
Germany). 

 
Figure 3.1: Force-displacement data from nanoindentation of Gantrez® AN-139 material. 

 
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 3.1 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.[73] Park et al. prepared microneedles out of poly-lactic-co-
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glycolic acid, which exhibits a Young’s modulus of 3 GPa; they discussed interactions among 
aspect ratio, failure force, and Young’s modulus.74  

The Fourier transform infrared spectrum for Gantrez® AN-139 is shown in Figure 3.2. 
The spectrum shows peaks at 2945.2 cm-1, 1709.7 cm-1, 1648.9 cm-1, 1186.4 cm-1, and 
1094.2 cm-1. Stretching bands associated with the anhydride group are observed at 1648.9 
cm−1 and 1709.7 cm−1; in addition, stretching bands associated with the methyl ether group 
are observed at 1186.4 cm−1 and 1094.2 cm−1.[39] The broad peak at 2945.2 cm-1 is 
attributed to carbon-hydrogen stretching. The features in this spectrum closely match those 
of Gantrez®   iodide.[75] Gantrez® AN-119 methyl vinyl ether-maleic anhydride copolymer 
cast on calcium Figure 3 . 3 contains scanning electron micrographs of unmodified and 
quantum dot-coated Gantrez® AN-139 microneedles. Figure 3.3(a) shows a scanning 
electron micrograph of three unmodified Gantrez® AN-139 polymer microneedles in a five 
microneedle array; these microneedles were produced using visible light dynamic mask 
microstereolithography-micromolding.  

 
Figure 3.2: Fourier transform infrared spectrum for Gantrez® AN-139 material. 
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Figure 3.3(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 microstereolithography-micromolding and 
piezoelectric inkjet printing. Figure 3.4 contains scanning electron micrographs of an 
unmodified Gantrez® AN-139 microneedle and a quantum dot-coated Gantrez® AN-139 
microneedle. Figure 3.4(a) shows a scanning electron micrograph of an individual 
unmodified Gantrez® AN-139 polymer microneedle and Figure 3.4(b) shows scanning 
electron micrograph of an individual quantum dot-coated Gantrez® AN-139 polymer 
microneedle. Scanning electron microscopy data indicated that the microneedles 
exhibited heights of 926 ± 76 µm and base widths of 465 ± 22 µm (data is shown as mean ± 
standard deviation for n = 6). ∼38 µm 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 measurements 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 differences 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 
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saline solution was noted on the coated microneedle surface using energy-dispersive X-ray 
spectroscopy. In addition, a significant difference in the cadmium 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 3.3: Scanning electron micrographs of unmodified and quantum dot-coated Gantrez® AN-
139 microneedles. (a) Scanning electron micrograph of three unmodified Gantrez® AN-139 
polymer microneedles in a five microneedle array; these microneedles were produced using visible 
light dynamic mask microstereolithography-micromolding. (b) 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 microstereolithography-
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. 

Figure 3.5 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 3.5(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 3.5(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 3.5(b), the skin is positioned above the 
microneedle array to enable imaging; in this figure, the quantum dot signal was noted to 
extend >200 µm within the skin. Several investigators have examined the permeability of 
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skin to heterogeneous 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.[64]  

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.[76] The 
reduction in image quality from deeper tissue regions is attributed to deflection by skin 
tissue, autofluorescence of skin tissue, and poor light penetration.[77] 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.[78] Other 
techniques may find use for in vivo imaging of deeper skin layers. For example, Krstajic et al. 
utilized optical coherence tomography for imaging of deeper skin layers; they noted that 
imaging of tissues greater than 500 µm from the surface was relatively poor.[79]  

 
Figure 3.4: 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 microneedle. (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. 
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Figure 3.5: 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 µm. Inversion of the colors was performed to facilitate viewing. 
Conclusion 

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, 
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which enabled delivery of quantum dots to deeper layers of the skin. Multiphoton imaging 
indicated that quantum dots were placed >200 µm 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 microstereolithography-micromolding and 
inkjet printing, for 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 microstereolithography-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 
microneedles may enable the development of transdermal sensors and theranostic 
(combined detection and treatment) devices. In addition, visible light dynamic mask 
microstereolithography-micromolding and inkjet printing may be used to fabricate 
microneedles for patient-specific applications, including 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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Abstract 

Microneedles are needle-like projections with microscale features that may be used 
for transdermal delivery of a variety of pharmacologic agents, including antibacterial 
agents. In this study, an indirect rapid prototyping approach involving a combination of 
visible light dynamic mask micro-stereolithography and micromolding was used to prepare 
microneedle arrays out of a biodegradable acid anhydride copolymer, Gantrez® AN 169 BF. 
Fourier transform infrared spectroscopy, energy dispersive x-ray spectrometry, and 
nanoindentation studies were performed to evaluate the chemical and mechanical 
properties of the Gantrez® AN 169 BF material. Agar plating studies were used to evaluate 
the in vitro antimicrobial performance of these arrays against Bacilus subtilis, Candida 
albicans, Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa, and 
Staphylococcus aureus. Large zones of growth inhibition were noted for Escherichia coli, 
Staphylococcus aureus, Enterococcus faecalis, and Bacilus subtilis. The performance of 
Gantrez® AN 169 BF against several bacteria suggests that biodegradable acid anhydride 
copolymer microneedle arrays prepared using visible light dynamic mask micro-
stereolithography-micromolding may be useful for treating a variety of skin infections. 
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   Introduction 
Microneedles with antimicrobial properties may be used for topical treatment of 

skin infections. Microneedles are needle-shaped structures in which one dimension of the 
structure does not exceed 500 m in length.[1-3] Microneedles are commonly used to deliver 
pharmacologic agents that cannot be delivered in enteral form, including polar 
pharmacologic agents, charged pharmacologic agents, and other agents that are susceptible 
to pH-driven degradation and/or first-pass metabolism.[4-6] Several mechanisms have been 
considered for loading pharmacologic agents onto microneedle devices; these include: (a) 
coating the surfaces of solid microneedles with one or more pharmacologic agents; (b) 
puncturing the skin with microneedles and delivering one or more pharmacologic agents 
through the microneedle-fabricated channels at the puncture site; and (c) dispensing 
liquids that contain one or more pharmacologic agents through the bores of hollow 
microneedles.[7] The initial development of antimicrobial microneedles was spurred by an 
interest in reducing the risk of infection associated with the movement of microorganisms 
through channels in the stratum corneum that were created by microneedles.[8] For 
example, two-photon polymerization-micromolding has been used to create microneedles 
containing gentamicin, an antimicrobial pharmacologic agent.[9] In addition, pulsed laser 
deposition has been used to coat microneedles prepared by means of two-photon 
polymerization-micromolding or visible light dynamic mask microstereolithography with 
thin films of antimicrobial materials.[10] For example, Gittard et al. created microneedles 
with antimicrobial functionality using a combination of two photon polymerization-
micromolding and pulsed laser deposition.[11] The silver-coated organically modified 
ceramic (Ormocer®) microneedles were fabricated using two photon polymerization-
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micromolding; these microneedle arrays were subsequently coated with silver thin films 
using pulsed laser deposition. In a more recent study, microneedle arrays were created out 
of an acrylate-based polymer using visible light dynamic mask microstereolithography; 
pulsed laser deposition was subsequently used to deposit silver and zinc oxide thin films on 
the surfaces of these microneedle arrays.[11] Several patents, including those by Lee et al. 
and Kim et al., describe the use of microneedles for delivery of antimicrobial agents.[12,13] 

Microneedles with antibacterial properties may be prepared from Gantrez® AN materials. 
Gantrez® AN materials are biodegradable acid anhydride copolymers, which contain 
alternating maleic anhydride groups and methyl vinyl ether groups.[14-16] Toxicologic studies 
have indicated that poly (methyl vinyl ether-co-maleic anhydride) is nontoxic; for example, 
the LD50 of poly (methyl vinyl ether-co-maleic anhydride) was noted to be approximately 8-
9 g/kg per os in a guinea pig model.[16] In a recent patent, Corzani described use of 
Gantrez® AN 139 for reducing odor in hygienic articles, including diapers, incontinence 
pads, panty liners, and tampons.[17] The in vitro studies included in the patent indicate that 
Gantrez® AN 139 powder prevented growth of several bacteria in diffusion assays and on 
microorganism-cultured tampons; the antifungal activity of Gantrez® AN 139 powder 
against fungi on microorganism-cultured tampons was also described.  

In recent work, Donnelly et al. used a laser approach for micromolding of 600 μm 
tall and 900 μm tall microneedles from Gantrez® AN 139; solid microneedles containing 
Gantrez® AN 139 were shown to be rigid and to resist compression.[18] A 20% decrease in 
microneedle height was noted after 0.36 N/needle compression. Loading of the 
microneedles with greater than 1% w/w of a model drug, theophylline, resulted in flexible 
materials that were not appropriate for use as microneedles. Microneedles loaded with 1% 
w/w theophylline were noted to deliver 83% of the loaded pharmacologic agent over 24 
hours in neonatal porcine skin model. In addition, optical coherence tomography 
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demonstrated penetration of the skin of human volunteers by Gantrez® AN 139 
microneedles. In another study, Donnelly et al. loaded nanoparticles containing poly-
lactide-co-glycolic acid and a model dye (Nile red) within Gantrez® AN 139 microneedles; 
delivery of a high concentration of the lipophilic model dye to excised porcine skin was 
demonstrated.19 More recently, we used a combination of visible light dynamic mask micro-
stereolithography-micromolding and inkjet printing to deposit a model drug (Qtracker® 
705 non-targeted quantum dot solution) onto the surfaces of Gantrez® AN 139 
microneedles.[20] Penetration of porcine skin by these microneedles was demonstrated 
using multiphoton microscopy. 

Several investigators have previously described processing of microneedle 
structures by means of visible light dynamic mask micro-stereolithography or associated 
indirect rapid prototyping (e.g., micromolding) processes.[21-23] For example, Park et al. 
prepared 3×3 arrays of microcone cylinders, which exhibited 5 μm wide tips, using a micro-
stereolithography approach.[21]  In this study, Gantrez® AN 169 benzene free (BF) (CAS 
Number 9011-16-9) microneedle devices were fabricated using an indirect rapid 
prototyping approach, which involved visible light dynamic mask micro-stereolithography 
and micromolding. Nanoindentation was performed to determine hardness and Young’s 
modulus values for Gantrez® AN 169 BF material; energy dispersive x-ray spectrometry 
and Fourier transform infrared spectroscopy were used to assess the presence of impurities 
in the Gantrez® AN 169 BF material. Agar plating assays were used to examine the 
interactions between uncoated (as-prepared) microneedles and several organisms 
associated with skin infection, including Bacilus subtilis, Candida albicans, Enterococcus 
faecalis, Escherichia coli, Pseudomonas aeruginosa, and  Staphylococcus aureus.  Our findings 
indicate that visible light dynamic mask micro-stereolithography is an appropriate 
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approach for preparing Gantrez® AN 169 BF microneedle arrays with antimicrobial 
properties; these devices may be useful for topical treatment of a variety of skin infections. 
 
Experimental Procedure 

Figure 4.1 shows the key steps in processing Gantrez® AN 169 BF microneedle 
arrays by means of visible light dynamic mask micro-stereolithography-micromolding. A 
Perfactory III SXGA+ visible light dynamic mask micro-stereolithography system 
(EnvisionTEC GmbH, Gladbeck, Germany) was used to prepare the master structures of the 
Gantrez® AN 169 BF microneedle arrays. This system utilizes a Digital Micromirror Device 
(DMD™) for polymerization of a photosensitive material in an additive, layer-by- layer 
manner; a z-direction step size of 50 µm was used in this study. In this visible light dynamic 
mask micro-stereolithography system, the part fabrication time is minimized since an entire 
layer of photosensitive material is polymerized at a given time. The system contains a large 
(96.54 mm x 72.41 mm) build envelope, enabling multiple structures to be processed in a 
parallel manner.  

The Perfactory III SXGA+ visible light dynamic mask micro-stereolithography 
system used in this study contains a 1280 x 1024-pixel resolution SXGA+ chip (Texas 
Instruments, Dallas, TX). The halogen bulb was operated using a power of 550 mW. The 
microneedle array master structures were fabricated using a layout that had been created 
with Perfactory® RP software (EnvisionTEC, Ferndale, MI). The design of the master 
structure was created using SolidWorks Education Edition 2009-2010 (Dassault Systèmes 
SolidWorks Corporation, Concord, USA). Figure 4.2 contains several images of the input STL 
file for the microneedle array master structure; in this structure, a 1 x 5 array of solid 
microneedles is attached to a solid rectangular substrate. Figure 4.2(a) shows the top view 
of the microneedle array master structure, Figure 4.2(b) shows the isometric view of the 
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microneedle array master structure, Figure 4.2(c) shows the front view of the microneedle 
array master structure, and Figure 4.2(d) shows the left side view of the microneedle array 
master structure. The microneedle center-to-microneedle center distance is 2 mm and the 
rectangular substrate dimensions are 10 mm x 2.5 mm.  Each microneedle consists of a 
triangular prism structure (referred to as the microneedle base), which is located directly 
above a modified pyramid structure (referred to as the microneedle tip).  In the 
microneedle, the microneedle base and microneedle tip are aligned to form a continuous 
flat vertical face on one side of the microneedle. The microneedle base consists of a 
triangular prism structure that extends vertically from an equilateral triangle with 500 µm 
edges; this structure exhibits a height of 500 µm.  The microneedle tip consists of a modified 
pyramid structure that extends 1000 µm above the base; the total microneedle height, 
including microneedle tip and microneedle base, is 1500 µm. 

The microneedle array master structures were fabricated out of an acrylate-based 
polymer with the trade name eShell 200 (EnvisionTEC, Ferndale, USA). This Class-IIa 
biocompatible polymer is used to create a variety of water-resistant medical devices (e.g., 
thin-walled hearing aid shells). According to the manufacturer-supplied data, the acrylate-
based polymer 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.24 It exhibits a tensile strength of 57.8 MPa (D638M test method), a 
glass transition temperature of 109 °C (E1545-00 test method), a water absorption value of 
0.12% (D570-98 test method), a flexural strength of 103 MPa (D790M test method), and an 
elongation at yield of 3.2% (D638M test method).   

The microneedle array master structures were used to create molds out of 
polydimethylsiloxane; this material is distributed under the trade name Silgard® 184 (Dow 
Corning, Midland, MI).  Each master structure was sputter-coated with a layer of 60% gold-
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40% palladium for three minutes using a Technics Hummer II system (Anatech, Battle 
Creek, USA).  The base of the master structure was attached to a strip of aluminum using a 

 

cyanoacrylate adhesive; the adhesive is distributed using the trade name Loctite® 404TM 

  

(c ) (d ) 

(e ) (f ) 

(g) (h) 

Figure 4.1: Key steps in processing Gantrez®AN 169 BF microneedle arrays by means of visible light dynamicmask micro-stereolithography-micromolding. (a) Master structures were fabricated out of eShell 200 usingvisible light dynamic mask micro-stereolithography. (b) To create micromolds, vessels for holding polydimethylsiloxane resin were fashioned out of 20 mm diameter aluminum crimp top washers. (c) Aluminum foil was used to wrap the crimp top washers and seal them for application of polydimethylsiloxane resin. (d) Once sealed, polydimethylsiloxane resin was added to the crimp top washer vessels. (e) The eShell 
200 master structures were attached to strips of aluminum using a cyanoacrylate adhesive, Loctite® 404TM.The master arrays were then lowered into the unpolymerized polydimethylsiloxane resin. ( f ) The aluminumstrips, which held the master arrays, were placed on the edges of the crimp top washers. These constructs were 
then placed on a 125 ◦C hotplate for 10 min to facilitate polymerization of the polydimethylsiloxane resin. (g) The master structures were removed from the newly fabricated micromolds using forceps. The aluminum washers and foils were subsequently peeled off of the polydimethylsiloxane micromolds. The micromolds were then filled with an aqueous gel material containing Gantrez® AN 169 BF. (h) Immediately afterintroduction of the aqueous gel material, the micromolds were centrifuged at 3500 rpm for 15 min. Followingcentrifugation, the filled molds were allowed to dry overnight. The Gantrez® AN 169 BF microneedle arrays were removed from the micromolds with forceps. 
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(Henkel, Rocky Hill, CT).  A 20 mm diameter aluminum crimp top seal washer was wrapped 
in aluminum foil; this structure was subsequently filled with 5 mL of polydimethylsiloxane 
resin. The polydimethylsiloxane resin was prepared using a 1:10 curing agent: elastomer 
ratio.  The master structure was then inverted on the aluminum ring while being dipped 
into the liquid polydimethylsiloxane resin. This construct was placed on a 125° C hotplate 
for ten minutes to facilitate polymerization of the polydimethylsiloxane resin.  The 
microneedle array master structures were removed from the polydimethylsiloxane molds 
with forceps. 

 
Figure 4.2: Images of the input STL file that was used to fabricate the microneedle array master structure. This structure consists of an array of five solid microneedles, which are attached to a solid rectangular substrate. (a) Top view of the microneedle array master structure. (b) Isometric view of the microneedle array master structure. (c) Front view of the microneedle array master structure. (d) Left-side view of the microneedle array master structure. 

Gantrez® AN 169 BF powder was acquired from a commercial source (International 
Specialty Products, Wayne, USA).[25] According to the manufacturer-supplied data, this 
material is a water-insoluble white powder that is used to prepare denture adhesives. It is 
readily dispersed in water; hydrolysis of the anhydride leads to creation of a transparent 
solution containing the soluble free acid. Gantrez® AN 169 BF exhibits a glass transition 
temperature of 151o C and a nominal molecular weight of 2.0-2.5 x 106. Per gas 

  

(c) (d ) 
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chromatography, the benzene concentration in this material does not exceed 1.0 parts per 
million.[26] Heating and sonication were used to create a 20% w/w aqueous gel material 
from the as-received powder and deionized water. The polydimethylsiloxane molds were 
subsequently filled with this aqueous gel material. The filled molds were subsequently 
centrifuged at 3500 rpm for fifteen minutes; the filled molds were then allowed to dry 
overnight at room temperature.  The Gantrez® AN 169 BF microneedle arrays were 
removed from the polydimethylsiloxane molds with forceps. 

Imaging of the Gantrez® AN 169 BF microneedle array was performed with an S-
3200 variable pressure scanning electron microscope, which was equipped with an energy 
dispersive x-ray spectrometer (Hitachi, Tokyo, Japan). Energy dispersive x-ray 
spectrometry data was obtained in charge reduction mode. Microneedle dimensions were 
obtained from a digital scanning electron micrograph of three microneedles in one array. 
Photoshop® CS3 Extended software (Adobe Systems, Mountain View, USA) was used to 
obtain height and base width measurements and Excel 2007 software (Microsoft, Redmond, 
USA) was used to calculate average and standard deviation values.    

Dried chips of Gantrez® AN 169 BF material acquired from centrifugation of the 
aqueous gel material were prepared for examination with Fourier transform infrared 
spectroscopy.  Fourier transform infrared spectroscopy was performed using a Nexus 470 
system, which contains an OMNI sampler (Thermo Fisher, Waltham, USA). A continuum 
microscope was attached to this system. Analysis of the spectrum (64 scans, 4cm-1 
resolution) was performed using OMNICTM software (Thermo Fisher, Madison, USA).  
Nanoindentation (ASTM E 2546 standard) was performed on three dried chips of Gantrez® 
AN 169 BF material acquired from centrifugation of the aqueous gel material. Young’s 
modulus (relative stiffness of a material against elastic deformation) and hardness 
(resistance of a material to penetration and/or plastic deformation) values were obtained 
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using an Ultra Nanoindentation Tester, which contained an indenter with Berkovich (B-J45) 
geometry (CSM Instruments, Needham, USA). Five indentations were performed on all of 
the three polymer chips, which were glued to glass slides. Loading was applied normal to 
the surface of the polymer chip in a linear manner. A contact load of 20 N, a loading rate of 4 
mN min-1, a maximum load of 2 mN, and an unloading rate of 4 mN min-1 were used in this 
study. Data was acquired using an acquisition rate of 10 Hz and an indentation speed of 
4000 nm/minute. The normal load was reduced for partial or complete material relaxation 
after the maximum load had been obtained.  Indentation hardness and Young’s modulus of 
Gantrez® AN 169 BF were determined from the tangential slope of the curve and the 
indenter tip using the Oliver and Pharr method.[27] 

Microbial growth in contact with Gantrez® AN 169 BF microneedle arrays was 
determined using an agar plating method.10 Tryptic soy broth, Luria–Bertani broth, nutrient 
broth, Mueller Hinton agar, yeast nitrogen base, Sabouraud dextrose agar, dextrose, agar, 
and phosphate-buffered saline (×10) were acquired from a commercial source (VWR 
International, West Chester, USA). Phosphate-buffered saline (×1) was prepared in 
deionized water. Microbial cultures, including Escherichia coli ATCC 12435, Enterococcus 
faecalis ATCC 29212, Bacillus subtilis ATCC 6051, Pseudomonas aeruginosa ATCC 15442, 
Staphylococcus aureus ATCC 6538, and Candida albicans ATCC 90028, were purchased from 
a commercial source (American Type Culture Collection, Manassas, USA). Overnight 
cultures of Escherichia coli in Luria-Bertani broth, Enterococcus faecalis in tryptic soy broth, 
Bacillus subtilis in nutrient broth, Pseudomonas aeruginosa in tryptic soy broth, 
Staphylococcus aureus in tryptic soy broth, and Candida albicans in yeast nitrogen base and 
100 mM dextrose were pelleted via centrifugation (4500 rpm) for 10 minutes; these 
solutions were subsequently resuspended in phosphate-buffered saline (x1) to obtain a 
final cell density of approximately 108 cells ml-1.  Sterile swabs were used to inoculate lawns 
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of the bacterial strains on Mueller Hinton agar plates and to inoculate lawns of Candida 
albicans on Sabouraud dextrose agar plates. A redox indicator dye, triphenyltetrazolium 
chloride, was incorporated into the Mueller Hinton agar and Sabouraud dextrose agar 
plates to aid in the visualization of microbial growth. On these plates, microbial growth was 
associated with formation of a red color. The Gantrez® AN 169 BF microneedle arrays were 
subsequently placed on the inoculated agar plates and incubated for 24 hours at 37° C.  
Zones of growth inhibition were visually evaluated from digital images, which were 
obtained after twenty-four hours of incubation. 
Results and Discussion 

In this work, hardness and Young’s modulus values of 216.39 +/- 2.87 MPa and 6.34 
+/- 0.41 GPa (data is shown as mean ± standard deviation) were obtained from 
nanoindentation of the Gantrez® AN 169 BF material. In comparison, hardness and Young’s 
modulus values of 385.6 +/- 12.00 MPa and 6.56 +/-0.56 GPa were obtained from 
nanoindentation of the Gantrez® AN 139 material in our previous work.20 Figure 4.3 
contains force-displacement data that was obtained from nanoindentation of Gantrez® AN 
169 BF material; a relatively good degree of repeatability among the indents was noted. 
Work by Park et al. has indicated that microneedles created out of materials with Young’s 
modulus values greater than ~1 GPa exhibit fracture forces that surpass skin insertion 
forces.[28] In another study, Park et al. described interactions among failure force, aspect 
ratio, and Young’s modulus values; they prepared microneedles using poly-lactic-co-glycolic 
acid, which exhibits a Young’s modulus value of 3 GPa.[29] 

The Fourier transform infrared spectrum for Gantrez® AN 169 BF is shown in 
Figure 4.4.  The spectrum contains peaks at 2923.8 cm-1, 2853.7 cm-1, 1711.9 cm-1, 1185.3 
cm-1, 1093.2 cm-1, and 1015.6 cm-1.    Stretching bands associated with the anhydride group 
are observed at 1711.9 cm-1 (C=O stretching) and 1015.6 cm-1 (C-O-C stretching); in 
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addition, stretching bands associated with the methyl ether group are observed at 1185.3 
cm-1 and 1093.2 cm-1.[15] The peaks at 2923.8 cm-1 and 2853.7 cm-1 are attributed to 

 
Figure 4.3: Force–displacement data from nanoindentation of Gantrez® AN 169 BF material. 

 
carbon-hydrogen stretching. The spectrum of  Gantrez® AN 169 BF is was compared 
against those of other Gantrez® AN materials; the features in the Gantrez® AN 169 BF 
spectrum closely correspond with those of Gantrez® AN 119 methyl vinyl ether-maleic 
anhydride copolymer and Gantrez® AN 139 methyl vinyl ether-maleic anhydride 
copolymer.[20,30]  
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Figure 4.4: Fourier transform infrared spectrum for Gantrez® AN 169 BF material. 

Figure 4.5 contains scanning electron micrographs of Gantrez® AN 169 BF 
microneedles within a five microneedle array. Figure 4.5(a) shows a scanning electron 
micrograph of three Gantrez® AN 169 BF microneedles, Figure 4.5(b) shows a scanning 
electron micrograph of an individual Gantrez® AN 169 BF polymer microneedle, and Figure 
4.5(c) shows a scanning electron micrograph of the tip of an individual Gantrez® AN 169 BF 
polymer microneedle. Excellent microneedle-to-microneedle uniformity within the 
microneedle array was observed. Microneedle arrays with even greater microneedle-to-
microneedle uniformity may be obtained by minimizing the frictional forces between the 
polydimethylsiloxane mold and the Gantrez® AN 169 BF polymer microneedle.[31-33] One 
mechanism for minimizing these forces involves reducing the roughness of the mold 
surface.[31-33] In addition, polytetrafluoroethylene and other release agents may be deposited 
on the surface of the polydimethylsiloxane mold in order to minimize stiction between the 
polydimethylsiloxane mold and the Gantrez® AN 169 BF polymer microneedle; however, 
transfer of the release agent to the Gantrez® AN 169 BF polymer microneedle may occur, 
which may affect the biocompatibility of the microneedle.[32-33]  
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Figure 4.5: Scanning electron micrographs of Gantrez® AN 169 BF microneedles within a five-microneedle array; the microneedle array was produced using visible light dynamic mask micro-stereolithography-micromolding. (a) Scanning electron micrograph of three Gantrez® AN 169 BF microneedles. (b) Scanning electron micrograph of an individual Gantrez® AN 169 BF polymer microneedle. (c) Scanning electron micrograph of the tip of an individual Gantrez® AN 169 BF polymer microneedle. 

The scanning electron microscopy data showed that the microneedles in this array 
exhibited heights of 833.8 +/- 12.8 µm (average +/- standard deviation) and base widths of 
381.2 +/- 7.1 µm (average +/- standard deviation). The microneedles that were previously 
fabricated by Donnelly et al. exhibited smooth surfaces; on the other hand, a stair step effect 
was observed on the surfaces of the visible light dynamic mask micro-stereolithography-
micromolding-fabricated microneedles.[18] These stair step features were attributed to the 
spacing between the build layers in the master structure. Stair step features can be 
minimized by altering the orientation in which the master structure is fabricated.[34,35] It 
should be noted that the visible light dynamic mask micro-stereolithography technique 
described in this paper provides greater opportunities for altering microneedle geometry 
than the laser micromachining technique described in Donnelly et al.[18] The microneedle 
array measurements are smaller than the corresponding features in the master structure 
design. The differences between the geometrical parameters in the visible light dynamic 
mask micro-stereolithography-micromolding-fabricated microneedle array and in the 
master structure design are attributed to translation of the model to the physical structure. 
The master structure design is converted to a series of polygons, which are subsequently 
sliced into collections of cross-sectional layers. Translation of the master structure design 

 (b) (c ) 
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by the as-obtained Perfactory® RP software cannot be readily predicted.[36] Carbon 
(73.92+/-2.09%), oxygen (24.09+/-1.19%), and aluminum (1.99+/-0.62%) were observed 
on the microneedle array surface using energy-dispersive X-ray spectroscopy; the presence 
of aluminum was associated with interaction between the polydimethylsiloxane mold and 
the aluminum crimp top seal washer. 

The agar diffusion assay protocol used in this study is similar to one that is outlined 
by the National Committee for Clinical Laboratory Standards, which is appropriate for 
assessing growth of many pathogenic microorganisms and is widely used in clinical 
laboratories.[37] This protocol provides qualitative data regarding microorganism 
susceptibility to an antimicrobial agent. Figure 4.6 shows the agar diffusion assay results for 
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Figure 4.6: Agar diffusion assay results for the Gantrez® AN 169 BF microneedle arrays. The microneedle 
arrays were evaluated using (a) B. subtilis, (b) C. albicans, (c) E. faecalis, (d) E. coli, (e) P. aeruginosa and ( f ) S. 
aureus. The circles indicate the locations of the dissolved polymer. 

Gantrez® AN 169 BF microneedle arrays. Results involving microneedle array interaction 
with (a) Bacilus subtilis, (b) Candida albicans, (c) Enterococcus faecalis, (d) Escherichia coli 
(e) Pseudomonas aeruginosa, and (f) Staphylococcus aureus are shown. It is important to 
note that the Gantrez® AN 169 BF microneedle arrays became dissolved and absorbed into 
the nutrient growth agar within the first sixty minutes of incubation.  The locations of initial 
placement of the microneedle arrays are indicated by the dash-lined circles in the images.  
The images captured after twenty-four hours of incubation clearly show that the Gantrez® 
AN 169 BF microneedle arrays were effective towards Escherichia coli, Staphylococcus 

 (b) 

(c ) (d ) 

(e) (f ) 
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aureus, Enterococcus faecalis, and Bacilus subtilis. Large zones of growth inhibition were 
noted for these four bacteria. The zones of growth inhibition for Escherichia coli, 
Staphylococcus aureus, Enterococcus faecalis, and Bacilus subtilis were 28 mm, 25 mm, 38 
mm, and 45 mm diameter, respectively.  Zones of growth inhibition were not observed, 
however, for the bacterium Pseudomonas aeruginosa or opportunistic yeast pathogen 
Candida albicans. It should be noted that a zone of abnormal growth (30 mm) was observed 
in the agar diffusion assay involving Pseudomonas aeruginosa. This region most likely 
corresponds to the location of the Gantrez® AN 169 BF polymer upon dissolution and 
adsorption into the nutrient agar. In comparison with gentamicin-loaded, silver-coated, or 
zinc oxide-coated antimicrobial microneedles that were described in previous manuscripts, 
Gantrez® AN 169 BF microneedle arrays do not require incorporation of an antimicrobial 
pharmacologic agent or deposition of an antimicrobial coating in order to exhibit 
antimicrobial activity. Some concerns have been raised in the literature regarding the 
immunogenicity of Gantrez® materials; for example, Heskel, Scalf and Fowler, as well as 
Martin et al. have described allergic reactions in some patients to ester-containing 
Gantrez® copolymer materials. As noted by Martin et al., these ester-containing derivatives 
(Gantrez®-ES materials) are prepared by reactions between anhydride and alcohol groups. 
It remains unclear whether Gantrez® AN materials exhibit similar immunogenic 
behavior.[38-40] 

Conclusions 
In this study, the performance of Gantrez® AN 169 BF microneedle arrays produced 

by means of a visible light dynamic mask micro-stereolithography-micromolding approach 
was demonstrated against several pathogenic bacteria. Good device-to-device uniformity 
was noted among the microneedles within the microneedle array. The results of this work 
suggest that the combination of visible light dynamic mask micro-stereolithography and 
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micromolding is an appropriate approach for creating solid biodegradable microneedles 
with activity against several types of microorganisms. Future work will include in vitro 
studies to assess the antimicrobial performance of Gantrez® AN 169 BF material against 
additional types of skin pathogens. In addition, in vitro studies involving cadaveric human 
skin and in vivo studies involving animal models will be performed to assess the 
antimicrobial functionality of Gantrez® AN 169 BF microneedle arrays with human tissue 
and living tissue, respectively. It is anticipated that microneedles with antimicrobial 
functionality may improve treatment of a variety of skin infections; potential applications of 
antimicrobial microneedles include use as a prophylaxis agent in noninfectious skin 
diseases (e.g., melanoma) in which iatrogenic or secondary skin infection may occur. 
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Abstract 
Delivery of amphotericin B, a pharmacologic agent with activity against a broad 

spectrum of fungi as well as against parasitic protozoa, has been complicated by the fact 
that amphotericin B exhibits poor solubility in aqueous solutions at physiologic pH levels. In 
this study, piezoelectric inkjet printing was used to modify the surfaces of Gantrez® 169 BF 
microneedles. These amphotericin B-loaded microneedles demonstrated activity against 
Candida parapsilosis in a radial diffusion assay. The results of this study suggest that a 
combination of visible light dynamic mask micro-stereolithography, micromolding, and 
piezoelectric inkjet printing may be used to prepare amphotericin B-loaded microneedles 
with antifungal properties. It is envisioned that microneedles containing amphotericin B 
may be used for transdermal delivery of pharmacologic agents for treatment of cutaneous 
fungal infections as well as cutaneous leishmaniasis. 
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Introduction 
As noted by Ostrosky-Zeichner et al., amphotericin B has been the “gold standard” 

for treatment of invasive fungal infections since it was initially introduced to clinical use in 
the 1950s.[1] For example, it is the gold standard for treatment of systemic fungal infections, 
including Aspergillus fumigatus and Candida albicans infections.[2] This polyene agent was 
originally isolated from the organism Streptomyces nodosus; extraction from Streptomyces 
nodosus is used on an industrial basis to obtain amphotericin B for clinical use.[3,4] 
Amphotericin B is the gold standard for treatment of fungal infections because it is effective 
against a broad spectrum of fungi and because formation of mycological resistance is not a 
significant concern.[5] It acts by interacting with the ergosterol moiety on the cell 
membranes of fungi, resulting in formation of cell membrane channels, an increase in cell 
membrane permeability, and cell death.[5] Amphotericin B exhibits a board spectrum of 
activity against fungi since fungal cell membranes contain ergosterol.[2] It should be noted 
that amphotericin B can also interact with the cholesterol-containing membranes of 
mammalian cells, particularly at higher concentrations.[2] Amphotericin B is associated with 
renal (kidney) toxicity; it should be noted that renal failure requiring hemodialysis is 
associated with prolonged use at high doses. Renal toxicity may limit dosing and prevent 
complete eradication of a fungal infection in a patient.[6] Other side effects associated with 
amphotericin B include anemia, hypertension, and neurologic disorders (e.g., convulsions, 
tremors, and delirium).[5] 

Several efforts are underway to reduce the toxicity associated with systemic 
administration of   amphotericin B.[5] One of the challenges associated with developing 
novel amphotericin B drug delivery methods is that amphotericin B exhibits poor solubility 
in aqueous solutions at physiologic pH values.[2] Due to the polar and apolar components of 
the lactone ring, amphotericin B exhibits amphipathic behavior. Due to its amine and 
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carboxyl groups, it exhibits amphoteric behavior. As such, amphotericin B is insoluble in 
many organic solvents and aqueous solvents. Several formulations have been developed in 
in an effort to reduce amphotericin B toxicity, including methyl ester and lipid conjugate 
(e.g., colloidal dispersion, lipid complex, and liposome) forms.[5] Perea et al. noted that 
liposomes containing amphotericin B can bind to ergosterol on fungal cell membranes, 
facilitating release of amphotericin B.[7] Despite showing an improvement over conventional 
amphotericin B, it is important to note that renal toxicity is a common occurrence in 
patients who have been treated with lipid amphotericin B formulations.[8] More recently, a 
variety of microscale and nanoscale lipid- based formulations, including microsphere 
formulations, nanosphere formulations, nanoparticle formulations, and nanodisk 
formulations have been developed, which exhibit reduced renal toxicity.[5,9] For example, 
nanosuspensions, poly(lactic-co-glycolic acid) nanoparticles, lipid nanoparticles, polymer-
lipid hybrid nanoparticles, functionalized carbon nanotubes, and spiral crystalline 
phospholipid–calcium structures (cochleates) may be used for oral delivery of amphotericin 
B.[10,11] 

Another approach for minimizing that systemic toxicity associated with use of 
amphotericin B, particularly for treatment of cutaneous (skin) infections, involves use of 
transdermal delivery methods. For example, Pendleton and Holmes evaluated the use of 5% 
mafenide acetate/amphotericin B solution for grafted burn wounds; they observed no 
fungal wound infections in the treated patients and an absence of detectable  serum levels 
of amphotericin B in 69 of the 72 patients.[12]  Lurati et al. described the use of topical  
amphotericin B for treatment of onychomycosis (fungal nail infections) that are due to 
Fusarium spp. and  other non-dermatophyte moulds, which are commonly resistant to 
topical agents, oral itraconazole, and oral terbinafine.[13] Liposomal and microemulsion 
formulations have been developed for transdermal delivery of amphotericin B.[14,15] 
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Transdermal delivery of amphotericin B could find use in treatment of cutaneous 
leishmaniasis, a disease that is caused by protozoa.[16,17] In this disease, protozoal parasites 
are transmitted to humans by sandflies.[16,17] Cutaneous leishmaniasis is a condition in 
which lesions form on the skin, which can lead to severe scarring, ulceration, and 
disfigurement.[16-18] Between 700,000 and 1.2 million individuals are affected by cutaneous 
leishmaniasis each year.[18] The condition is common in several countries, including Algeria, 
Afghanistan, Brazil, Iran and Syria, and has affected military personnel in Afghanistan and 
Iraq.[19,20] Wortmann et al. noted that cutaneous leishmaniasis treatment is problematic 
since the available treatments are toxic, experimental, and/or of questionable efficacy; in 
fact, the U.S. Food and Drug Administration has not approved a drug for  this indication.[21] 
Topical therapies commonly used for patients with (a) four or fewer lesions that need 
immediate treatment; these lesions should be below 5 cm in diameter and should not affect 
the face, fingers, joints, or toes. Conventional topical therapies include placement of sodium 
stibogluconate within the lesion, paromomycin ointment, thermotherapy, and 
cryotherapy.[22,23] Recent efforts have sought to topically deliver amphotericin B for 
treatment of cutaneous leishmaniasis. For example, Frankenburg et al. showed that 
solutions containing 5 to 25% ethanol and either amphotericin B-cholesteryl sulfate or 
amphotericin B- phospholipid complex provided statistically significant reductions in lesion 
size.[24] Santos et al. developed amphotericin B-loaded nanoemulsions that contained 
stearylamine for topical treatment of cutaneous leishmaniasis.[25] More recently, Solomon et 
al. successfully demonstrated use of liposomal amphotericin B for treatment of thirteen 
patients in an outpatient setting. In this study, eleven of the thirteen patients were cured of 
leishmaniasis within two months.[26] 

Novel drug delivery approaches, including iontophoresis and microneedle-based 
delivery, may be useful for increasing drug penetration. For example, iontophoresis, an 
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approach that involves use of electrical current to facilitate drug delivery, was recently used 
for enhancing penetration of the antifungal drug   terbinafine. Amichai et al. demonstrated 
that iontophoresis facilitated delivery of terbinafine through the nail plate for treatment of 
onychomycosis (fungal nail infection).[27] Microneedles are hypodermic needle- or lancet-
shaped small-scale structures that may be utilized for transdermal delivery of antimicrobial 
agents.[28-31] In these  devices, one dimension of the device does not surpass 500 m in 
length.[32-34] Microneedles may be created  from Gantrez® AN 169 BF (poly (methyl vinyl 
ether-co-maleic anhydride)), a biodegradable acid anhydride copolymer containing 
alternating methyl vinyl ether and maleic anhydride groups.[35-37] Several studies have 
examined processing of microneedles from Gantrez® AN material. For example, Donnelly et 
al. utilized a laser approach and micromolding to create microneedles from Gantrez® AN 
139.[38] Microneedles containing 1% w/w of a model drug (theophylline) successfully 
delivered 83% of the drug over 24 hours to neonatal porcine skin. Microneedles containing 
greater than 1% w/w of a model drug (theophylline) were noted to be flexible. Optical 
coherence tomography was used to observe microneedle penetration of human volunteer 
skin. In another paper, Donnelly et al. loaded 150 nm poly-lactide-co-glycolic acid 
nanoparticles containing Nile red, a highly hydrophobic model dye, within Gantrez® AN 
139 microneedles.[39] They demonstrated intradermal distribution of a high concentration 
of dye to porcine skin. More recently, Gomaa et al. utilized laser-engineered silicone 
structures for micromolding of Gantrez® microneedles. These microneedles were used for 
delivery of polylactic-co-glycolic acid nanoparticles containing the model drug Rhodamine B 
to full thickness porcine skin. They showed that mcroneedle-fabricated pores facilitated 
permeation of the   dye.[40] 

Gantrez® AN materials exhibit appropriate mechanical and biological properties for 
use in transdermal drug delivery. Corzani discussed use of Gantrez® AN 139 for reducing 
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odor in diapers, panty liners, tampons, and other hygiene products.[41] Gantrez® AN 139 
powder was shown to prevent bacterial growth on microorganism- cultured tampons as 
well as in diffusion assays. The patent also mentions the antifungal activity of Gantrez®   AN 
139 powder on microorganism-cultured tampons. More recently, Boehm et al. recently 
utilized visible light dynamic mask micro-stereolithography and micromolding to process 
microneedle arrays from Gantrez® AN 169 BF.[42] Nanoindentation of the Gantrez® AN 169 
BF revealed that the hardness and Young’s modulus of the material were 216.39 +/- 2.87 
MPa and 6.34 +/- 0.41 GPa, respectively. Park et al. indicated that microneedles prepared 
using materials with Young’s modulus values higher than ~1 GPa possess fracture forces 
that exceed skin insertion forces.[42] Agar plating data obtained after twenty-four hours of 
incubation indicated that the Gantrez® AN 169 BF microneedle arrays were effective 
against Staphylococcus aureus, Escherichia coli, Enterococcus faecalis, and Bacilus subtilis; 
large zones of growth inhibition were observed for these bacteria. It should be noted that 
zones of growth inhibition, which indicate antimicrobial activity, were not observed for the 
bacterium Pseudomonas aeruginosa or the yeast (fungus) Candida a l b i c a n s . 

In this paper, use of piezoelectric inkjet printing for incorporation of amphotericin B 
within Gantrez® AN 169    BF microneedles is presented. The microneedles were created 
using a previously-described approach that involved a combination of visible light dynamic 
mask micro-stereolithography and indirect rapid prototyping (e.g., micromolding).[43-45] 
Since incorporation of a molecule such as amphotericin B within biodegradable 
microneedles is difficult using conventional methods (e.g., dip coating), piezoelectric inkjet 
printing was used   to deposit a coating of amphotericin B solution onto the surfaces of 
Gantrez® AN 169 BF microneedles.[45-47] Piezoelectric inkjet printing is a non-contact 
process for creating microscale patterns based on two-  dimensional pixelated images; 
pattern resolution is determined by ink viscosity, drop size, surface tension, printer head 



84  

resolution, and other parameters.[46,47] Drop size is dependent on nozzle dimensions and can 
range from picoliters to microliters. Piezoelectric inkjet printing involves the release of 
droplets from actuation of a piezoelectric transducer.[48-50] When voltage is applied to a lead 
zirconate titanate transducer within the printer head, vibrations produce acoustic waves 
that propel ink through nozzles. The cartridge in the Materials Deposition System (Fujifilm 
Dimatix, Santa Clara, CA) undergoes deformation in what is known as a bender mode, in 
which transducer actuation takes place in the wafer plane. Piezoelectric inkjet printing has 
been previously used to process microscale patterns of several biological materials, 
including deoxyribonucleic acid (DNA), nanotube/DNA hybrid materials, drug-loaded 
polymer microparticles, drugs (e.g., antihypertensive agents), genetic material, mussel 
adhesive protein, enzymes, antibodies, bacterial cells, and human cells.[51-61]  The solvent 
used for piezoelectric inkjet printing of amphotericin B was dimethyl sulfoxide (DMSO), a 
polar aprotic liquid that is also used to enhance skin penetration of antifungal drugs such as 
amphotericin B and ketoconazole.[62,63] The amphotericin B-coated microneedles and 
unmodified microneedles were evaluated against Candida parapsilosis using a radial 
diffusion assay, an approach that is commonly used to examine antifungal materials.[64,65] 
Candida parapsilosis is a yeast (fungus) that is recognized as a significant human 
pathogen.[66,67] It is associated with illness in immunocompromised and normal hosts, 
including low birth weight neonates, intensive care unit patients, individuals with 
indwelling catheters, and individuals with prosthetic devices. It commonly resides on 
human skin and can cause invasive disease when skin integrity is disturbed.[66] 

Materials and Methods 
In order to fabricate the master structures for micromolding of the Gantrez® AN 

169 BF, a Perfactory III SXGA+ visible light dynamic mask micro-stereolithography system 
(EnvisionTEC GmbH, Gladbeck, Germany) was utilized; this instrument contains a 1280 x 
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1024-pixel resolution SXGA+ Digital Micromirror Device (DMDTM) component (Texas 
Instruments, Dallas, TX).  During the fabrication of the microneedle array master structure, 
the halogen bulb in the instrument was operated at a power of 180 mW. For the present 
study, the z-step direction utilized a step size of 50 µm, which enabled curing of an entire 
layer of the master structure at one time. Visible light dynamic mask micro-
stereolithography has previously been utilized by to fabricate master structures of 
microneedle arrays.[42] The instrument contains a large build envelope (96.54 mm x 72.41 
mm) and allows for simultaneous fabrication of multiple microneedle array devices. 
The Perfactory® RP software (EnvisionTEC, Ferndale, MI) was utilized to create the layer-
by-layer processing layout of the microneedle array design; the file for the master structure 
was created and designed in  SolidWorks Education Edition 2011-2012 (Dassault Systèmes 
SolidWorks Corporation, Concord, MA). The master structure STL file was designed as a 1 x 
5 array of microneedles.  The microneedles were spaced at 1 mm (center-to-center) 
intervals atop a rectangular prism substrate, with 0.5 mm equal distance chamfers   along 
the long edges of the top surface of the substrate. The microneedles were designed as two 
joined components, a microneedle base and microneedle tip. The microneedle base contains 
a triangular prism, extruded vertically 500 µm from an equilateral triangle possessing 150 
µm sides. The microneedle tip, built on top of the microneedle base, contains a modified 
pyramid structure, by lofting the profile of the equilateral triangle to a point. The 
microneedle tip and base are aligned so that one side of the microneedle forms a continuous 
and flat vertical face in order to facilitate inkjet deposition of the amphotericin B drug 
solution   onto the microneedle.  The combined height of the microneedle tip and base is 
1500 µm, with the tip vertically extending 1000 µm above the base. In Figure 5.1, a 
screenshot of the input STL file for the master structure of the microneedle design is shown. 
Figure 5.1(a) displays the isometric view of the microneedle array master structure, Figure 
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5.1(b) shows the front view of the microneedle array master structure, Figure 5.1(c) depicts 
the front view of the microneedle array master structure, and Figure 5.1(d) shows the right 
side view of the microneedle array master structure. 

 
Figure 5.1: Schematic of microneedle array master structure design. a) Isometric view of the microneedle array master structure design. b) Top view of the microneedle array master structure design. c) Front view of the microneedle array master structure design. d) Right side view of the microneedle array master structure design. 

The Perfactory III SXGA+ visible light dynamic mask micro-stereolithography 
system fabricated the   microneedle array master structures from previously designed input 
files by polymerizing an acrylate-based polymer material with the trade name eShell 300 
(EnvisionTEC, Ferndale, MI). The eShell 300 material is a photo-polymerizable Class-IIa 
biocompatible material that is designed for use in medical devices (e.g., hearing aid shells 
and otoplastics) and has been previously utilized to create microneedles and small-scale 
adhesives for tissue joining.[68,69] Based on the data supplied by the manufacturer, this 
material contains 10-25% wt  7,7,9-(bzw. 7,9,9) trimethyl-4, 13-dioxo-3, 14-dioxa-5, 12-
diaza-hexadecan-1, 16-diol-dimethacrylat and 10-20% wt tetrahydrofurfuryl-2-
methacrylat.[70] The properties of the material include a tensile strength of 51.6 MPa (DIN 
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EN ISO 527-1 test method), a glass transition temperature range of 86˚C – 160˚C (DIN 
53765 test method), a flexural strength of 88.4 MPa (DIN EN ISO 178 test method), and 
6.62% elongation at break (DIN EN ISO 527-1 test method).[71] 

Following fabrication of the microneedle array master structures out of eShell 300, 
these structures were utilized to create micromolds for replication of the master structure 
geometry out of the Gantrez® AN 169 BF material. The micromolds were created out of 
polydimethylsiloxane (PDMS) with the trade name Silgard® 184 (Dow Corning, Midland, 
MI). Prior to interaction with the PDMS, the master structures were sputter-coated with a 
layer of 60% gold-40% palladium for three minutes in a Technics Hummer II system 
(Anatech, Battle Creek, MI). Figure 5.2 displays a schematic, which explains the steps in 
creating the PDMS micromolds from the eShell 300 master structures, and subsequently the 
Gantrez® AN 169 BF microneedles from the PDMS micromolds. Briefly, a jig made of 
multiple pieces of polymethylmethacrylate (PMMA) that were cut into form in a laser cutter 
was created to form an easily assembled/disassembled vessel for the unpolymerized PDMS. 
The PMMA jig was clamped together and ~5 mL of PDMS (1:10 curing agent: elastomer 
ratio) was poured into the jig.  The microneedle array master structure was attached to a 
rectangular prism of PMMA using a cyanoacrylate adhesive, Loctite® 404TM (Henkel, 
Rocky Hill, CT), and inserted into the liquid PDMS resin by suspending the rectangular 
prism of PMMA on the rim of the jig. The liquid PDMS resin was then polymerized by 
placing the jig onto a 125°C hotplate for 20 minutes. Following solidification of the PDMS, 
the master structures were detached from the PDMS molds with forceps, and the jig was 
disassembled to remove the micromold. Gantrez® AN 169 BF is a water-insoluble 
polyvinylmethylether/maleic anhydride (PVM/MA).[72] This material was obtained in white 
powder form from a commercial supplier (International Specialty Products, Wayne, NJ). 
While the powder form of Gantrez® AN 169 BF is water-insoluble, hydrolysis of the 
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PVM/MA leads to a transparent gel solution of the material that contains the soluble free 
acid. The manufacturer provided a nominal molecular weight of 2.0-2.5 x 106 and a glass 
transition temperature of 151˚C for the material.[72] The benzene concentration within the 
copolymer powder was measured by gas chromatography is to be less than 1.0 parts per 
million.[73] 

To create microneedles out of the Gantrez® AN 169 BF, a 20% w/w aqueous gel of 
the material was created by heating and sonicating the as-received powder with deionized 
water. After gelation of the material and as explained in Figure 5.2(g-h), the Gantrez® AN 
169 BF was applied to the PDMS molds, the molds were centrifuged for fifteen minutes at 
3500 rpm, and the filled molds were dried overnight at room temperature. After drying of 
the gel, Gantrez® AN 169 BF microneedles were removed from the PDMS molds with   
forceps. 

Amphotericin B in DMSO was deposited onto microneedle arrays of Gantrez® AN 
169 BF using a Dimatix DMP-2831 (Fujifilm Dimatix, Santa Clara, CA) materials printer. 
Amphotericin B assayed powder was used to make a stock solution of 26,000 ug/mL in pure  
DMSO, and was kept frozen at -80˚C until use. A volume of 1.75 mL of amphotericin B 
solution was loaded into the inkjet cartridge reservoir bag using a syringe and a blunt-
tipped needle.  A DMCLCP-11610 cartridge, with 16 individually-addressable inline nozzles, 
was utilized for printing   the amphotericin B solution. In this cartridge, the nozzles are 
spaced 254 µm apart, each dispensing a nominal volume of 10 pL.  A single nozzle was used 
for deposition of the amphotericin B solution. 

Prior to inkjet deposition, the microneedle arrays and material chips were UV-
sterilized in an Airstream® Class II biosafety cabinet (Esco Biotech, Hatboro, PA) for 20 
minutes. While depositing the amphotericin B, the microneedle arrays were positioned 
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parallel to the printer platen, held in place on a microscope slide using modeling putty. The 
drug solution was deposited onto the surface of the Gantrez® AN 169 BF microneedles 

 
Figure 5.2: Schematic showing fabrication of the microneedle array using a combination of dynamic mask microstereolithography and micromolding. (a) The microneedle array master structure was fabricated out of eShell 300 by means of dynamic mask microstereolithography and was sputter coated with gold palladium. (b) To form micromolds, polymethylmethacrylate jigs were fabricated with a laser cutter to form a vessel. The jig was composed of a solid piece of PMMA, which served as a basement, with two donut-shaped pieces of PMMA; these components were held together with clamps in order to form a liquid-tight seal. The assembled jig formed a vessel with a volume of approximately 5.3 mL. (c) The PMMA jig was clamped together and ~4 mL of uncured PDMS was poured into the jig. (d) The master structure was then attached to a PMMA rectangular prism using Loctite 404, a cyanoacrylate adhesive. The master array was subsequently lowered into the unpolymerized PDMS. (e) The PMMA rectangular prism, which held the master structure, was allowed to rest on the edges of the PMMA jig. This arrangement held the master array in place; the PDMS was allowed to cure overnight at ambient temperature. (f) After the PDMS was cured, the PMMA jig was disassembled; the master structure was removed from the PDMS micromold. (g) The newly fabricated micromold was then filled with Gantrez AN 169 BF gel. (h) Following the application of Gantrez AN 169 BF to the micromold, the construct was centrifuged at 3500 rpm for 15 min. The Gantrez AN 169 BF was subsequently left at ambient temperature to dry overnight within the micromold. After drying of the Gantrez AN 169 BF, the hardened material was removed from the mold with forceps; using this approach, the shape of the master structure was conserved in the Gantrez AN 169 BF microneedle array. 
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using a pixilated, bitmap image of an equilateral triangle, with a surface area of 0.121 mm2. 
The drops were dispensed onto the microneedles with 30 µm drop spacing, at a density of 
847 DPI, a voltage of 31.0 V, a cartridge angle of 6.8˚, and a cartridge temperature of 29.0˚C.  
A total of 15 layers of fluid were printed   onto each microneedle, for a total volume of 0.4 µL 
of drug solution (or 10.4 µg of amphotericin B). During the antifungal testing, one 
microneedle array delivered 10.4 µg of amphotericin B; this value is based on the volume of 
drug solution applied to each. The A S-3200 variable pressure scanning electron 
microscope with an energy-dispersive X-ray spectrometer (Hitachi, Tokyo, Japan) were 
used to obtain scanning electron microscopy data and energy-dispersive X-ray spectra from 
the unmodified and inkjet-modified Gantrez® AN 169 BF microneedle arrays. Prior to 
imaging, the microneedle arrays were sputter-coated with a layer of 60% gold-40% 
palladium for three minutes in a Technics Hummer II system (Anatech, Battle Creek, MI). 
The energy-dispersive X-ray spectra were collected in charge reduction mode. The heights 
of the microneedles were measured from the digital SEM images with Photoshop® CS3 
Extended software (Adobe Systems, San Jose, CA). 

Antifungal activity against the test isolate, Candida parapsilosis (ATCC 22019), was 
determined using a   modified version of the radial diffusion assay.[74] Briefly, inoculum was 
prepared from 24 hour-old growth on a Saboraud’s dextrose agar plate at 30˚C by 
suspending growth from at least 5 colonies in 0.85% sterile saline to the optical density of a 
0.5 McFarland standard (absorbance of about 0.10 at 530 nm). The yeast suspension was 
swabbed onto the surface of RPMI 1640 agar plates using multidirectional overlapping 
strokes and was allowed to dry. Microneedle arrays were aseptically placed about four 
centimeters apart onto the plates, incubated on a level surface for one hour at room 
temperature, and then at 35˚C. Results were read at 48 hours incubation. Controls consisted 
of microneedle arrays without inkjet modification. 
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Figure 5.3: Scanning electron micrographs of unmodified Gantrez® AN 169 BF microneedles. a) Front view of an unmodified Gantrez® AN 169 BF microneedle array; the entire array of five microneedles on top of the rectangular prism-shaped substrate. b) Front view of a single unmodified Gantrez® AN 169 BF microneedle. c) Top view of a single unmodified Gantrez® AN 169 BF  microneedle. 
Results and Discussion 
Figure 5.3 and 5.4 show scanning electron microscopy images of unmodified and inkjet-
modified Gantrez® AN 169 BF microneedle arrays, respectively. Stair-step features, which 
were attributed to spacing among build layers   in the master structure, were noted on the 
surfaces of unmodified and inkjet-modified Gantrez® AN 169 BF microneedle arrays. These 
features can be reduced by modifying the orientation in which the master structure is 
processed.[74,75] Excellent device-to-device uniformity among microneedles in each 
microneedle array was noted. By minimizing frictional forces between the mold and the 
microneedle, microneedle arrays with higher device-to-device uniformity may be created. 
Frictional forces may be minimized by reducing the mold surface roughness and through 
incorporation of a release agent on the mold surface.[76-78] Measurements obtained   from 
scanning electron micrographs of the microneedle arrays indicate that the unmodified 
Gantrez® AN 169 BF microneedles exhibited heights of 933 ± 11.9 µm (mean ± standard 
deviation, n=5) and that the inkjet- modified microneedles displayed heights of 898 ± 13.4 
µm (mean ± standard deviation, n=5). In addition, the images of the inkjet-modified 
microneedles show redistribution of material into rounded protrusions, particularly at sites 
that were modified by inkjet printing. The inkjet-modified microneedle arrays also 
exhibited bending at the microneedle tips. The differences in height between the inkjet-
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modified microneedles and the unmodified microneedles may be attributed to wetting of 
the microneedle during microneedle-inkjet solution interactions. Energy-dispersive X-ray 
spectra of the amphotericin B-modified microneedles indicated the presence of carbon, 
oxygen, and sulfur; the presence of sulfur may be attributed to the DMSO solvent used in 
inkjet printing. The unmodified microneedles contained only carbon and oxygen. Other 
elements (e.g., materials associated with the printer head or elements with known toxicity) 
were not observed. 

 Figure 5.4: Scanning electron micrographs of inkjet modified Gantrez® AN 169 BF microneedles. a) Front view of an inkjet modified Gantrez® AN 169 BF microneedle array; the entire array of five microneedles on top of the rectangular prism-shaped substrate is shown. b) Front view of single inkjet modified Gantrez® AN 169 BF microneedle. c) Top view of a single inkjet modified Gantrez® AN 169 BF microneedle. 
The radial diffusion assay of the unmodified Gantrez® AN 169 BF microneedle 

array, which served as a control, showed no inhibition of Candida parapsilosis growth (not 
shown). In comparison, the amphotericin B microneedle array showed 100% inhibition of 
Candida parapsilosis in zones that measured 18 mm in diameter (Figure 5.5). These results 
are comparable to those previously reported from paper disks containing 10 µg of 
amphotericin B.[79] The results indicate that inkjet-modified microneedle arrays successfully 
delivered amphotericin B to the agar plates, inhibiting growth of Candida parapsilosis. 
Conclusions 

The results of this study indicate that amphotericin B-loaded Gantrez® AN 169 BF 
microneedle arrays may be prepared using a combination of visible light dynamic mask 
micro-stereolithography, micromolding, and piezoelectric inkjet printing. The amphotericin 
B-loaded microneedles and the unmodified microneedles exhibited similar geometries, 
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Figure 5.5: Agar plate after 48 hours of incubation. Clear zones are areas where yeast inoculum was 
prevented from growing due to the presence of amphotericin B, which diffused from inkjet-modified 
microneedle arrays. 

indicating that the piezoelectric inkjet printing process did not significantly alter 
microneedle geometry. Unlike the unmodified microneedles, the amphotericin B-loaded 
microneedles exhibited antifungal activity against Candida parapsilosis.  These results 
suggest that piezoelectric inkjet printing is a scalable approach that can be used to 
incorporate pharmacologic agents, including those with complex solubility profiles, within 
microneedles.[59] Through use of several pharmacologic agent “inks,” piezoelectric inkjet 
printing may be used to prepare microneedles for delivery of several pharmacologic agents 
to a given individual.[59] 
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Abstract 
Miconazole is an imidazole used for treatment of fungal infections that exhibits poor 

solubility in polar solvents (e.g., aqueous solutions). Microneedles, small-scale lancet-
shaped devices that are commonly used for delivery of pharmacologic agents and vaccines, 
were made out of an acid anhydride copolymer using visible light dynamic mask micro-
stereolithography/ micromolding and loaded with miconazole using a piezoelectric inkjet 
printer. The miconazole-coated microneedles showed biodegradation and antifungal 
activity against the organism Candida albicans (ATCC 90028) on Sabouraud dextrose agar 
using an in vitro agar plating method. The results of this study demonstrate that 
piezoelectric inkjet printing may be used load microneedles and other drug delivery devices 
with pharmacologic agents. Miconazole-loaded microneedles prepared by the visible light 
dynamic mask micro-stereolithography-micromolding-piezoelectric inkjet printing 
approach have potential use in transdermal treatment of cutaneous fungal infections.  
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Introduction 
Inkjet printing is a non-contact approach that enables processing of 1-100 picoliter 

droplets of liquid into two-dimensional and three-dimensional structures.[1,2] This approach 
involving dissolving or dispersing the material of interest in a liquid in order to form an ink. 
Drops of ejected from a micrometer-scale nozzle are commonly created by either (a) 
heating of the liquid to a temperature greater than the boiling temperature or (b) 
application of a voltage to a piezoelectric transducer, which leads to vibration of the 
material.2 Inkjet printing is commonly referred to as a “mask-less” or “tool-less” approach 
since either movement of the inkjet nozzle or movement of the substrate enables accurate 
and reproducible formation of the desired structure.3 Inkjet printing is associated with 
several advantages over conventional liquid deposition approaches, including low 
processing costs, rapid processing rates, generation of minimal waste, the ability to process 
structures directly from CAD information in a  “direct write” manner, the ability to process 
material over large areas, and the ability to process material with minimal 
contamination.[1,3,4 ] 

The hardware and applications of inkjet printing technology have evolved over 
time.[5] In the second half of the nineteenth century, Lord Rayleigh described the behavior of 
liquid jets and Lord Kelvin described a siphon recorder that is considered a predecessor to 
the continuous inkjet printer. In 1951, Siemens patented a chart recorder that is considered 
the first practical inkjet printer. Canon and Hewlett-Packard independently developed 
thermal inkjet printing technologies in the 1970’s; the first commercial thermal inkjet 
printer, the HP Thinkjet, was launched in 1984. Philips, Siemens, Clevite, and Silonics 
developed drop-on-demand piezoelectric inkjet printers in the 1970’s.[6] Seiko Epson is 
credited with overcoming problems with previously piezoelectric inkjet printing 
technologies such as poor reliability and poor pattern quality through its development of a 
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multilayered thick film printhead; their Stylus piezoelectric inkjet printer was introduced in 
1993. Although initial applications of inkjet printing primarily involved marking materials 
(e.g., printing graphics and text), more recent applications include use printing of light 
emitting polymers to create flat panel displays, printing of magnetic nanoparticles to create 
data storage devices, and printing of purified protein arrays to create biosensors.[1,3] For 
example, piezoelectric inkjet printing of a large variety of biological materials, including 
streptavidin, deoxyribonucleic acid, and mussel adhesive protein, has been 
demonstrated.[7,8]  

Over the past two decades, several groups of researchers have examined inkjet 
printing of pharmacologic agents. In 1996, Wu et al. described use of an inkjet approach to 
create devices containing model drugs (e.g., alizarin yellow and methylene blue) within 
polymeric matrices (e.g., polycaprolactone and polyethylene oxide).[9] They demonstrated 
control over model drug release profile (e.g., rate and time) by altering microstructure, 
composition, and location of the model drug within the matrix.[9] A subsequent study by 
Katstra et al. demonstrated fabrication of erosion mechanism delayed-release tablets 
containing fluorescein with a three dimensional printing process.[10] In 2000, Rowe et al. 
showed processing of dual pulsatory tablets, which released diclofenac immediately in a 
low pH (pH=1.5) environment and five hours later in a high pH (pH=7.5) environment.[11] In 
2003, Radulescu et al. used a piezoelectric inkjet printer to prepare 60 µm  diameter 
poly(lactic-co-glycolic acid) microspheres containing the anticancer drug paclitaxel; they 
used high performance liquid chromatography to shows that paclitaxel loading was at least 
68% and the MTT assay to show that the paclitaxel within the microspheres retained its 
biological functionality.[12]  

In 2008, Melendez et al. described use of thermal inkjet printing to create solid 
dosage forms of prednisolone; they noted the presence of two prednisolone polymorphs 
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(forms I and III) in the inkjet-printed material versus only one polymorph (form I) in the 
precursor material.[13] They attributed the generation of the second polymorph to the 
solvent (a mixture of ethanol, glycerol, and water) and the thermal treatment by the inkjet 
printer.  

In 2010, Desai et al. used a piezoelectric inkjet printer to deposit sodium alginate 
aqueous solutions containing rhodamine R6G dye onto calcium chloride surfaces to order to 
create calcium alginate microcapsules.[14] They demonstrated that more rapid release 
kinetics were associated with smaller microcapsule dimensions. Ten Cate et al. used an 
inkjet printer to create core–shell microparticles out of alginate, carrageenan, linseed oil, 
and sodium alginate, including lipid-in-water, water-in-lipid, and water-in-water 
particles.[15] They noted that monodisperse microcapsules may be prepared in a continuous 
manner with high loading capacities by means of the inkjet printing approach. 

In 2011, Sandler et al. described use of inkjet printing to deposit active 
pharmaceutical ingredients (e.g., caffeine, paracetamol, and theophylline) on porous paper 
substrates.[16] As noted by Sandler et al., inkjet printing may be useful in creating drug 
delivery systems with poorly soluble pharmacologic agents, on-demand individualized 
medications, and low-dose medications.[16] Pardeike et al. used inkjet type printing to 
deposit 56-84 μm droplets of a nanosuspension containing Tween 20 and folic acid, a poorly 
soluble drug.[17] Scoutaris et al. deposited picoliter quantities of a poorly water soluble 
antihypertensive pharmacologic agent felodipine) and a soluble polymer (polyvinyl 
pyrrolidone).[18] They noted that inkjet printing is a scalable processing approach that may 
be used to prepare practical dosage forms.[18] In addition, they noted that inkjet printing 
may be used to prepare individualized patient medications containing one or more 
pharmacologic agents at the point of care.[18] 
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  In 2012, Scoutaris et al. created microscale dot arrays containing two pharmacologic 
agents (felodipine and hydrochlorothiazide) and two polymers (poly(lactic-co-glycolic acid) 
and poly(vinyl pyrrolidone)) using inkjet printing; the poly(vinyl pyrrolidone) spots 
showed uniform pharmacologic agent distribution within the polymeric matrices.[19] Lee et 
al. used piezoelectric inkjet printing to create microscale particles from paclitaxel-loaded 
poly(lactic-co-glycolic acid) inks; particles containing 10% (w/w) paclitaxel were shown to 
possess homogeneous dimensions.[20] In addition, they demonstrated processing of 
particles in many shapes, including circles, honeycombs, grids, and rings. The particles 
exhibited a biphasic release profile, including an initial burst phase and a slow phase. The 
paclitaxel-loaded poly(lactic-co-glycolic acid) microparticles were successful in inhibiting 
HeLa cell growth. They noted that piezoelectric inkjet printing is an appropriate approach 
for large-scale drug manufacturing. Genina et al. used a combination of inkjet printing 
technology and flexographic printing to create drug delivery systems containing water-
soluble model pharmacologic agents (e.g., propranolol hydrochloride and riboflavin sodium 
phosphate) and porous model carriers (e.g., double-coated sheet fed offset paper, triple-
coated inkjet paper, and  uncoated wood-free paper).[21] In this approach, the model drugs 
were coated on porous model carriers using inkjet printing; these coated surfaces were 
subsequently coated with water insoluble polymers using flexographic printing. Structures 
prepared using this approach showed good uniformity and the drug release rate directly 
varied with the polymer coating film thickness.  

In 2013, Hsu et al. prepared solid dispersions containing the polymer 
polyvinylpyrrolidone and the pharmacologic agent naproxen; three-dimensional drug-
polymer films were obtained on chitosan and hydroxypropyl methylcellulose substrates 
using drop printing.[22] Films containing 70% polyvinylpyrrolidone and 30% naproxen had 
greater dissolution efficiency than films with a higher fraction of naproxen. Hanus et al. 
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used a drop on demand piezoelectric inkjet printer to create microparticles with calcium 
alginate hydrogel, magnetic iron oxide nanoparticles, and fluorescent dye-loaded liposomes; 
diffusion from liposomes was obtained by radio-frequency heating of the iron oxide 
nanoparticles to a temperature of 70o C.[23] Iwanaga et al. examined piezoelectric inkjet 
printing of FITC-labeled nanoparticle-loaded alginate microparticles and evaluated the 
relationships between ejected solution volume, particle volume, and nanoparticle release 
rate.[24]  

Inkjet printing has also been used to functionalize medical devices with 
pharmacologic agents. For example, Tarcha et al. deposited fenofibrate and a rapamycin 
derivative (ABT-578) onto phoshorylcholine-linked methacrylate tetracopolymer-coated 
stainless steel stents, which are nonplanar structures with complex geometries.[25] They 
demonstrated 100% capture efficiency for inkjetting onto uncut, coated stent structures 
and no loss of drug stability due to the inkjet printing process. In 2008, Antohe and Wallace 
described use of piezoelectric inkjet printing to create drug eluting stents, drug loaded 
microspheres, nerve growth factor-loaded polymeric nerve conduits, and transdermal 
delivery patches.[26] They demonstrated: (a) deposition of paclitaxel solution containing two 
fluorescent dyes (coumarin and rhodamine) on a stent structure, (b) formation of 
paclitaxel-coated poly(lactide-co-glycolide) microspheres,  (c) formation of rhodamine and 
nerve growth factor gradients on poly (D,L-lactic acid) and poly(lactide-co-glycolide) nerve 
conduits, and (d) dispensing of fluorescent dye solution within an conical hole array (an 
analogue to a hollow microneedle array). They noted that inkjet printing allows individual 
microneedles to be loaded with various levels of a given pharmacologic agents, layered 
pharmacologic agents, or even different pharmacologic agents. Wu et al. created an implant 
that released the drugs isoniazid and rifampicin in an isoniazid-rifampicin-isoniazid-
rifampicin progression for bone tuberculosis treatment.[27] Ordered drug release was 
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accomplished by positioning isoniazid and rifampicin in concentric layers within a multi-
layered cylinder; peak drug levels were observed in order at 8-12 day intervals. The implant 
was associated with no statistically significant difference in mitochondrial proliferation 
within rabbit bone marrow mesenchymal stem cells. In 2012, Gu et al. created ∼50 μm 
circular dots that contained the antimicrobial agent rifampicin, ∼100 nm biphasic calcium 
phosphate nanoparticles, and poly(D,L-lactic-co-glycolic) acid on TiAl6V4 substrates.[28] The 
patterned surfaces containing rifampicin prevented Staphylococcus epidermidis biofilm 
colony formation and the patterned surfaces containing biphasic calcium phosphate 
nanoparticles augmented differentiation of osteoblast cells (e.g., showed higher rates of 
calcium deposition and alkaline phosphatase expression).   

Microneedles are small-scale lancet-shaped structures that may be utilized for 
transdermal delivery of pharmacologic agents and vaccines as well as for transdermal 
biosensing.[29-33] In 2011, Boehm et al. used a combination of visible light dynamic mask 
micro-stereolithography and micromolding to create biodegradable acid anhydride 
copolymer microneedles.[34] Piezoelectric inkjet printing was subsequently used to coat the 
surfaces of the microneedles with a non-targeted quantum dot solution. Imaging of 
microneedle-delivered quantum dots within cadaveric porcine skin was accomplished using 
multiphoton microscopy. More recently, Boehm et al. used piezoelectric inkjet printing to 
modify the surfaces of biodegradable acid anhydride copolymer microneedles with 
amphotericin B, an antifungal drug that is poorly soluble in water.[35] In a radial diffusion 
assay, the drug-loaded microneedles were shown to possess activity against the yeast 
Candida parapsilosis. The piezoelectric inkjet printing process was noted to not significantly 
modify the biodegradable microneedle geometry. This study suggests that piezoelectric 
inkjet printing may be used to load microneedles with pharmacologic agents that exhibit 
complex solubility profiles. 
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Piezoelectric Inkjet Printing Methods 
In this paper, use of piezoelectric inkjet printing for loading of microneedles with 

miconazole is presented. Dimethyl sulfoxide (DMSO) was used as a solvent for miconazole; 
it is a polar aprotic liquid that is commonly used to enhance antifungal drug 
penetration.[36,37] The microneedles used in this study were created from Gantrez® AN 169 
BF (poly (methyl vinyl ether-co-maleic anhydride)); this biodegradable acid anhydride 
copolymer contains alternating methyl vinyl ether and maleic anhydride groups.[38] Boehm 
et al. previously performed nanoindentation of Gantrez® AN 169 BF  and obtained 
hardness and Young’s modulus values of 216.39 +/- 2.87 MPa and 6.34 +/- 0.41 GPa, 
respectively.[38] Gantrez® AN  materials have previously been used by Donnelly et al. and 
Gomaa et al. to create microneedles for delivery of model drugs such as theophylline, Nile 
red, and Rhodamine B.[39-41] For example, Gomaa et al. used micromolded Gantrez® 
microneedles to deliver Rhodamine B-loaded polylactic-co-glycolic acid nanoparticles to full 
thickness porcine skin.[41]  Boehm et al. previously examined the antimicrobial properties of 
Gantrez® AN 169 BF microneedles using agar plating data; data obtained after twenty-four 
hours of incubation indicated that the Gantrez® AN 169 BF microneedle arrays were 
effective against several bacteria (e.g., Bacilus subtilis, Staphylococcus aureus, Escherichia 
coli, and Enterococcus faecalis) but were not effective against the bacterium Pseudomonas 
aeruginosa or the fungus Candida albicans.[38]  

The microneedles were prepared using an approach previously described by Boehm 
et al. that involved a combination of visible light dynamic mask micro-stereolithography 
and indirect rapid prototyping (e.g., micromolding).[38] The master structures for 
micromolding of the Gantrez® AN 169 BF microneedles were created out of an acrylate-
based polymer material with the trade name eShell 300 (EnvisionTEC, Ferndale, MI, USA) 
using a Perfactory III SXGA+ visible light dynamic mask micro-stereolithography instrument 
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(EnvisionTEC GmbH, Gladbeck, Germany); this instrument contains a 1280 x 1024-pixel 
resolution SXGA+ Digital Micromirror Device (Texas Instruments, Dallas, TX, USA). The 
microneedle array master structures were used to create molds from polydimethylsiloxane, 
which is distributed under the trade name Silgard® 184 (Dow Corning, Midland, MI, USA).  
A 20% w/w aqueous gel of Gantrez® AN 169 BF was created by heating and sonicating the 
as-received Gantrez® AN 169 BF powder (International Specialty Products, Wayne, NJ) 
with deionized water. The Gantrez® AN 169 BF gel was applied to the polydimethylsiloxane 
molds, the molds were centrifuged for fifteen minutes at 3500 rpm, and the filled molds 
were dried overnight at room temperature.  After drying of the gel, the Gantrez® AN 169 BF 
microneedles were removed from the polydimethylsiloxane molds with forceps.   

Miconazole (MP Biomedicals, Santa Ana, CA, USA) in dimethyl sulfoxide was printed 
on the Gantrez® AN 169 BF microneedle arrays using a Dimatix DMP-2831 materials 
printer (Fujifilm Dimatix, Santa Clara, CA USA). A stock solution of miconazole in pure 
dimethyl sulfoxide was prepared at a concentration of 235 mg/mL. The stock miconazole 
solution (volume = 1.25 mL) was loaded into the reservoir bag of a DMCLCP-11610 
cartridge using a syringe and a blunt-tipped needle. A single nozzle of the DMCLCP-11610 
cartridge, which dispensed a nominal value of 10 pL/droplet of solution, was utilized for 
deposition of the miconazole solution onto the microneedles. For processing of vehicle 
control microneedles, pure dimethyl sulfoxide was loaded into the reservoir bag of a 
DMCLCP-11610 cartridge. Microneedle arrays with no inkjet modification were also 
prepared for comparison with the miconazole-loaded and pure dimethyl sulfoxide-loaded 
microneedles. 

The microneedle arrays were exposed to UV light for 20 minutes prior to 
modification with the piezoelectric inkjet printer in an Airstream® Class II biosafety cabinet 
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(Esco Biotech, Hatboro, PA, USA); the microneedle arrays without inkjet modification were 
also exposed to UV light for 20 minutes. Prior to inkjet modification, the microneedle arrays 

 
Figure 6.1: Ejection of droplets from the piezoelectric inkjet printer nozzles at a jetting voltage of 32.0 V is illustrated in this optical micrograph; images were captured at 20 µs intervals using an ultrafast camera. a) Graticule showing the distance that an ejected droplet travels within the 20 µs interval. b) Ejection of a droplet composed of pure dimethyl sulfoxide. c) Ejection of a droplet composed of miconazole dissolved in dimethyl sulfoxide. 
were arranged horizontally on double-sided tape and adhered to a glass microscope slide 
such that that the flat faces of the microneedles were located parallel to the printer platen 
and opposed to the inkjet cartridge.  Inkjet deposition of either the miconazole solution or 
the pure dimethyl sulfoxide onto the surfaces of the Gantrez® AN 169 BF microneedle 
arrays followed the pattern of a pixilated bitmap image of an isosceles triangle with a 
surface area of 0.121 mm2. A drop spacing of 30 µm (847 DPI) and a jetting voltage of 32.0 V 
was used for deposition of the miconazole solution at room temperature. For the 
miconazole-loaded microneedles and dimethyl sulfoxide-modified microneedles, six layers 
of the printed pattern were applied to each individual microneedle of the array (total 
nominal printed volume = 0.027 µL/array). The miconazole dose of a single array of 
miconazole-loaded microneedles equates to 38.0 µg/array; based upon the length and 
width of the substrate (area = 7.25 mm2) from which the microneedles protrude, an array 
contains a miconazole dose of 5.24 µg/mm2. 
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Results and Discussion 
Images of the drop were obtained using a “dropwatcher” camera on the materials 

printer (Figure 6.1). Ejection of droplets from the lead zirconate titanate piezoelectric inkjet 
printhead is controlled by a jetting voltage waveform; when the waveform is applied to the 
piezoelectric transducer, an acoustic wave through the ink is created that leads to ejection 
of the droplet.  A jetting voltage amplitude of 32.0 V was utilized for droplet ejection in this 
study.  Figure 6.1 presents images captured by an ultrafast camera of droplet ejection for a 
dimethyl sulfoxide solution (Figure 6.1(b)) and a miconazole solution (Figure 6.1(c)) from 
single nozzles. The distances traveled by the ejected droplets are compared to a graticule 
(Figure 6.1(a)) and are estimated to be in the 150-175 µm range during the 20 µs interval 
used to capture the images. 

Scanning electron microscopy imaging of the microneedles was conducted with a 
Quanta 200 FEG environmental scanning electron microscope (FEI Company, Hillsboro, 
Oregon) with an accelerating voltage of 10 kV. Prior to imaging with scanning electron 
microscopy, the microneedles were mounted onto scanning electron microscopy stubs with 
carbon tape and sputter coated with 15 nm of gold-palladium in a Model 108auto sputter 
coater (Cressington Scientific Instruments Ltd., Watford, England). Good microneedle-to-
microneedle uniformity among the microneedles within the microneedle array was noted 
(Figure 6.2). Stair-step features were observed on the surfaces of microneedles; these 
features were attributed to spacing among build layers in the master structure. Modification 
of the stair-step features by microneedle-inkjet solution interactions was also noted. 

Gantrez® AN 169 BF chips with a diameter of 3.7 mm were prepared for analysis 
with Fourier transform infrared spectroscopy. Gantrez® AN 169 BF gel was drop cast into 
poly(dimethylsiloxane) molds (diameter=3.7 mm, depth=1 mm) and was allowed to dry 
overnight under ambient conditions.  The chips were modified using miconazole solution 
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Figure 6.2: Scanning electron micrographs of miconazole-loaded Gantrez® AN 169 BF microneedles. a) Front view of a miconazole-loaded Gantrez® AN 169 BF microneedle array, which shows the entire array of five microneedles above the rectangular prism-shaped substrate. b) Front view of a single miconazole-loaded Gantrez® AN 169 BF microneedle.   
(235 mg/mL) using the same inkjet printing parameters as those used for the microneedles.  
Three layers of the miconazole solution were applied in a 2 mm x 2 mm square on the chips; 
three layers of printing were used due to the size of the print pattern in order to prevent 
pooling of the miconazole solution. Solid miconazole in powder form, pure dimethyl 
sulfoxide, and unmodified Gantrez® AN 169 BF chips were also examined using FTIR 
spectroscopy. Fourier transform infrared spectroscopy was undertaken with a Nexus 470 
FTIR bench (Thermo Electron Fisher, Waltham, MA, USA) and an OMNI ATR Sampler with a 
germanium crystal.  Analysis was performed using OMNICTM Version 8.3 software and 
OMNICTM Spectra Version 2.0 (Thermo Fisher, Madison, USA). The Fourier transform 
infrared spectra for the miconazole-loaded Gantrez® AN 169 BF chip, the unmodified 
Gantrez® AN 169 BF chip, the miconazole powder, and pure dimethyl sulfoxide are shown 
in Figure 6.3. The Spectra program was used to create a composite spectrum from the 
unmodified Gantrez® AN 169 BF chip and the miconazole powder; this composite spectrum 
closely matched the spectrum of the miconazole-loaded Gantrez® AN 169 BF chip. For 
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example, stretching bands associated with the anhydride group of Gantrez® AN 169 BF 
were noted at around 1015 cm-1 (C-O-C stretching) and stretching bands associated with 
the methyl ether group of Gantrez® AN 169 BF were noted around 1090 cm-1.[38,42] 

 Figure 6.3: Fourier transform infrared spectra for miconazole-loaded Gantrez® AN 169 BF (Gantrez® AN 169 BF + miconazole), Gantrez® AN 169 BF solid miconazole in powder form (miconazole power), and pure dimethyl sulfoxide. 
The antifungal properties of the miconazole-loaded Gantrez® AN 169 BF 

microneedles were determined against Candida albicans, a polymorphic fungus that is 
associated with skin infections.[43] An agar plating method that was previously described by 
Boehm et al. and is commonly used to examine antifungal materials was used in this 
study.[38,44,45] Yeast nitrogen base, Sabouraud dextrose agar, dextrose, and phosphate-
buffered saline (×10) were obtained from a commercial source (VWR International, West 
Chester, PA, USA). Phosphate-buffered saline (×1) was prepared in deionized water. An 
overnight culture (~24 hours) of Candida albicans ATCC 90028 (ATCC, Manassas, VA, USA) 
was prepared in Yeast nitrogen base + 100 mM dextrose, pelleted via centrifugation (4500 
r.p.m.) for 10 minutes, and subsequently resuspended in phosphate-buffered saline (x 1) to 
obtain an approximate cell density of 108 cells ml-1.  Sterile swabs were used to apply a lawn 
of Candida albicans on a Sabouraud dextrose agar plate; the microneedle arrays were then 
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placed in direct contact with the inoculated Sabouraud dextrose agar and incubated at a 
temperature of 37˚C. Zones of growth inhibition were measured after 24 hours of 
incubation. The viability indicator dye, triphenyltetrazolium chloride (TTC), was 
incorporated into the Sabouraud dextrose agar (0.25 g/liter) to facilitate visualization of 
fungal growth (i.e., generation of a red color was associated with microbial growth). The 
image captured after 24 hours of incubation (Figure 6.4) clearly shows that the microneedle 
array containing miconazole was highly effective towards Candida albicans as evidenced by 
the large zone of growth inhibition (43 mm).  No inhibition of Candida albicans growth was 
observed (i.e., 0 mm zone of growth inhibition) for either the unmodified microneedles or 
the microneedles modified with six layers of dimethyl sulfoxide. The results show that the 
miconazole-loaded successfully delivered biologically active miconazole to the agar plates, 
inhibiting growth of Candida albicans.        

 
Figure 6.4: Agar plating assay results for the miconazole-loaded Gantrez® AN 169 BF microneedle array (miconazole), the unmodified Gantrez® AN 169 BF microneedle array (control), and the Gantrez® AN 169 BF microneedle array modified with six layers of dimethyl sulfoxide (DMSO) against Candida albicans. 
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Conclusions 
Inkjet printing is a scalable method for incorporating pharmacologic agents within 

drug delivery devices as well as integrating pharmacologic agents with microscale or 
macroscale medical devices. The miconazole-loaded Gantrez® AN 169 BF microneedles 
that were processed using visible light dynamic mask micro-stereolithography, 
micromolding, and piezoelectric inkjet printing exhibited antifungal activity against Candida 
albicans. Several universities and private companies are evaluating the biological 
functionality of inkjet-printed pharmacologic agents. As noted by Scoutaris et al. and Ursan 
et al., advantages to inkjet printing of pharmacologic agents include: (1) the capability for 
preparing personalized therapies, (2) the capability for preparing complex drug release 
profiles, (3) the capability for preparing facile delivery platforms (e.g., paper-based 
devices), (4) the capability for incorporating multiple pharmacologic agents within a single 
device, (5) compatibility with delivery of pharmacologic agents with narrow therapeutic 
indices, and (6) high reproducibility.[18,46] Optimization of inkjet printing parameters for a 
specific pharmacologic agent and/or for a specific clinical application are needed. 
Determining the in vivo degradation profiles of inkjet printing-processed materials would 
also be of benefit. In addition, it is important to reduce the cost of inkjet printing equipment 
so that is cost competitive with atomization and other conventional processes. Inkjet 
printing can become a commercially significant approach for processing pharmacologic 
agents if these issues are fully considered. 
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Abstract 
In this study, we examined use of piezoelectric inkjet printing to apply an antifungal 

agent, voriconazole, to the surfaces of biodegradable polyglycolic acid microneedles. 
Polyglycolic acid microneedles with sharp tips (average tip radius = 25 ± 3 µm) were 
prepared using a combination of injection molding and drawing lithography. The elastic 
modulus (9.9 ± 0.3 GPa) and hardness (588.2 ± 33.8 MPa) values of the polyglycolic acid 
material were determined using nanoindentation and were found to be suitable for use in 
transdermal drug delivery devices. Voriconazole was deposited onto the polyglycolic acid 
microneedles by means of piezoelectric inkjet printing. It should be noted that voriconazole 
has poor solubility in water; however, it is readily soluble in many organic solvents. Optical 
imaging, scanning electron microscopy, energy dispersive x-ray spectrometry, and Fourier 
transform infrared spectroscopy were utilized to examine the microneedle geometries and 
inkjet-deposited surface coatings. Furthermore, an in vitro agar plating study was 
performed on the unmodified, vehicle-modified, and voriconazole-modified microneedles. 
Unlike the unmodified and vehicle-modified microneedles, the voriconazole-modified 
microneedles showed antifungal activity against Candida albicans. The unmodified, vehicle-
modified, and voriconazole-modified microneedles did not show activity against Escherichia 
coli, Pseudomonas aeruginosa, or Staphylococcus aureus. The results indicate that 
piezoelectric inkjet printing may be useful for loading transdermal drug delivery devices 
such as polyglycolic acid microneedles with antifungal pharmacologic agents and other 
pharmacologic agents with poor solubility in aqueous solutions. 
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Introduction 
Microneedle arrays have garnered attention over the last two decades as an 

approach for transdermal delivery of drugs and vaccines.[1] Microneedles are microscale 
lancet-like structures that are typically under 1000 µm in height.[2-5] Microneedles are 
designed to penetrate the stratum corneum layer of skin, which serves as a diffusion barrier 
for topically applied pharmacologic agents. Permeation of this barrier layer in necessary for 
delivery of pharmacologic agents to the deeper epidermal layers and dermal layers of the 
skin.  

Hypodermic needles are commonly used for parenteral drug delivery; this approach 
is often associated with patient noncompliance due to fear associated with needle size and 
pain;[6,7] in addition, use of hypodermic needles typically involves administration of the 
injection by trained personnel.[7] Although oral drug delivery is often the preferred method 
for therapeutic agent delivery, first-pass metabolism by the liver and exposure to the 
gastrointestinal tract can limit the bioavailability of orally delivered drugs.[8] Microneedles 
are parenteral devices that may be used for transdermal drug delivery; use of these devices 
is associated with less discomfort than hypodermic needles.[1] In addition, microneedles can 
be fabricated in a patch-like form that can be self-administered by patients.[1] Microneedles 
have been investigated for transdermal delivery of many types of small molecule drugs (e.g., 
lidocaine[9]), hormones (e.g., insulin[10]), and vaccines (e.g., influenza[11]). 

In this paper, we have investigated fabrication of microneedles out of the 
polyglycolic acid (PGA) for delivery of the antifungal agent voriconazole. A benefit 
associated with the use of PGA as a microneedle material is that it is a biodegradable 
material. In the event of a device failure (e.g., microneedle fracture due to axial or 
transverse forces during skin insertion), the use of a material that is biocompatible and 
biodegradable is of interest. PGA has been investigated in the past for the fabrication of 
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microneedles since it is a mechanically robust material.[12] PGA has been previously utilized 
as a bioresorbable suture material;[13] in addition, it has been considered for use in 
controlled drug release applications[14] and tissue engineering applications.[15] 

Another benefit associated with PGA is that the thermoplastic nature of the material 
enables it to be processed using the common manufacturing process of injection molding. 
Lippmann and Pisano studied investment molding of Cyclic Olefin Copolymer (Ticona 
Topas®) to create hollow plastic microneedles.[16] Silicon molds were created with either 
reactive ion etching (RIE) or potassium hydroxide (KOH) etching. Aluminum bond wires 
were placed within the mold to form the sacrificial investment components. The copolymer 
material was injected into the molds, encapsulating the investment material. The structure 
was subsequently exposed to an aluminum etchant to dissolve the investment and leave 
behind hollow plastic microneedles. Sammoura et al. also utilized the Topas® material to 
create microneedle arrays via injection molding.[17] Aluminum molds were micromachined 
into the form of a single microneedle, with an open trench leading to a reservoir cavity at 
the base of the structure. Another study involves fabrication of microneedles out of 
poly(lactic acid) (PLA) using an injection molding approach.[18] Wet-etched silicon molds 
were created that contained rectangular microneedles with beveled tips. The injection 
molded PLA microneedles were laser ablated with a UV excimer laser to create either thin 
trenches along the microneedle exterior surface or to create conduits through the center of 
the microneedle structure. The trenches and conduits were designed to facilitate blood 
sampling via capillary action. Park et al. utilized a modified injection molding process to 
create PLA, PGA, and polylactic-co-glycolic acid (PLGA) microneedles.[12] 
Poly(dimethylsiloxane) (PDMS) rubber molds were created from beveled-tip, chisel-tip, and 
tapered-cone master structures. Pellets of the polymeric material were applied to the mold, 
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introduced to a heated chamber, and exposed to a vacuum, which drew the material melts 
into the micromold cavities and formed the microneedle arrays. 

Another fabrication process, termed drawing lithography, has been utilized to 
create microneedle structures out of thermoplastic materials; this approach involves 
controlling the shifts between the glass transition and melting temperatures of the 
material.[19] This process utilizes a melt-drawing technique to taper a thermoplastic 
material into high aspect ratio microstructures. Microneedle arrays have been fabricated 
out of maltose in this manner for delivery of ascorbic acid and niacinamide.[20] Another 
study utilized drawing lithography of maltose on an electrode to create hybrid microneedle-
electrodes for cutaneous gene transfer in a murine subcutaneous tumor model.[21] The 
drawing lithography process has also been utilized with thermosetting materials (e.g., SU-8 
epoxy) to create hollow microneedle structures.[22,23] In the present study, we used a 
combination of injection molding and drawing lithography to fabricate microneedle arrays 
out of PGA. Injection molded PGA microstructures were modified into an array of 
microneedles using an automated drawing lithography procedure. In particular, the 
drawing lithography approach served to “sharpen” the structures by tapering the features 
and decreasing the tip radii. The microneedle arrays then underwent a piezoelectric inkjet 
printing process to apply the antifungal drug voriconazole to the surfaces of the 
microneedles. This approach to apply coatings to microneedle arrays has been previously 
demonstrated by our group.[24-26] Inkjet printing is a non-contact printing technique that 
may be utilized to precisely apply drug coatings in desired quantities to targeted locations 
on the surfaces of microneedles and other medical devices. The microneedle arrays were 
evaluated using optical microscopy, scanning electron microscopy (SEM), energy dispersive 
x-ray spectrometry (EDS), and Fourier transform infrared spectroscopy. The skin 
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penetration functionality of the microneedles was examined using cadaveric porcine skin 
and the antimicrobial activity of the microneedles was assessed with an agar plating study. 

Materials & Methods 
Injection Molding 

Pellets of Kuredux® PGA (Kureha, Tokyo, Japan) were injection molded into 
microneedle arrays with steel molds using a Sesame molding machine (Trinks, Inc., De Pere, 
WI, USA). The melt temperatures for the block and nozzle were set at 227 ˚C and 238 ˚C, 
respectively. The fixed mold was maintained at a temperature of 41 ˚C and the moving mold 
was maintained at a temperature of 29 ˚C. The injection speed was 160 mm s-1; an injection 
pressure of 13.79 MPa, an initial hold (0.4 s) pressure at 5.17 MPa, a secondary hold (3 s) at 
2.69 MPa, and a cooling time of 11 s were used in this study. 

The microneedles were modeled as half-conical structures in a 1 x 4 array atop a 
rectangular base. The center-to-center spacing of the microneedles was set to 1800 µm. The 
flat face of the half-cone structure was aligned to be co-planar with one face of the 
rectangular base [Fig. 7.1(a, b)]. The alignment of the microneedles on the base was meant 
to facilitate the line-of-sight inkjet deposition procedures. 

The microneedle arrays produced through the injection molding procedure were 
imaged with an EZ4D stereomicroscope (Leica Microsystems Inc., Buffalo Grove, IL, USA) to 
assess microneedle height and tip radii. Measurements of stereomicroscopy data were 
undertaken using Photoshop CC software (Adobe Systems Inc., San Jose, CA, USA). 
Nanoindentation of Injection Molded Samples 

To assess the hardness and elastic modulus properties of the injection molded PGA 
materials that had undergone the drawing lithography process, nanoindentation of the 
samples was conducted with a TriboIndenter TI 950® (Hysitron, Inc., Minneapolis, MN, 
USA). Testing was conducted on the rectangular base of the devices with nine, 5 µm long 
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indentations in a 3 by 3 grid over a 50 µm by 50 µm square area; a single crystal diamond 
tip with Berkovich geometry was utilized for indentations. Loads of 8500 µN were applied 
over 5 s, held for 10 s, and released over 1 s; a relatively high load used in this study to 
minimize the effect of surface roughness on the results. The Oliver-Pharr method was used 
for determining indentation hardness and elastic modulus of the material by taking into 
account the indenter tip geometry and calculating the tangential slope of the indentation 
load-displacement curve;[27] a Poisson’s ratio of 0.3 was used for determination of elastic 
modulus values. 
Drawing Lithography Sharpening on Injection Molded Samples 

The injection molded microstructures were sharpened using a drawing lithography 
procedure; this process served to reduce the tip radii and increase the aspect ratios of the 
microstructures. The injection molded microstructures were modified with a hotplate melt-
drawing process. The CimarecTM hotplate (Barnstead International, Dubuque, IA, USA) was 
immobilized on an AVS125 servomotor lift platform that was controlled by A3200 software 
(Aerotech, Inc., Pittsburgh, PA, USA). For each melt-drawing procedure, a microneedle array 
was attached to a small stainless steel block with double-sided adhesive and suspended in a 
stationary position above the hotplate; the microneedles were pointed toward the heated 
surface (230˚C) of the hotplate. The hotplate was raised until it made contact with the tips 
of the microneedle arrays, as confirmed visually with a CM1-USB digital microscope 
(Califone International, Inc., San Fernando, CA, USA). Movement of the microneedle array 
was paused for 20 seconds, allowing the microneedle tips to begin melting and the bulk of 
the material to heat above the glass transition temperature (Tg); the Tg and melting 
temperature (Tm) of Kuredux® PGA are 40˚C and 220˚C, respectively. Following the pause, 
the hotplate was raised by a value of 550 µm at a rate of 0.5 mm minute-1, which facilitated 
melting of microneedles within the microneedle array. Movement of the microneedle array 
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was again paused for 3 seconds and the hotplate was switched off. The stage was reversed 
in its z-axis motion; movement of the stage at a rate of 1.0 mm minute-1 to a distance of 1.25 
mm was undertaken. As the stage motion was reversed, the microneedles were drawn into 
sharper tapered structures. Cooling and solidification occurred from the base of the 
structure toward the tip as the PGA material returned below its Tm. The hotplate was then 
moved away from the drawing lithography-modified microneedles to enable removal of the 
microneedle array from the block. 
Piezoelectric Inkjet Printing onto Microneedle Arrays 

Inkjet printing onto the surfaces of the microneedle arrays was conducted with a 
Dimatix DMP-2831 material printer (Fujifilm Dimatix, Santa Clara, CA, USA) and a DMCLCP-
11610 inkjet cartridge (Fujifilm Dimatix, Santa Clara, CA, USA). Three different materials 
were prepared as the inks that were deposited onto the microneedle surfaces. The first 
material consisted of a vehicle solution that would later be utilized for the dissolution of 
voriconazole or methylene blue. The vehicle solution consisted of a co-polymer of 
poly(methyl vinyl ether-co-maleic anhydride) (PMVE/MA), known by the trade name 
Gantrez AN-119BF (Ashland, Inc., Wilmington, DE, USA). The vehicle solution was dissolved 
into ACS reagent grade dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific, Waltham, MA, 
USA) at 5% (w/v). The co-polymer was added to the DMSO as a thickening agent that 
served to improve droplet formation during the inkjet printing process and thereby 
improve the reproducibility of the inkjet printing process. Gantrez AN-119BF was added to 
DMSO and sonicated for 1 hour to facilitate dissolution. A second solution was created by 
dissolving methylene blue dye (5 mM) into the vehicle. This solution was utilized to 
facilitate visualization of penetration by the microneedles arrays into porcine skin. Lastly, a 
drug solution was created by loading the vehicle solution to 5% (w/w) with the antifungal 
agent voriconazole (Selleck Chemicals, Houston, TX, USA). 
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A separate DMCLCP-11610 cartridge was utilized for inkjet deposition of each 
solution onto the microneedle arrays. At least 1.5 mL of solution was loaded into a cartridge 
using a blunt-tipped syringe. The DMCLCP-11610 cartridges nominally eject 10 pL droplets. 
In order to calculate the amount of drug being dispensed with each droplet, the drop 
volume measurement tool within the Dimatix Drop Manager Program was utilized. A pre-
weighed weigh pan was placed under a cartridge loaded with the 5% (w/w) voriconazole 
solution. 5.004 x 106 droplets were ejected at a velocity of 7 m s-1 into the pan. Using this 
approach, the mean weight of each droplet as well as the mass of voriconazole being applied 
to the microneedles from each droplet was calculated. This calculation was used as a basis 
for determining the number of droplets to apply to each microneedle in the array. A print 
pattern was created to apply 0.25 µg of voriconazole to each microneedle in the array, 
totaling 1.0 µg of drug for the entire array. It should be noted that 1.0 µg is the standard disk 
diffusion value for assessing quality control of the antifungal characteristics of voriconazole 
in agar plating assays.[28] 

Microneedle arrays were adhered onto glass microscope slides with double-sided 
adhesive, which facilitated positioning of the conical axes of the microneedles parallel to the 
printer platen and the printhead. The voriconazole solution was ejected in 3 layers onto the 
surface of each microneedle. An optimized waveform was utilized for droplet ejection from 
two nozzles; a cartridge temperature of 37˚C, an interlayer delay of 120 s, a firing frequency 
of 2 kHz, a voltage tuned to provide 7 m s-1 droplet firing velocity, and a droplet-to-droplet 
spacing value of 5 µm were used in this study. Microneedle arrays that were utilized as 
vehicle controls for antimicrobial testing and microneedle arrays with methylene blue 
coatings that were utilized for porcine skin penetration analysis were prepared in a similar 
manner and with the same printing parameters; fresh cartridges loaded with the 
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appropriate ink solutions were used to prepare the vehicle controls and the methylene 
blue-coated microneedles. 
Microscopy and Energy Dispersive X-Ray Spectrometry 

Microneedle arrays before and after drawing lithography as well as unmodified 
microneedle arrays and inkjet printing-modified microneedle arrays were examined with 
SEM and EDS. An S-3200 variable pressure scanning electron microscope with an EDS 
spectrometer (Hitachi, Tokyo, Japan) was utilized for imaging the microneedles and 
acquisition of EDS spectra. Samples for imaging were sputter-coated with approximately 14 
nm of 60% gold-40% palladium in a Technics Hummer II system (Anatech, Battle Creek, MI, 
USA). Imaging was conducted at 5 kV and 90X magnification. EDS spectra were acquired 
from uncoated microneedle arrays at several probe locations to examine the inkjet printing-
modified zones and the unmodified regions. Samples from injection molding, drawing 
lithography without inkjet printing modification, vehicle inkjet printing modification, and 
voriconazole inkjet printing modification were examined with EDS. EDS data were acquired 
in charge reduction mode with accelerating voltages of 10 keV and 20 keV. 

The microneedle arrays were also imaged with a VHX-5000 optical microscope 
(Keyence, Itaska, IL, USA). Optical microscopy was used to examine the inkjet printing-
modified regions as well as to measure the heights and tip radii of the lithography-drawn 
microneedles. The VHX-5000 communication software (Keyence, Itaska, IL, USA) was 
utilized to obtain measurements from microneedle images that were obtained at 150X 
magnification. 
Fourier Transform Infrared Spectroscopy 

The chemical composition of PGA coated with voriconazole solution by means of 
inkjet printing was examined using Fourier transform infrared analysis (FTIR). A 1.5 mm x 
1.5 mm square pattern of voriconazole solution was jetted onto a PGA substrate that had 
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undergone the drawing lithography process. The same inkjet printing parameters as 
described previously were utilized to pattern the voriconazole solution onto the substrate. 
A FTIR spectrum was acquired from the inkjet printing-modified sample and compared to 
individual spectra acquired from DMSO, the powder form of Gantrez® AN-119BF, the 
powder form of voriconazole, and PGA without inkjet printing modification. FTIR data was 
obtained with a Nexus 470 system, featuring an OMNI sampler (Thermo Fisher, Waltham, 
MA, USA) and a continuum microscope. Analysis of the spectra was conducted with 
OMNICTM software (Thermo Fisher, Madison, WI, USA). 
Porcine Skin Penetration Testing 

Penetration of porcine skin by the PGA microneedle arrays was examined with 
methylene blue-coated microneedle arrays. Full-thickness porcine skin was acquired from a 
local abattoir and used for testing the same day as received. Prior to testing, the skin 
samples were allowed to acclimate to room temperature. The microneedles were 
introduced to the skin by a MiniMed® Quick-serter (Medtronic, Northridge, CA, USA) 
spring-loaded applicator, which was fitted with a custom adapter to hold a methylene blue-
modified microneedle array perpendicular to the skin sample.  

Skin samples were trimmed to approximately 5 cm x 5 cm pieces (~1 cm thick), 
placed in a plastic petri dish, and gently blotted dry with a KimwipeTM (Kimberly-Clark 
Corporation, Irving, TX, USA). A microneedle array was loaded into the applicator adapter, 
the spring-loaded plunger was locked into place, and the applicator was placed on the skin 
surface. Upon release of the spring-loaded plunger, the microneedles were introduced to 
the porcine skin. Light finger-pressure was applied to the plunger for 15 seconds. The array 
was left in place in the tissue for 15 minutes to facilitate dissolution of the methylene blue 
coating. Following removal of the array, the insertion sites were swabbed once with 0.85% 
normal saline on a cotton-tipped applicator. The location was then swabbed once with 
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ethanol and once with a dry cotton-tipped applicator. The penetration sites were examined 
under magnification and imaged with the VHX-5000 optical microscope at 200X 
magnification. 
Antimicrobial Testing 

Antimicrobial testing was performed as described previously.[5] Luria-Bertani broth, 
tryptic soy broth, Mueller Hinton agar, yeast nitrogen base, Sabouraud dextrose agar, 
dextrose, agar, and phosphate-buffered saline (x 10) were obtained from a commercial 
vendor (VWR International, West Chester, PA, USA). Phosphate buffered saline (PBS) (x 1) 
was prepared by dilution in deionized water. The microorganisms utilized in the study were 
acquired from a commercial source (American Type Culture Collection, Manassas, VA, USA). 
The microorganisms included C. albicans ATCC 90028, E. coli ATCC 12435, P. aeruginosa 
ATCC 15442, and S. aureus ATCC 6538. Cultures were prepared overnight with E. coli in 
Luria-Bertani broth, P. aeruginosa in tryptic soy broth, S. aureus in tryptic soy broth, and C. 
albicans in yeast nitrogen base and 100 mM dextrose. The cultures were pelleted by 
centrifugation (4500 rpm) for 10 minutes and resuspended in PBS (x 1) to a cell density of 
~108 cells mL-1. Sterile swabs were used to inoculate agar plates with lawns of the 
microorganisms. C. albicans lawns were inoculated on Sabouraud dextrose agar plates. The 
E. coli, P. aeruginosa, and S. aureus lawns were inoculated on Mueller Hinton agar plates. 
Visualization was aided by incorporating a redox indicator dye, triphenyltetrazolium 
chloride, into the agar plates; this dye forms a red color upon microbial growth. 

Three sets of microneedle arrays were prepared for antimicrobial testing. 
Lithography-drawn samples that were either (a) voriconazole-modified, (b) vehicle-
modified, or (c) without inkjet printing modification were examined for antimicrobial 
activity using the modified-disk diffusion, agar plating assay. The microneedle arrays were 
applied to the inoculated agar plates and incubated for 24 h at 37˚C. Inhibition of growth on 
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the plates was evaluated from digital images that were obtained following 24 h of 
incubation. 

Results and Discussion 
Mechanical Properties 

Nanoindentation provided hardness and elastic modulus values for the PGA 
material. It indicated that the PGA material had an indentation hardness value of 588.2 ± 
33.8 MPa (mean ± standard deviation). The reduced elastic modulus obtained from 
indentation was 10.9 ± 0.3 GPa (mean ± standard deviation). Taking into account the elastic 
modulus and Poisson’s ratio of the diamond indenter tip (1140 GPa and 0.07, respectively) 
and assuming a Poisson’s ratio of 0.3 for the PGA material, the elastic modulus of the PGA 
material was calculated as 9.9 ± 0.3 GPa (mean ± standard deviation). Park et al. considered 
the mechanical properties of microneedles and noted that microneedle materials with 
Young’s modulus values higher than ~1 GPa were associated with fracture forces that 
exceeded skin insertion forces.[12] Microneedle failure was also shown to be dependent on 
height and base diameter; tall microneedles (≥1 mm) and microneedles with small base 
diameters (100 µm) were noted to be subject to lower fracture force values. 
Drawing Lithography Sharpening of Injection Molded Materials 

The structures obtained from the injection molding procedure exhibited rounded 
tips and intra-array inconsistencies with respect to microneedle height and microneedle tip. 
The microneedle arrays were initially examined via optical stereomicroscopy. The injection 
molded structures had heights of 816 ± 40 µm and tip radii of 113 ± 30 µm (mean ± 
standard deviation; n = 44). There was variation in height and tip radius among the 
microneedles within the array; a mean intra-array height difference of 80 µm between the 
tallest and shortest microneedle was observed. Adjustments to the processing parameters 
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may be able to more finely regulate the geometries of the structures created through the 
injection molding process. 

The process of heating and melt-drawing the injection molded structures into 
sharper structures proved to be a facile approach to creating narrower microneedles with 
sharper tip radii. As mentioned earlier, the injection molded structures had heights of 
approximately 800 µm, significant intra-array variability in microneedle height, and average 
tip radii exceeding 100 µm. Figure 7.1(c, d) provides a scanning electron micrograph that 
shows the effect of the drawing lithography process.  The drawing lithography process 
produced microneedles with similar intra-array height values, narrower and tapered forms, 
as well as reduced tip radii.  

 
Figure 7.1: Scanning electron micrographs of (a ,b) injection molded PGA microstructures; (c, d) drawing lithography-modified PGA microneedles; (e) EDS probe locations (A – microneedle; B – bulk substrate) on an injection molded microstructure; (f) EDS probe locations (A – microneedle inkjet printing-modified zone; B – microneedle non-inkjet printing-modified zone; C – bulk substrate). 
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The microneedle arrays following the drawing lithography process were optically 
evaluated to determine microneedle heights and microneedle tip radii. The VHX-5000 
communication software (Keyence, Itaska, IL, USA) was utilized for optical measurements of 
the drawn arrays. The microneedles that underwent drawing lithography exhibited were 
slightly smaller than the injection molded structures that served as the starting materials; 
the microneedles that underwent drawing lithography exhibited heights of 754 ± 68 µm 
(mean ± standard deviation; n = 36). The microneedles that underwent drawing lithography 
exhibited smaller tip radii than the injection molded structures that served as the starting 
materials; tip radii of the microneedles that underwent drawing lithography were 25 ± 3 
µm (mean ± standard deviation; n = 36). Intra-array variations in microneedle height were 
noted in microneedle arrays that were prepared using the drawing lithography process. For 
example, an intra-array positional dependence was noted in the microneedle height and the 
microneedle tip radius. This observation may be attributed to height differences in the 
features of the injection molded structure, which contributed to differences in the amount 
of material being drawn during the lithography process. In addition, there may have been 
non-uniformity in heating with respect to the peripheral positions versus the central 
positions in the microneedle array; the central microneedles were typically taller than the 
microneedles on the periphery. Furthermore, an absence of true planarity of the hotplate 
surface could introduce some non-uniformity in the drawing procedure.   
Piezoelectric Inkjet Printing Modification 

Piezoelectric inkjet printing was used to apply the voriconazole coating onto 
microneedles in the microneedle arrays. The mean mass of each droplet was determined 
from the mass of 5.004 x 106 droplets that were inkjet printed into a weigh pan, which was 
immediately weighed. The average weight of each droplet (10.0 ng/drop) and the mass to 
each droplet contributed by the voriconazole (0.5 ng/drop) were calculated from this value. 
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An inkjet printing-deposited pattern was implemented to apply 496 droplets per 
microneedle; the pattern deposited 1.0 µg of voriconazole evenly among the microneedles 
in the array.  

The microneedles were examined with optical microscopy, SEM, as well as EDS to 
assess the alterations to the microneedles associated with the inkjet printing process. As 
targeted by the inkjet printing process, the inkjet printing-modified regions were localized 
to the “upper” half of the microneedles (nearest to the microneedle tips). Figure 7.2 shows 
an unmodified and a voriconazole-modified microneedle array. Differences between the 
inkjet printing-modified microneedles and the unmodified microneedles were associated 
with the inkjet printing process. The images suggest that the inkjet printing procedure was 
able to apply material directly onto the microneedles. In addition, optical observations of 
the underlying glass substrates to which the microneedles were adhered during the inkjet 
printing procedure indicated that inkjet printing was localized to the microneedle surfaces; 
evidence of stray satellite droplets was minimal.  

 
Figure 7.2: Optical micrographs of (a) a drawing lithography-modified PGA microneedle array without inkjet modification (b) a drawing lithography-modified PGA microneedle array after inkjet printing of voriconazole. The inkjet modification is discernible in the upper half of the drawing lithography-modified microneedles. 
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EDS was utilized to examine the inkjet printing-modified zones of the microneedles, the 
unmodified zones of the microneedles, as well as the PGA bulk material. The injection 
molded structures were probed on the microneedle surface and the bulk material (Fig. 
7.1(e)), exhibiting carbon and oxygen in both probe locations of the arrays. Similarly, the 
drawing lithography prepared samples without print modification were probed and 
exhibited signals for carbon and oxygen. Detection limit quantities of silicon were also 
noted in the drawn regions but not the bulk material. The presence of this trace amount of 
silicon was attributed to interactions between the polymer microneedles and the ceramic 
surface of the hotplate during the drawing lithography procedure. Figure 7.1(f) shows a 
diagram of regions that were investigated with the EDS probe on the vehicle- and 
voriconazole-modified microneedle arrays. On the vehicle-modified microneedles, the 
probed regions of the bulk material and lower sections of the microneedles indicated the 
presence of carbon and oxygen. In the microneedle regions that underwent the drawing 
lithography process, a trace amount of silicon was observed. Spectra of the inkjet printing-
modified regions exhibited an additional signal from sulfur. This signal, which was 
associated with the presence of DMSO in the vehicle solution, was localized to the inkjet 
printing-modified region of the microneedles. The EDS data for the voriconazole-modified 
microneedle arrays indicated the presence of carbon and oxygen in the bulk material. The 
spectra showed carbon, oxygen, and trace amounts of silicon in the drawn sections of the 
microneedles. In the inkjet printing-modified region, sulfur (from DMSO) as well as fluorine 
were observed. The fluorine signal in the inkjet printing-modified region was associated 
with the presence of voriconazole. The inkjet printing-modified region of the voriconazole-
modified microneedle arrays were the only probed locations with a fluorine signal, 
suggesting precise deposition of the voriconazole solution on the microneedle surface. It 
should also be noted that an observable aluminum signal was noted in the EDS spectra of all 
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of the probed samples. An increased signal was noted at higher accelerating voltages used 
to acquire the spectra; the signal was more intense when probing the microneedle tips 
compared to the bulk material. Consequently, the aluminum signal was attributed to 
backscattering of electrons that had interacted with the aluminum SEM stub and not from 
the samples themselves. 

FTIR spectra obtained from the inkjet printing-modified samples (Figure 7.3) 
contain features that are consistent with the components of the voriconazole-containing 
inkjet solution and the PGA substrate. A number of features associated with Gantrez AN-
119BF can be identified within the spectrum. A broad rounded shoulder from ~3450 – 3000 
cm-1 is associated with an intense hydroxyl signal.[5,24,29] Carbon-hydrogen stretching peaks 
are seen at 2937.8 cm-1 and 2844.7 cm-1. A peak at 2564.8 cm-1 is associated with ether bond 
cleavage and –OH contributions from carboxylic acid formation following dissolution of the 
copolymer material.[5,24,30] The doublet at 1852.5 cm-1 and 1777.9 cm-1 is characteristic of C 
= O stretching from the carbonyl of the acid anhydride.[30-32] The characteristic carboxylic C 
= O band of PGA is largely masked by the strong hydroxyl signal in the ~3000 – 2960 cm-1 
region.[33-36] Characteristic ester C = O stretching is observed at the 1716.1 cm-1 peak; 
however, it is slightly shifted to a lower wavenumber compared to the value reported 
elsewhere (1744 cm-1).[35,36] This shift may be attributable to contributions from the 
PMVE/MA material.[5,24] There is also a characteristic C – O band at 1100.2 cm-1.[32] 
Voriconazole was associated with C – F stretching contributions in the 1594.8 – 1457.9 cm-1 
range and C – N stretching in the 1501.0 – 1457.9 cm-1 region.[37,38] Spectral contributions 
from DMSO were also noted. In particular, symmetric (–CH3) bending associated with DMSO 
was observed at 1435.7 cm-1 and 1405.7 cm-1.[39] A band associated with S = O stretching 
was observed at 1055.3 cm-1.[39] Furthermore, the characteristics observed in the composite 
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FTIR spectrum were in agreement with the spectra of the individual components, indicating 
that the inkjet printing process did not appreciably alter the drug solution. 

Inkjet printing has been shown in the past to be an effective means of depositing 
pharmacologic agents. Scoutaris et al. examined the inkjet deposition of felodipine and 
polyvinyl pyrrolidone (PVP) mixtures onto glass substrates.[40] Homogeneity was observed 
in the micro-spots of the patterned PVP-drug mixtures. Drug release was modified by 
varying the drug loading percentage within the inks, suggesting the potential to create a 
controlled release platform with varying concentrations of drug within a printed pattern. In 
another study, acetaminophen, theophylline, and caffeine were deposited onto pigment-
coated paper, uncoated paper, and polyethylene terephthalate (PET) film using a Dimatix 
DMP-2800 piezoelectric inkjet printer.[41] The study investigated the crystallization of the 
model drugs as well as penetration into porous substrates as a potential means for creating 
complex drug delivery systems. The authors noted the potential of this process to facilitate 
accurate dosing of low-dosage medicine, fabrication of on-demand individualized medicine 
delivery systems, and a mechanism for delivery of poorly soluble drugs. These concepts are 
also applicable to microneedle arrays. In this study, microgram quantities of voriconazole 
were applied to the microneedle surfaces; the dosage of the pharmacologic agent can be 
adjusted on-demand by altering the printing pattern and deposition parameters. 
Furthermore, voriconazole is a drug that is poorly soluble in water, necessitating 
dissolution by DMSO in this printing process.  

Inkjet printing has been previously utilized by our group as an approach to apply 
surface coatings to microneedle arrays.[24-26] Antifungal pharmacologic agents, including 
amphotericin B[25] and miconazole,[26] have previously been applied to polymeric 
microneedles using piezoelectric inkjet printing. This approach provides reproducibility 
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and precision in the quantity and location of the pharmacologic agent that is applied to the 
microneedle. The inkjet printing process can be readily modified for use with other poorly 

 
Figure 7.3: FTIR spectrum of PGA modified with voriconazole using inkjet printing. 
water-soluble drugs and/or for modification of microneedle arrays with other geometries. 
Furthermore, the target-specific nature of the printing process could facilitate preparation 
of multiplexed microneedle arrays, in which a variety of drugs are deposited onto a single 
microneedle for use in combinatorial drug therapy. This concept supports the premise of 
creating sophisticated drug delivery devices that can be personalized for individual patient 
needs. 
Porcine Skin Penetration 

Microneedle penetration into porcine skin was used assessed using by application of 
methylene blue-coated microneedles using a spring-loaded applicator. Methylene blue has 
been utilized in a number of other studies for confirming microneedle penetration into 
skin.[42-45] In our study, dissolution of the methylene blue coating was noted on the 
microneedle surface following application to the skin. Figure 7.4 shows before (Fig. 7.4b) 
and after (Fig. 7.4c) images of a methylene blue-coated microneedle. Following the 15 
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minute application time, the blue-colored coating was not apparent on the upper portion of 
the microneedle. The penetration test suggests that the upper portion of the microneedle 
penetrated into the skin, enabling dissolution of the surface coating. Furthermore, the 
injection sites in the porcine skin exhibited a blue color due to the methylene blue dye; this 
skin discoloration remained following swabbing of the insertion site with saline and 
ethanol. Figure 7.4(a) displays an example insertion site for an array of microneedles. It is 
apparent that there are four puncture sites within the tissue, which are located in 
congruence with the tip-to-tip microneedle spacing of the microneedle array. Furthermore, 
there is a visual confirmation of the localization of the methylene blue dye within the 
insertion sites and beneath the skin surface. These results are indicative of penetration of 
the microneedle array through the stratum corneum layer, facilitating release of the dye 
from the microneedle surface coating into deeper layers of the skin. 

 
Figure 7.4: Optical micrograph of (a) porcine skin following application of a methylene blue-coated microneedle array (arrows indicate puncture locations); (b) methylene blue-coated microneedle prior to skin testing; (c) methylene blue-coated microneedle following skin testing, with dissolution of the blue coating at the upper portion of the microneedle. 
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Antimicrobial Testing 
The results of the microneedle interactions with the microbial cultures in the agar 

plating study are shown in Figure 7.5(a-d), with (a) C. albicans, (b) E. coli, (c) P. aeruginosa, 
and (d) S. aureus. A qualitative assessment can be made regarding the antimicrobial effects 
of the unmodified, vehicle-modified, and voriconazole-modified microneedles on the 

 
Figure 7.5: Agar plates of microbial cultures following 24-hour exposure to unmodified, vehicle-modified, and voriconazole-modified PGA microneedle arrays (a) C. albicans (b) E. coli, (c) P. aeruginosa, and (d) S. aureus. A zone of growth inhibition is seen in (a) C. albicans at the insertion site of the voriconazole-modified microneedle array. 
microbial cultures. For each of the tested bacteria, there was no observable inhibition of 
growth following 24 hours of culture in contact with the unmodified and vehicle-modified 
microneedles. The E. coli, P. aeruginosa, and S. aureus cultures did not exhibit growth 
inhibition following incubation with the voriconazole-modified microneedles. The C. 
albicans culture exposed to the voriconazole-modified microneedles demonstrated a zone 
of growth inhibition measuring 35 mm in diameter (Fig. 7.5a). The visible zone of growth 
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inhibition on the agar is indicative of the anti- C. albicans functionality of the voriconazole-
modified microneedles. 

It is interesting to note that the microneedle arrays that were modified by 
PMVE/MA copolymer-containing vehicle and voriconazole solutions did not show 
antibacterial activity. Previous work by Boehm et al. has indicated that microneedles made 
from Gantrez AN-169BF exhibit antibacterial properties.[5] In addition, maleic acid and 
copolymers containing maleic anhydride have been shown to exhibit antimicrobial 
properties against Enterococcus faecalis,[5,46] S. aureus,[5,46,47] C. albicans,[46,47] E. coli,[5,47] and 
Bacillus subtilis.[5] It should be noted that the previous study by Boehm et al. involved an 
entire microneedle device that was fabricated out of Gantrez AN-169BF and that the current 
study involves an Gantrez AN-169BF-containing  microneedle coating;[5] the microneedle in 
the previous study contained a much larger quantity of PMVE/MA than the microneedle in 
the current study. The inclusion of voriconazole in the inkjet printing-modified solution did 
impart antifungal activity to the microneedles against the C. albicans.   

It should be noted that the number of printed layers can be increased in order to 
enlarge the voriconazole dosage without modifying the size of the microneedle array. The 
current microneedle array covers a surface area of roughly 12 mm2; several microneedle 
arrays could be used in a single step to treat a larger surface area. In addition, the dosage 
can be increased by treating a single site with several microneedle arrays. 

Conclusions 
In this study, microneedle arrays were fabricated using a combination of injection molding 
and drawing lithography; the sharpened microstructures created using this approach were 
capable of penetrating porcine skin samples. A piezoelectric inkjet printing process was 
utilized to deposit drug coatings onto the surfaces of PGA microneedles. Visual observations 
and EDS spectral analysis confirmed repeatable deposition of drug coatings on the 
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microneedle surfaces. FTIR analysis indicated maintenance of the expected chemical groups 
of the substrate and the inkjet printing-modified materials. An agar plating study confirmed 
the antimicrobial functionality of the voriconazole-modified microneedle arrays. These 
findings suggest that PGA microneedles with inkjet deposited antifungal drug coatings may 
serve as transdermal drug delivery vehicles for antifungal applications. 
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Abstract 
Microneedle arrays were fabricated by a drawing lithography process out of 

poly(glycolic acid) and were modified by piezoelectric inkjet printing. Surface coatings of 
poly(methyl vinyl ether – co – maleic anhydride) as a water-soluble drug release layer, as 
well as drug coatings containing the antifungal agent itraconazole were applied to the 
microneedles by the inkjet process. Microscopic evaluation of the microneedles indicated 
accuracy of the deposited compounds and release of the surface coatings into porcine skin. 
Energy dispersive x-ray spectrometry aided in confirmation of the print coatings to the 
desired target areas. Fourier transform infrared spectroscopy indicated that the printing 
process did not greatly alter the functional groups of the inkjet deposited agents. 
Microneedles incubated with agar plates of C. albicans cultures indicated zones of growth 
inhibition for the itraconazole-modified arrays. 
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Introduction 
Itraconazole is an antifungal agent that is part of the azole class of drugs. Azoles are 

the most widely used class of antifungal agents, with the triazoles (e.g., itraconazole, 
voriconazole) being used to treat both superficial and invasive fungal infections.[1] These 
agents are active against the cytochrome P450 enzyme, with a greater affinity to the fungal 
version of the enzyme compared to the mammalian enzyme, inhibiting the ergosterol 
formation which is an important component in fungal cell walls.[2] They are useful in 
treatment of infections caused by yeasts and some molds[1] and are typically delivered in 
oral capsule or solution form at 100 – 400 mg/day.[3] 

While useful in oral treatment forms, itraconazole has shown a high degree of 
variability in the bioavailability, both within individual patients and between patients.[3] The 
drug is highly lipophilic, nearly insoluble in water, exhibits low toxicity, and binds to 
proteins at 99.8%.[3] However, due to the inter- and intra-patient variability, as well as the 
impact of food intake on the plasma concentrations of the drug, predicting the steady-state 
dosage of the systemically delivered drug is challenging. It has been suggested that Cmin 
levels ≥250 µg/L in normal patients, and ≥500 µg/L Cmin levels in immunocompromised 
patients may be necessary for therapy and prophylaxis.[3-5] Despite the high protein binding, 
it maintains potent antifungal activity, and has been shown to localize in the tissue at levels 
multiple times higher than that of the plasma.[3] It has a propensity to bind to keratin in the 
skin, lending it to investigation for dermatologic applications.[6,7] As such, the current study 
investigates the use of inkjet printing to apply the agent to microneedles for transdermal 
drug delivery purposes. 

Inkjet printing is a non-contact, additive processing technique that can be used to 
pattern pharmacologically-relevant agents at microscale resolutions. Piezoelectric inkjet 
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printing is a version of inkjet printing that utilizes a piezoelectric actuator to generate an 
acoustic wave that ejects tiny droplets of fluid at low temperatures that are necessary for 
many biologically-relevant inks. This process may be utilized to eject droplets with volumes 
in the range of 1 – 100 pL.[8,9] This method is also useful for depositing accurate low doses of 
pharmacologically-relevant compounds, as well as deposition of poorly water-soluble 
agents, since the process is compatible with both aqueous solutions and a number of 
organic solvents. Several pharmacologic agents have been printed in this manner, such as 
paracetamol,[10] felodipine,[11] paclitaxel-loaded PLGA inks,[12] and dispersions of 
polyvinylpyrrolidone and naproxen.[13] Furthermore, this process may be utilized to 
functionalize medical devices. Fenofibrate and a rapamycin derivative have been deposited 
onto polymer-coated stainless steel stents.[14] Drug-eluting stents coated with paclitaxel 
have been created using piezoelectric inkjet printing.[15] Antimicrobial coatings have also 
been deposited onto orthopedic implant materials.[16,17] 

Additionally, our group has investigated inkjet printing as a technique to deposit 
drug coatings onto microneedle arrays. Microneedles are small-scale lancet-like devices, 
typically utilized for transdermal drug and vaccine delivery. They operate by physically-
penetrating the stratum corneum layer of skin, facilitating transdermal transit of a 
pharmacologic agent. Previously, a model drug and antifungal agents have been successfully 
deposited onto microneedle arrays using piezoelectric inkjet printing.[18-21] Microneedles 
fabricated using a combination of visible light dynamic mask microstereolithography and 
micormolding has been utilized to make microneedles out of the copolymer poly(methyl 
vinyl ether – co – maleic anhydride) (PMVE/MA), which were then modified with surface 
coatings applied by piezoelectric inkjet printing.[18-20] Model drug solutions of quantum dots 
have been applied in this manner to microneedles, with delivery of the agent into porcine 
skin that showed improved penetration depth when compared to skin that was untreated 
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by microneedles.[18] The antifungal drugs amphotericin B and miconazole have also been 
applied to PMVE/MA microneedles using this process.[19,20] Modified disk-diffusion agar 
plating studies with Candida spp. exposed to these inkjet-modified arrays indicated 
maintenance of the antifungal properties of the applied drug coatings. Additionally, 
polyglycolic acid (PGA) microneedle arrays fabricated through a drawing lithography 
process have been inkjet-modified with the triazole drug voriconazole, which also 
maintained antifungal activity on the microneedles during in vitro agar plating 
investigation.[21] 

In the present study, we examined the deposition of multi-component coatings onto 
PGA microneedles, featuring itraconazole as the active pharmacologic agent. As itraconazole 
has very limited solubility in water, the deposition of a water-soluble PMVE/MA release 
layer was inkjet-deposited onto microneedle arrays, prior to depositing an itraconazole-
drug coating that was formulated with benzyl alcohol and coconut oil as a vehicle. The 
microneedles were examined with optical and scanning electron microscopy, the chemical 
composition of the coatings was investigated with energy dispersive x-ray spectrometry 
and Fourier transform infrared spectroscopy, and the drug-coating release and 
antimicrobial activity of the coatings were examined in porcine skin and modified disk 
diffusion tests, respectively. 

Materials & Methods 
Drawing Lithography Processing 

The microneedle arrays examined in this study were fabricated from Kuredux® 
PGA (Kureha, Tokyo, Japan) as described previously.[21] Pellets of the PGA material were 
injection molded by steel molds with a Sesame molding machine (Trinks, Inc., De Pere, WI, 
USA), into 1 x 4 arrays with microneedle structures spaced 1800 µm apart, center-to-center. 
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These molded parts were in the form of half-cones on top of a rectangular base, with the 
faces of the half-cones aligning in a co-planar manner with one of the long faces of the 
rectangular substrate. 

To create sharpened tips on these injection molded structures, a drawing 
lithography process was applied to the microneedles in the array.[21] Briefly, the 
microneedles underwent a process of melt-drawing, wherein they were lowered onto a 
heated surface (220˚C) controlled by a servomotor lift platform and withdrawn while 
cooling to create sharpened, higher aspect ratio structures. The microneedles were 
immobilized above a CimarecTM hotplate (Barnstead International, Dubuque, IA, USA) which 
was attached to an AVS125 servomotor lift platform (Aerotech, Inc., Pittsburgh, PA, USA). 
The microneedles were oriented so that the axis of the half-cone was pointed toward the 
hotplate. As the lift platform was raised, it made contact with the tips of the microneedles, 
and paused (20 s) to heat the PGA structure. The platform was then slowly raised 550 µm, 
at a rate of 0.5 mm s-1, melting the microneedle structure; the Kuredux® PGA has a Tm of 
220˚C. The hotplate was turned off during a 3 s pause in the platform motion, after which 
the platform reversed direction, traveling 1.65 mm at a rate of 1.0 mm min-1. During this 
reversal of direction, the PGA material at the microneedle sites was drawn into a more 
tapered structure, cooling and solidifying as the heat source was removed. 

Inkjet Processing 

A variety of materials were utilized to prepare the inkjet solutions for deposition 
onto the PGA microneedles. These materials included the co-polymer poly(methyl vinyl 
ether-co-maleic anhydride) (PMVE/MA), known by trade name Gantrez AN-119BF 
(Ashland, Inc., Wilmington, DE, USA); benzyl alcohol, itraconazole (ITZ), and dimethyl 
sulfoxide (DMSO) (Thermo Fisher Scientific, Waltham, MA, USA); and PAM® coconut oil 
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(ConAgra Foods, Inc., Omaha, NE, USA). The components were mixed into two combinations 
to create inks for application to the microneedles: 

(1) 5% (w/v) PMVE/MA in DMSO 
(2) 180 mg/mL ITZ, with 10% v/v coconut oil, in benzyl alcohol 

The ink with the co-polymer in DMSO was utilized as a water-soluble release layer, applied 
to the microneedles before the drug containing ink.  
Table 8.1: Overview of the parameters utilized for inkjet deposition onto PGA microneedles. 
ƚApproximately one-third of these droplets were applied to the microneedle surface. A larger than needed rectangular pattern was utilized to rapidly apply the PMVE/MA + DMSO surface coating to the microneedles. Further optimization of the pattern can reduce the number of droplets. 

Ink Composition 
Droplet Velocity (m/s) 

Cartridge Temp. (˚C) 
Meniscus Set Point (in. H20) 

Drop Spacing (µm) Pattern Total Droplet Count Interlayer Delay (s) No. of Layers 
Firing Frequency (kHz) 

5% (w/v) PMVE/MA in DMSO 10 50 N/A 50 252ƚ 30 10 2 
180 mg/mL ITZ, with 10% v/v coconut oil, in benzyl alcohol 

5 37 5 5 106 30 20 4 

 Ink deposition was performed with a Dimatix DMP-2831 material printer and 
Dimatix DMCLCP-11610 inkjet cartridges (Fujifilm Dimatix, Santa Clara, CA, USA). The 
microneedle arrays were adhered to the printer platen with double-sided adhesive, 
oriented with the axes of the microneedles running parallel to the plane of the platen 
surface. Inkjet deposition was applied to one side of the microneedle surface, allowed to 
dry, and then the arrays were flipped onto their reverse sides for a repeated application of 
the inkjet coatings. Ten layers of the PMVE/MA + DMSO ink and 20 layers of one of the drug 
containing solutions was applied to each side of the microneedles in this manner. 

The inkjet cartridges were loaded with at least 1.0 mL of solution and utilized to 
eject droplets with nominal volumes of 10 pL per droplet; a separate cartridge was used for 
each type of ink. A single nozzle of the cartridge was utilized for deposition of the ITZ-
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containing inks, while 4 nozzles were utilized for deposition of the PMVE/MA-DMSO ink. 
The microneedle substrates were approximately 1000 µm in thickness, with the 
microneedles aligned along one edge of the substrate. As such, the printer’s substrate 
thickness setting was set at either 3500 µm or 4500 µm to keep consistency in the distance 
the of droplet flight from the cartridge, while avoiding physically contacting the arrays 
during print motion. When the arrays were oriented so that the substrate surfaces aligned 
with microneedles were closer to the platen, the 3500 µm thickness was utilized; when the 
arrays were flipped over and immobilized so that the microneedles were positioned more 
closely to the print cartridge, the 4500 µm thickness was chosen. In all cases, the setting for 
cartridge print height was 0.700 mm. A variety of other print settings were utilized, 
depending on the ink solution, as shown in Table 8.1. 

These print settings were used with optimized (ink-dependent) voltage waveforms 
to deposit 10 layers of the PMVE/MA + DMSO coating and 20 layers of one of the drug 
containing solutions onto each side of the microneedles. As such, 3.125 µg of drug was 
deposited onto each side of a microneedle in the 1 x 4 array, with the dose totaling 25 µg of 
drug per array. 

Microscopic Evaluations and Energy Dispersive X-ray Spectrometry 

The unmodified and inkjet-modified microneedle arrays were examined using an S-
3200 variable pressure scanning electron microscope, equipped with an energy dispersive 
spectrometer (Hitachi, Tokyo, Japan). Spectra from the energy dispersive spectrometry 
(EDX) were acquired from unmodified and print-modified microneedles, with a 20 keV 
probe targeting the upper inkjetted regions of the microneedles, the lower portions of the 
microneedles closest to the base, and the bulk substrate material. The elemental 
components detected through this process were utilized to assess the composition of the 



151  

material at each site, providing insight into the accuracy of the printing process during 
coating. For SEM imaging, the samples were coated with a thin layer (~14 nm) of 60% gold-
40% palladium in a Technics Hummer II sputter coating system (Anatech, Battle Creek, MI, 
USA). Images were acquired at 20x and 90x magnification, using 20 kV for the accelerating 
voltage. 

Optical microscopy of the microneedle arrays and porcine skin insertion sites was 
conducted using a VHX-5000 microscope (Keyence, Itaska, IL, USA). The front and back 
sides of print-modified microneedle arrays were imaged before/after skin insertion into 
porcine skin samples. Methylene blue dye at 1% (w/v) was added to the drug-containing 
inks to aid in visualization of the coating dissolution from the microneedle surfaces in the 
porcine skin and to mark penetration sites into the tissue. The printing parameters utilized 
for deposition of methylene blue-containing ink did not deviate from the as-described 
process. 

Full-thickness porcine skin was trimmed from pig feet, acquired from a local 
abattoir, and trimmed to dimensions of ~5 x 5 cm2, with a thickness of a ~3-4 millimeters. 
As described previously,[21] the microneedle arrays were loaded into a custom adapter, 
fitted into a MiniMed® Quick-serter spring-loaded applicator, and applied to the porcine 
skin. The microneedles were left inserted in the tissue for 3 hours to facilitate dissolution of 
the surface coating from the microneedles. Following this procedure, the microneedles 
were removed from the tissue, and both the arrays and skin insertion sites were imaged. 

Fourier Transform Infrared Spectroscopy 

The materials that were processed with inkjet printing were examined with Fourier 
transform infrared spectroscopy to determine if their functional groups were still 
identifiable following the depositions. The FTIR spectra were acquired using a Nexus 470 
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system, with an OMNI sampler, a continuum microscope, and OMNICTM analysis software 
(Thermo Fisher, Waltham, MA, USA). Samples were prepared with inkjet-deposited patterns 
on the rectangular substrates of the drawing lithography-processed PGA material. For the 
PMVE/MA + DMSO deposition, a rectangular pattern (1.840 x 1.840 mm2, 50 µm drop 
spacing) was deposited in 10 layers, with a 30 s interlayer delay. Separate samples were 
prepared from ITZ inks with/without coconut oil deposited on top of the PMVE/MA + DMSO 
layers; these depositions were of the same size (1.840 x 1.840 mm2, 5 µm drop spacing), 
deposited in a single layer. The rectangular patterns were necessary to provide enough 
surface area for the FTIR system to probe the materials after deposition. Additionally, vials 
of benzyl alcohol, DMSO, and coconut oil were provided for acquisition of individual 
spectra; solid powders of the PMVE/MA and ITZ were provided as well. 

Antimicrobial Testing 

Antimicrobial testing was performed using a modified agar disk diffusion assay to 
examine the growth inhibiting effects of the microneedles against cultures of C. albicans 
(ATCC 90028), S. aureus (ATCC 6538), and E. coli (ATCC 12435) (American Type Culture 
Collection, Manassas, VA, USA). The reagents used for the microbial cultures included 
Sabouraud dextrose agar, Mueller Hinton agar, yeast nitrogen base, dextrose, tryptic soy 
broth, Luria-Bertani broth, phosphate buffered saline (x 10), and triphenyltetrazolium 
chloride (VWR International, West Chester, PA, USA). Overnight broth cultures of C. 
albicans, S. aureus, and E. coli were prepared in yeast nitrogen base with 100 mM dextrose, 
tryptic soy broth, or Luria-Bertani broth, respectively. Cell pellets were collected with 
centrifugation (4500 rpm) for ten minutes and were subsequently resuspended to a cell 
density of approximately 108 cells ml-1 in PBS (x 1); PBS (x 10) was diluted with deionized 
water to prepare the PBS (x 1). Agar plates were inoculated with the microbial cultures 
following resuspension of the cell pellets. Sabouraud dextrose agar was swabbed with C. 
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albicans, while plates of Mueller Hinton agar were inoculated with either S. aureus or E. coli. 
Triphenyltetrazolium chloride was added into each of the agar plates as a visualization aid, 
turning red in color in the presence of microbial growth. 

A number of microneedle arrays with inkjet-modifications were plated with cultures 
to assess the antimicrobial effects of the devices. PGA microneedle arrays with the following 
inkjet-applied coatings were tested against the inoculated agar plates, with the 
microneedles pressed into the agar: (1) unmodified PGA, (2) PMVE/MA in DMSO with ITZ in 
benzyl alcohol (3) PMVE/MA in DMSO with coconut oil in benzyl alcohol, (4) PMVE/MA in 
DMSO with ITZ and coconut oil in benzyl alcohol. The plates were incubated for 24 hours at 
37˚C, then imaged and examined for zones of inhibited microbial growth. 

Results & Discussion 
Microscopy and EDX 

The drawing lithography process created tapered microneedle structures, with 
higher aspect ratios compared to the starting material. This process has been utilized in the 
past to create sharpened structures to facilitate tissue penetration.[21] The microneedles 
prepared using this process exhibited heights of 641 ± 9.5 µm (mean ± S.E.M., n = 60). As 
seen in Figure 8.1(a-c), the structures taper from the base, narrowing toward the top of the 
structure, and coming to a point. Figure 8.1(c) also shows how the microneedles are aligned 
along one of the faces of the substrate. It is this face that is aligned to be coplanar with the 
printer platen during the ink deposition process, with the microneedles adjacent to either 
the platen or the print cartridge, depending upon which side of the microneedles the 
coatings are being applied during the deposition. 

Figure 8.1(d-f) shows examples of inkjet modified microneedles and the probe 
locations of the EDX spectra that were acquired. In Fig. 8.1(d, e), the dried print coatings 
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Figure 8.1: Scanning electron micrographs of PGA microneedles without (a-c) and with (d-e) inkjet modification. a) Front view of a single unmodified microneedle at 90x magnification. b) Angled view of microneedle at 90x magnification. c) Top view of an array of microneedles at 20x magnification. d) Front view of a single microneedle array at 90x magnification, with probe locations for EDX indicated by positions (1 – 3). e) Angled view of microneedle at 90x magnification. f) Top view of an inkjet-modified array of microneedles at 20x magnification. Print coatings can be observed on the front and back of the microneedles following the inkjet deposition process. Scale bars for (a, b, d, e) are 200 µm. Scale bars for (c, f) are 1 mm.  
deposited onto the surface of the microneedles are seen as the roughened surfaces on the 
upper and middle portions of the structures. Additionally, Fig. 8.1(f) shows a top-down view 
of a microneedle array. The inkjet coatings can be seen on either side of the microneedles, 
depicting how the depositions were applied to both sides during the printing process. 
Additionally, the (1) – (3) numbering shown in Figure 8.1(d) are the locations where the 
EDX probes were placed; the change in the surface morphology of the material can be seen 
at the (1,2) locations, as the high energy of the EDX probe interacted with the PGA material 
and modified the surface of the material. Similar locations were probed on the unmodified 
samples as well. 

Probing of the surface of the microneedle arrays was conducted on the print-
targeted region of the microneedles, the base of the microneedles, and on the bulk substrate 
of the PGA material, as numbered (1) – (3), respectively. For the unmodified microneedles, 
each of these three locations returned a signal indicative of carbon and oxygen; additionally, 
the microneedle locations (1,2), but not the bulk substrate (3), returned a signal indicating 

a) b) 

c) 

d) e) 

f) 
(3) 
(2) 
(1) 
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trace amounts of silicon. The carbon and oxygen signals are as expected, as the 
microneedles are composed of poly(glycolic acid) [(C2H2O2)n]. The trace amounts (≤0.36 wt. 
%) of silicon that are detected are attributed to the interactions between the polymer melts 
and the heated ceramic surface of the hotplate used during the drawing lithography 
process. In contrast, the EDX examination of the print-modified microneedle arrays showed 
a different chemical composition of the microneedle surface. The print-modified 
microneedles exhibited high values of carbon and oxygen in all three of the probed 
locations. Again, this is expected considering the PGA material. Additionally, the PMVE/MA 
base layer [(C6H8O4)n], benzyl alcohol (C7H8O), itraconazole (C35H38Cl2N8O4), and coconut oil 
(largely composed of fatty acids), are all carbon and oxygen containing compounds. 
However, the print-targeted region of the microneedles also exhibited high weight 
percentage of chlorine (21.19 wt. %), indicative of the targeted deposition of the 
itraconazole-containing solution. Furthermore, there were very trace amounts (0.48 wt. %) 
of chlorine detected at the base position of the microneedles indicating that the majority of 
the deposited drug solution remained in the target deposition region of the microneedles; 
there was no detectable chlorine signal from the bulk substrate of the microneedle arrays. 

Furthermore, the dissolution of the methylene blue-containing coatings from the 
microneedles was examined in porcine skin. Figure 8.2(a-d) shows optical images of the 
microneedle arrays before/after skin insertion, as well as the penetration sites Fig. 8.2(e) of 
the microneedles into the skin sample. The blue coatings on the front and back sides of the 
microneedles are seen in Fig. 8.2(a,b). Following insertion into the porcine skin for 3 hours, 
the microneedles were removed and examined for dissolution of the surface coatings into 
the tissue. The images of the microneedles following the removal from the tissue are seen in 
Fig. 8.2(c, d). Observations of the microneedles show that the drug coatings containing 
methylene blue were dissolving from the device surfaces. In Fig. 8.2(e), the porcine tissue  
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 Figure 8.2: Optical micrographs of methylene blue and ITZ-modified (with PMVE/MA, DMSO, coconut oil, and benzyl alcohol) PGA microneedles before (a – front side, b – back side) and after (c – front side, d – back side) insertion into porcine skin. The insertion sites into porcine skin are noted with the arrows in (e). Scale bars for all images are 1 mm.  
penetration sites are indicated by the arrows. Blue dye can be seen at the insertion sites, 
indicative of the dissolution of the drug coatings from the microneedles.  

The 3-hour insertion time to facilitate dissolution of the drug coating is a byproduct 
of the low solubility of itraconazole in aqueous solutions (e.g., interstitial fluid). The use of 
the PMVE/MA layer, as well as the incorporation of the drug into a benzyl alcohol & coconut 
oil containing solution, was designed to improve the dissolution properties of the surface 
coatings. Itraconazole has been previously investigated in ointments containing benzyl 
alcohol, oleic acid, and hydroxypropylmethyl cellulose.[22] Earlier work on this project 
indicated that without the use of a release layer and incorporation of coconut oil, 
dissolution of the drug coatings was challenging to achieve. As such, the PMVE/MA release 
layer and coconut oil in the drug ink were incorporated. Our previous work has utilized 

a) 

b) 

c) 

d) 

e) 
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PMVE/MA microneedles in drug delivery applications, as well as incorporation into inkjet 
solutions.[18-21,23] We have observed dissolution of these materials upon insertion into 
porcine skin samples. Microneedles fabricated from PMVE/MA have also shown 
antibacterial properties against S. aureus, E. coli, B. subtilis, and E. faecalis. Additionally, 
coconut oil is a commonly used in dermatologic applications as a skin care product.[24] It is 
commonly ingested in many tropical areas of the world, considered safe as a topical agent, 
has very low incidence of allergic reactions in patients using the material for dermatologic 
applications, and has exhibited antimicrobial properties when used as treatment for atopic 
dermatitis.[25] For these reasons, the PMVE/MA release layer and integration of coconut oil 
into the itraconazole-containing ink were chosen. Investigation into additional ink-
components, as well as further optimization of the formulation may be useful in reducing 
the dissolution time of the coatings from the microneedles. 

FTIR Analysis 

FTIR spectra were acquired from the inkjetted samples as well as stock solutions 
and powders of the ink components in order to assess the impact of the inkjet processing on 
the functional groups of the materials. Inkjet processing of antifungal drugs such as 
amphotericin B, voriconazole, and miconazole during deposition onto microneedles has 
been investigated previously,[19-21] but the use of benzyl alcohol and coconut oil, as well as 
the presently tested itraconazole antifungal agent, have yet to be investigated in this 
manner. According to the literature, there are several characteristics peaks for itraconazole 
that are of note in identifying its chemical signature. Stretching from the NH2 groups are 
seen at 3381 cm-1, 3126 cm-1, and 3069 cm-1.[26,27] The aliphatic C – H absorption is observed 
at 2962 cm-1. [26,27] Stretching of the C = O from the carbonyl is noted at 1698 cm-1,[26-28] while 
C – H deformation in the aromatic rings of the molecule are seen around 1510 cm-1 and 
1450 cm-1.[26-28] A signal from C = N and C – N is noted at 1609 cm-1 and 1425 cm-1, 
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respectively.[26,27] Furthermore, the C – Cl bond absorption is seen with a peak at 1045 cm-

1.[28] Coconut oil also has noteworthy absorption bands which are characteristic of the fatty 
acid ratios composing its structure. Virgin coconut oil has C – H stretching at 2922 cm-1 and 
C = O aldehyde stretching at 1740 cm-1.[29] Bending from methylene occurs at 1465 cm-1 and 
methyl groups at 1375 cm-1.[29] Ester group stretching is seen at 1160 cm-1.[29] 

For the purpose of comparison between the literature, the individual itraconazole 
and coconut oil components, and the combined inkjet spectrum acquired from the printed 
coatings, Figure 8.3 provides an overlay of the inkjet, itraconazole, and coconut oil spectra. 
Key peaks are marked by the dashed lines on the inkjet spectrum, which then cross over the 
individual spectra of the itraconazole and coconut oil spectra. The wavenumbers 
corresponding to the peaks for each spectrum are shown in the table below the spectral 
overlay. As indicated in the Table 8.2 for Figure 8.3, good agreement is observed between 
the acquired inkjet spectrum, the individual spectra of the itraconazole and the coconut oil, 
and the wavenumbers seen in the literature.  

 Figure 8.3: FTIR spectra overlay of inkjet deposited composite coating containing signals from PGA, itraconazole, benzyl alcohol, coconut oil, PMVE/MA, and DMSO. Individual spectra for coconut oil and itraconazole are used for comparison purposes, with key signature peaks labeled (A – O).  
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It should also be noted that the inkjet spectrum contains absorbance contributions 
from the PGA, PMVE/MA, DMSO, and benzyl alcohol. PGA has characteristic bands at 2960 
cm-1, 1430 cm-1, 1182 cm-1, and 1102 cm-1.[30] The inkjet composite shows peaks at 2960 cm-

1, 1423 cm-1, 1184 cm-1, and 1105 cm-1. These peaks are in good agreement with the 
literature for a PGA spectrum. PMVE/MA has its most notable characteristic peaks in the 
form of a doublet associated with carbonyl stretching of the acid anhydride at 1853 cm-1 
and 1778 cm-1.[21,31-33] However, when the anhydride group is hydrolyzed to the free acid, 
the doublet changes to a single peak near 1711 cm-1.[18,23] In the current study, this signal is 
largely masked by the spectral contributions of itraconazole and coconut oil in this region. 
This observation is not surprising as there was a much greater quantity of itraconazole and 
coconut oil applied on top of the PMVE/MA layer on the printed samples.  
Table 8.2: Comparison of the FTIR spectra from Figure 8.3 highlighting the comparison of the key peaks labeled with markers (A – O) between the inkjet-deposited solutions and individual component spectra of the itraconazole and coconut oil. The wavenumber of the key peaks are compared to the literature for these component peaks and the functional groups assigned to the peaks are listed. 

 Wavenumber (cm-1)  
Marker Inkjet Spectrum Itraconazole  Coconut Oil Literature 

Ref. Functional Group 
A 3383 3383  3381 Free NH2 
B 3127 3126  3126 Amino NH2 
C 3069 3070  3069 Amino NH2 
D 2960 2964 2955 2962 Aliphatic C - H 
E 2925  2924 2922 Aliphatic C - H 
F 1743  1746 1740 Aldehyde C = O 
G 1697 1698  1698 Carbonyl C = O 
H 1614 1614  1609 C = N bond 
I 1511 1511  1510 Aromatic C - H 
J 1465  1466 1465 Methylene CH2 
K 1452 1451  1450 Aromatic C - H 
L 1424 1425  1425 C - N bond 
M 1380  1378 1375 Methyl CH3 
N 1154  1161 1160 Ester C - O 
O 1044 1045  1045 C - Cl bond 
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For DMSO, Mozhzhukhina et al. noted that peaks are seen at 1438 cm-1, 1405 cm-1, 
1310 cm-1, and 1075 cm-1.[34] In the composite inkjet spectrum, slightly shifted peaks are 
seen at 1415 cm-1 and 1073 cm-1, but the 1438 cm-1 and 1310 cm-1 noted in the literature 
are masked by the other components, as is the case for the PMVE/MA. The 1405 cm-1 is 
attributed to antisymmetric bending of CH3,[34] making it plausible that a slight shift in this 
spectral peak could be are result of methyl group bending contributed by the other 
components in the composite printed sample. Lastly, the final component of the composite 
contributing to the spectrum is benzyl alcohol. Pure benzyl alcohol has an (O – H) stretching 
peak at 3262 cm-1 and a (C – O) stretching band at 1194 cm-1.[35] Alcohols in general show (O 
– H) stretching bands in the 3500 – 3000 cm-1 range, with bending due to (O – H) between 
1350 – 1250 cm-1, and (C – O) stretching from 1080 – 1010 cm-1.[35] In the inkjet spectrum, 
the 3500 – 3000 cm-1 region is largely without a notable signal, with the exception of the 
NH2 contributions from itraconazole. However, there are peaks noted at 1332.65 cm-1, 1296 
cm-1, 1272 cm-1, 1184 cm-1, 1073 cm-1, 1044 cm-1, and 1010 cm-1. The benzyl alcohol 
individual spectrum has peaks at 1333 cm-1, 1303 cm-1, 1282 cm-1, 1209 cm-1, 1038 cm-1, 
and 1017 cm-1, falling within the ranges described by the literature and in proximity to the 
peaks noted in the composite inkjet spectrum. 
Antimicrobial Activity 

Itraconazole traditionally has been used in oral and intravenous forms for treatment 
of superficial and invasive fungal infections.[1] It is a triazole antifungal agent, operating 
against P450 enzymes, inhibiting the formation of fungal cell membranes.[7] More recently, 
it has seen use in dermatologic applications, as its affinity for protein binding (e.g., to 
keratin) facilitates accumulation of the drug in skin and nails, providing fungistatic effects 
against yeasts, dermatophytes, and molds.[6,7] It has shown antifungal characteristics against 
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C. albicans, which is an opportunistic yeast prevalent in onychomycoses, as well as mucosal 
and skin infections.  

The components of the ink formulation utilized in the study also included 
PMVE/MA, benzyl alcohol, and coconut oil, which have known antimicrobial properties. 
PMVE/MA has shown antibacterial activity against S. aureus, E. coli, E. faecalis, and B. subtilis 
when used as a material to fabricate microneedle arrays.[23] Benzyl alcohol is also utilized as 
an antimicrobial preservative in foods and cosmetic agents, while also seeing use in 
pharmaceutical formulations;[36] it has shown antibacterial and fungistatic properties.[36] 
Coconut oil has also exhibited antimicrobial activity against fungi and bacteria.[24] The 
antimicrobial effects of the compound are owed to its degradation into monoglycerides and 
medium-chain fatty acids.[24,37] 

In this study, microneedles were plated with C. albicans, S. aureus, and E. coli to examine 
their antimicrobial effects against these microbes. As described earlier, several different 
compositions of coatings on the microneedles were tested in the plating assay: 

(1) unmodified PGA (no inkjet coating) 
(2) PMVE/MA in DMSO with ITZ in benzyl alcohol 
(3) PMVE/MA in DMSO with coconut oil in benzyl alcohol 
(4) PMVE/MA in DMSO with ITZ and coconut oil in benzyl alcohol 

These samples were prepared using the same inkjet parameters described for the 
itraconazole-coated microneedle preparation. Each array was tested against a plate 
swabbed with either S. aureus, E. coli, or C. albicans. In the case of an antimicrobial effect, 
zones of growth inhibition (ZOI) are observed surrounding the microneedle array as a 
result of the ink dissolution from the surface of the material, inhibiting the proliferation of 
the microbes in proximity to device. When looking at the S. aureus and E. coli, there were no 
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observed ZOI with the test samples. This may be due to the small quantities of the 
PMVE/MA, benzyl alcohol, and coconut oil that were applied to the microneedles. It has 
been noted previously that when PMVE/MA has been used as a viscosity-modifier at a low 
percentage for antifungal drug modification of microneedles, a lack of antimicrobial activity 
was observed.[21] However, while using larger quantities of the PMVE/MA to fabricate entire 
microneedle arrays, antibacterial behavior was exhibited.[18] Additionally, benzyl alcohol 
has exhibited bacteriostatic behavior and is sometimes used as an antimicrobial 
preservative.[36]  When used as a preservative (1%) benzyl alcohol has minimum inhibitory 
concentrations (MIC) of 25 µg/mL and 2000 µg/mL for S. aureus and E. coli, respectively.[38] 
It is hypothesized that in the current case when testing against these bacteria, the amount of 
PMVE/MA, benzyl alcohol, and coconut oil were below the minimum inhibitory 
concentrations required to prevent growth of the S. aureus and E. coli when diffusing from 
the microneedle surfaces into the surrounding agar. 

In the case of the C. albicans test plates, there were two noted zones of inhibition 
seen out of the four test cases. The unmodified microneedle arrays and the test sample 
including benzyl alcohol and coconut oil vehicle coatings did not exhibit antifungal effects. 
Noting that (1%) benzyl alcohol as a preservative formulation has a 2500 µg/mL MIC for C. 
albicans, which is higher than the MIC values of the bacterial cultures that were tested, it is 
not surprising that there was no ZOI observed for the fungal culture. Another potential 
explanation for the lack of ZOI seen for S. aureus, E. coli, and C. albicans with the coconut oil 
and benzyl alcohol samples is that the benzyl alcohol interacts with the coconut oil in an 
alcoholysis reaction, limiting the antimicrobial constituents in the mixture.[39-43] Coconut oil, 
as well as other naturally occurring oils, may undergo a catalyzed or uncatalyzed 
transesterification process in the presence of alcohols.[43] In the current scenario, the slight 
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acidity of the PMVE/MA upon hydrolysis of the anhydride to a free acid may also have 
facilitated the esterification reaction between benzyl alcohol and the coconut oil. 

The main aim of the antimicrobial testing, however, was to investigate if the 
itraconazole coating on the microneedles maintained efficacy against the C. albicans. There 
were two sample types, (2) and (4), that had itraconazole included in the coatings. Both of 
these samples produced zones of inhibition. The combination of itraconazole with the  

 
Figure 8.4: Modified-disk diffusion assay with C. albicans examining (2) PMVE/MA in DMSO with ITZ in benzyl alcohol and (4) PMVE/MA in DMSO with ITZ and coconut oil in benzyl alcohol. Zones of growth inhibition are noted surroundings microneedles of compositions (2 & 4). 
PMVE/MA-DMSO and coconut oil-benzyl alcohol produced a zone of inhibition of 17 mm 
surrounding the test sample (Fig. 8.4). Additionally, the (2) sample that had the same 
composition as (4), but without the addition of coconut oil, exhibited a zone of inhibition of 
19 mm. It is suspected that the transesterification reaction that affected (3) was also 
involved in the (4) sample. This reaction would help explain the slight difference in size 
between the zones of inhibition between the (2) and (4) sample types. In both cases, 
itraconazole appears to have maintained an antifungal property when tested against these 
C. albicans cultures. Also, while there was a slightly larger ZOI for the (2) vs. (4) sample 
types, the coconut oil aided in dissolution of the coating from the microneedle surfaces 
during skin testing. 

2 

ZOI = 19 mm 

4 

ZOI = 17 mm 
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Conclusion 
PGA microneedle arrays were successfully fabricated using drawing lithography and 

coated with a combination of surface-modifications that included a PMVE/MA water-
soluble release layer and an itraconazole-containing antifungal drug formulation. 
Microscopic and EDX examination of the arrays indicated accurate deposition of these 
surface coatings, while FTIR analysis indicated maintenance of the functional groups of the 
deposited compounds following the inkjetting process. Penetration testing of the 
microneedles into porcine skin showed penetration of the microneedles into the tissue and 
dissolution of the surface coatings in the skin. While no antibacterial effects were noted 
from the microneedles with E. coli and S. aureus, antifungal activity of the drug-coatings was 
maintained when tested in a modified-disk diffusion assay with C. albicans. These results 
are promising indications for the potential use of inkjet-modified microneedles in 
transdermal delivery of the pharmacologic agent itraconazole. 
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Abstract 
A microneedle sampling system was devised and tested as a means of determining 

histamine levels in tuna flesh. Fresh, histamine-spiked, and spoiled fish samples were 
analyzed using this setup with commercially available lateral flow test strips for histamine 
screening. Comparisons were made between this microneedle method of sampling and a 
commercially outlined procedure for lateral flow screening of histamine. There was good 
agreement noted between the samples tested using the commercially available protocol and 
the new microneedle system described in this study. Improving agreement between the test 
methods were noted with increasing levels of histamine in the samples. This work showed 
the potential for microneedle sampling of fish for screening of histamine. 
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Introduction 
Food poisoning is a concern when consuming fish that has been exposed to elevated 

temperatures for extended periods of time. Histamine fish poisoning is one of the major 
fish-related diseases prevalent in the United States.[1] Histamine fish poisoning (HFP), which 
is sometimes referred to as scrombroid fish poisoning, may occur when the Scrombridae 
family of fish (e.g., tuna, mahi-mahi) that have high levels of histidine in their muscles are 
mishandled [2]. The biogenic amine, histamine, forms during bacterial decarboxylation of 
histidine in the raw fish, making the fish toxic when ingested.[3–5] While histamine is 
naturally present in humans, and the body has a protective mechanism in the digestive tract 
to handle small amounts of consumed histamine, ingestion of tainted fish with high levels of 
histamine may overwhelm the protective mechanism and result in histamine intoxication, 
which resembles an allergic reaction.[6,7] Histamine levels that are ≥500 mg/kg of fish tissue 
are noted to be toxic when ingested [8] and the FDA has set acceptability limits at 50 
mg/kg.[9] Additionally, it is concerning to note that fish has been mishandled and has 
unacceptable levels of histamine may not appear or emit odor differently than fish that has 
not been compromised.[8, 10] Furthermore, heating to normal cooking temperatures does not 
necessarily alter the histamine, rendering the fish toxic even after preparation.[1] 

As histamine-contamination of fish is a concern, there are a number of methods that 
have been developed to screen fish and ensure that they do not contain dangerous levels. 
Screening of fish for histamine may be conducted using methods such as high purity liquid 
chromatography (HPLC),[11] enzymatic test kits, enzyme-linked immunosorbent assays 
(ELISA), and lateral flow immunochromatographic test strips.[12] The lateral flow test strips 
are of interest for fieldwork, as they do not require complex equipment for analysis. Lateral 
flow test strips, sometimes referred to as dipsticks, are a common screening tool (e.g., 
colorimetric pregnancy tests).[13] They have been used in a number of applications, such as 
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botulinum neurotoxin, aflatoxin B1, and virus detection.[14–17] One such lateral flow test is 
the Reveal® for Histamine test kit (Neogen® Corporation, Lansing, MI, USA), which can 
screen for histamine in tuna and mahi-mahi, which was used as a histamine-detection 
mechanism in this study. 

One procedure that is noted in many of the histamine detection methods is the need 
to homogenization the fish flesh to run the assay on extracts of fluid from the samples. In 
this study, we investigated a different means of sampling histamine from the fish tissue 
using microneedles. Microneedles have typically been used in biomedical field as an 
alternative transdermal drug and vaccine delivery method to hypodermic needles. 
However, microneedles have also been used in transdermal blood and interstitial fluid 
sampling for detection of various target analytes.[18–20] For instance, microneedles have 
been utilized in detection of glutamate,[21] glucose,[22,23] and potassium ions.[24]  In this study, 
we were interested in utilizing microneedles as a sampling mechanism for histamine 
detection in fish. We investigated microneedle fabrication using visible light dynamic mask 
microstereolithography, which has been utilized in microneedle fabrication in the past for 
both drug delivery[25-28] and biosensing applications.[21,29] Custom microneedles were 
designed and fabricated for this purpose in the present study. Fish tissue from fresh, 
histamine-spiked, and spoiled tuna were examined with the microneedle sampling method 
and compared to conventional homogenization of fish tissue. The Reveal® for Histamine 
lateral flow test strips were utilized as the histamine screening technology, integrated into a 
procedure using the microneedles for comparison with the manufacturer’s protocol.  
 
 
 
 



171  

Materials & Methods 
Microneedle & Lateral Flow Test Holder 

In order to sample the tuna for histamine testing, arrays of microneedles were 
designed and fabricated to capture fluid from the fish tissue. A custom lateral flow test strip 
holder was designed to stabilize a microneedle array, allowing the sampled fluid to be 
washed off of the array and into a reservoir that wets a lateral flow test (Figure 1). Both of 
these components were custom-designed using the computer-aided design software, 
SolidWorks Education Edition 2014–2015 (Dassault Systémes SolidWorks Corporation, 
Concord, NH, USA). The microneedle arrays composed of nine offset microneedles in a thin 
pyramidal shape with a trapezoidal eyelet to capture fluid (Figure 1a). The test strip and 
microneedle holder (Figure 1c) was designed with three chambers; 1) a washed sample 
reservoir for placement of the lateral flow tests 2) the microneedle holder/wash chamber 
3) an inlet port for the sample diluent. 

The devices were fabricated using a photosensitive acrylate-based, class-IIa 
biocompatible polymer known by the tradename eShell 200 (Envisiontec, Ferndale, USA).[30] 
This material was polymerized into the desired component geometries based on STL files 
designed using the CAD software. A Perfactory III SXGA+ visible light dynamic mask 
microstereolithography system with an Enhanced Resolution Module (EnvisionTEC GmbH, 
Gladbeck, Germany) was utilized to fabricate the parts in an additive layer-by-layer manner. 
The z-direction step size used for the builds was 50 µm and the dynamic mask was 
illuminated with visible light at 550 mW lamp power.  

 Following the microneedle build, the devices were rinsed with isoproponal 2-3 
times and dried with compressed air. For the test strip holders, the parts were immersed in 
isopropanol for 15 min. and sonicated in an ultrasonic bath. The parts were then removed,  
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Figure 0.1: CAD schematic of the microneedle design and custom lateral flow test holder. a) Clockwise from upper left, there are front, left, top, and isometric views of the microneedle design. b) Insertion of the microneedle into the central chamber of the test strip holder following application of the microneedles to the fish. c) Section view of the custom test strip holder showing the (1) washed sample reservoir for the test strip, (2) the central chamber holding the microneedle array in place, (3) the inlet port for the sample diluent. d) The sample diluent is added to the port at site (3) where it runs through the channel to the (2) central chamber, washing the acquired sample from the microneedles into the reservoir at site (1). The lateral flow test strip is placed into the groove at site (1) and is wetted by the microneedle wash/diluent, beginning the screening test. 
dried with compressed air, and hand-rinsed with isopropanol as-needed to remove 
unpolymerized resin. Both types of devices were dried in a heated chamber at 30˚C for at 
least 30 min. before undergoing a post curing procedure. For post curing, the parts were 
loaded into an Otoflash Post Curing Light Pulsing Unit (EnvisionTEC GmbH, Gladbeck, 
Germany) and exposed to two sets of 2000 light pulses. The system pulses light in the 300 – 
700 nm spectral range at 10 Hz to finish the polymerization process and harden the 
material.[31] The devices were imaged with a VHX-5000 microscope (Keyence, Itaska, IL, 
USA). 

a) b) 

c) d) 

(1) (3) (2) 



173  

Fish Preparation 
Tuna steaks, cut to a 1 inch thickness, were utilized in the histamine testing during 

this study. The fish was acquired from a local fresh fish market. As a means of calibrating 
the microneedle testing procedure, fish pieces were incubated in histamine solutions in 
vacuum seal bags overnight in a refrigerator. Pieces of fish were trimmed to ~100 g pieces 
and loaded into individual vacuum seal bags. Histamine (Sigma-Aldrich Co. LLC, St. Louis, 
MO, USA) solutions were prepared in 1x PBS to 0.5 mg/mL and 1.0 mg/mL concentrations; 
1x PBS alone was used as a negative control. A volume of 5 mL of each of these solutions 
were added to individual vacuum bags containing the fish, zip-sealed, and had most of the 
air removed from the bag. The fish was placed in a 4˚C refrigerator overnight to incubate 
with the histamine solutions. 

Additionally, pieces of fish were prepared for a time-course examination of fish left 
in a refrigerator over the course of seven days. Fish steaks again were cut into 
approximately 100 g individual pieces, placed into vacuum bags, and zip sealed; the bags 
were not vacuumed to remove all of the air. Five time points were used to measure the fish 
spoilage over the course of the 7-day period. For a Day 0 time point, a piece of fish was 
frozen immediately. Then fish from Days 1, 3, 5, & 7 were removed from incubation in the 
refrigerator and frozen for histamine testing later. 

Lastly, a piece of spoiled fish was tested with the microneedle setup and compared 
to a commercially available test protocol for comparison between the two methods. The fish 
for this test was stored in a vacuum sealed bag, in 1x PBS with the air vacuumed out, and 
placed in a refrigerator overnight. The fish was originally chosen to be a negative control 
fish during the calibration steps described earlier, but it was determined that the fish was 
spoiled upon acquisition from the source. This occurrence provided an opportunity to test a 
sample acquired from a commercial source in an authentic spoilage scenario.  
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Histamine Testing Procedure 
In order to conduct the histamine screening, colorimetric lateral flow tests were 

acquired as parts of Reveal® for Histamine screening test kits (Neogen® Corporation, 
Lansing, MI, USA) with a detection threshold of 50 ppm [Reveal Product Information].  For 
the microneedle test procedure, an array was pressed into the fish for 5 sec. to acquire a 
fluid sample from the tuna. The microneedle was then placed into the test strip holder as 
seen in the Figure 1 schematic. With the microneedle array in place, 1000 µL of the sample 
diluent provided in the test kits was added to the input port of the test strip holder. This 
fluid flowed over the microneedles, washing the test fluid sample into reservoir where one 
of the Reveal® test strips was placed to begin a screening. The test strip was allowed to 
incubate in the sample fluid for 10 min. or less prior to reading the result of the test.  

In order to more objectively gauge the positive versus negative test results, an 
Accuscan® Gold (Neogen® Corporation, Lansing, MI, USA) test strip reader was used to 
optically measure the colored test and control lines of the lateral flow strip. Each test strip 
has colorometric control and test lines that appear upon introduction of a fluid sample. The 
ratio of the color intensity of these lines determines whether or not a sample is positive or 
negative for histamine at the 50 ppm level. The Accuscan® reader facilitated an objective 
means of comparing these intensities, providing a ratiometric readout of the lines, and 
providing a positive/negative result. If the ratio of the test:control lines is greater than or 
equal to one, the test is read as negative; for a ratio of less than one, the test is positive for 
histamine. For each lateral flow strip utilized for a test, three measurements were taken in 
short succession with the reader and the average ratio was used to determine positive v. 
negative for the individual strip. For the calibration steps with the 1x PBS, 0.5 mg/mL 
histamine, and 1.0 mg/mL histamine solutions, nine test strips were used for each type of 
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sample. In the case of the time-course study, five test strips were used, while the spoiled fish 
testing used four test strips for each method.  

Furthermore, for the calibration steps and the spoiled fish sample, the protocol 
described by the Reveal® for histamine test kits was followed to validate the findings of the 
microneedle testing.[32] Briefly, this procedure involved taking a 10 g piece of fish, blending 
it until homogenized in a food-prep blender, and then adding 190 mL of deionized water to 
the blended sample. The sample was then hand-shaken for 20 s and allowed to rest for 5 
min. before repeating the shaking and resting sequence. Just before sampling the blended 
fluid, the container was shaken once more, the tissue was allowed to settle in the 
suspension, and 100 µL of the fluid was taken. This 100 µL of sample was added to a bottle 
of sample diluent and mixed. From the sample diluent bottle provided by the test kit, 200 µL 
is added to a small sample cup with a lateral flow test strip. The strip is allowed to develop 
in the solution for at least 5 min. and then read with the Accuscan® reader. A positive result 
indicates a sample with greater than 50 ppm histamine. These tests were used for 
comparison with the microneedle tests. 
Results & Discussion 
Microneedle and Test Holder Fabrication 

The microstereolithography process was successful in creating the microneedles for 
sample acquisition from the tuna, as well as the lateral flow test and microneedle holder. As 
seen in Figure 2(a-c), the microneedles were created in staggered 3 x 3 rows on each device. 
The trapezoidal eyelets are seen extending from the base toward the tips of the 
microneedles, serving as a capture point for fluid from the fish tissue. The microneedles 
measured 1150 µm in height with base widths spanning 950 µm. Figure 2(b-c) show the 
insertion of these microneedles into a piece of tuna and the indention left in the tissue upon 
removal of the device.  
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As illustrated in Figure 1(b-d), following insertion of these devices into the tissue, 
the microneedle array was inserted into the test strip and microneedle holder, placed in the 
central chamber. The tabs on either side of the array align the microneedles with the holder 
and help to keep it stable during insertion into the device. Once in place, a test strip was 
placed in the washed sample reservoir and 1000 µL of the Reveal® kit’s sample diluent was 
added to the inlet port chamber of the device. The diluent travels through the inlet channel, 
washing over the microneedles that were used to sample the fish, and into the chamber 
holding the lateral flow test strip. Figure 2(f) shows an example of a completed test that 
followed this procedure. The lateral flow strip is extending vertically out of the reservoir 
chamber, having been exposed to the diluent that flowed over the microneedles placed in 
the central chamber. This particular test strip is an example of positive histamine reading, 
showing a pink band in the upper portion (control zone) of the lateral flow test region, 
while the test band is more faintly pink; this provides a ratio of the test:control line color 
intensity that is less than 1, indicative of a positive reading. 
Comparison of Testing Methods with Histamine-Spiked Tuna Samples 

For the purposes of initially investigating the fluid sampling and calibration of the 
microneedle sample acquisition from the fish tissue, pieces of fish were incubated overnight 
in solutions of 1x PBS (negative control), 0.5 mg/mL histamine, and 1.0 mg/mL histamine. 
During this testing, the microneedle procedure was utilized to sample fluid from the tissue 
and put through the previously described protocol, then the same fish sample was tested 
using the procedure described in the Reveal® for Histamine kit testing protocol. 
Comparisons between the data acquired from both testing methods, for each solution type, 
were made using the difference of the means with a 95% confidence interval. The  
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Figure 0.2: Micrographs of the microstereolithography fabricated microneedles (a – c), showing (a) the front view of the microneedles with the trapezoidal cutouts, (b) top view of the thin pyramidal geometries of the microneedles and the staggered orientation, (c) angled view of the microneedle structures; scale bars are 2 mm. In (d) a microneedle is inserted into a fresh piece of tuna steak and after removal in (e), indentations of the hand-applied device can be noted in the tissue. An example of a positive test is shown in (f), with a lateral flow test strip in the sample chamber that has been allowed to develop after incubating in diluent that washed over a microneedle array that had sampled a piece of histamine-spiked fish. 
following formulas were used to compare these samples and establish the difference of 
means confidence interval:  

. . = ( − ) + ( . )                               (9.1) 
 

. . = ( − ) − ( . )( )                              (9.2) 
 

=  +                                                                    (9.3) 
The upper and lower limits of the confidence interval are calculated using equations 3.1 & 
3.2, with M1 and M2 representing the means of the microneedle and blended test procedure 
Accuscan® reading ratios. The .  value is the t-table value at 95% confidence level. The 

 represents the standard deviation for the difference of means, calculated by use of 

a) b) c) 

d) e) f) (Control) 
(Test) 
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equation 3.3, where  and  are the variance, with  and  as the number of samples for 
the microneedle and blended test measurements, respectively. Upon calculating these 
confidence intervals, if the range of the interval spans both positive and negative values, no 
statistical difference exists between the two means within the indicated level of confidence. 
 

 
Figure 0.3: Graph of the mean (± S.E.M.) of the Accuscan® reader test:control ratio data for histamine-spiked fish samples acquired through the microneedle protocol and the manufacturer-described protocol. Color intensity ratios acquired from sampling protocols are compared. For comparisons marked with “*” there was no noted statistical difference between the microneedle sampling technique and the blending technique described by the manufacturer when looking at the difference of means 95% confidence intervals for n = 9 of each test type. 

Using this method, the confidence intervals comparing the difference of means for 
the microneedle and blending test methods were compared. For the negative control with 
PBS, the 95% C.I. range was calculated to be -0.14 ≥  ≥ -10.76, with a difference of 
means of -5.45. Based on this calculation, there was a slight statistical difference noted 
between the test methods for PBS. When examining the 0.5 mg/mL test comparison, the 
95% C.I. range was 3.96 ≥  ≥ -4.21, with a difference of means of -0.13. Looking at the 
1.0 mg/mL values, the 95% C.I. spanned 0.52 ≥  ≥ -0.01, with a difference of means of 
0.25. It is interesting to note that for the nine samples tested using each method for this 
comparison, there was no statistical difference seen at a 95% confidence level between the 
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microneedle sampling method and the recommended protocol described by the 
manufacturer. While there was a noted difference between methods when examining the 
PBS-incubated samples, the histamine-spiked samples were comparable in measurement 
values. Figure 3 helps to illustrate this point, showing the mean values of Accuscan® ratio 
readings acquired for each type of sample. There was a decrease in the relative differences 
between the ratios of the two test methods as the samples went from PBS-spiked to 
histamine-spiked. 
Testing of Tuna from Time Course and Spoiled Samples 

In addition to the histamine-spiked samples that were used to calibrate the system 
and gauge the comparison between the microneedles and blended testing methods, samples 
of fish that were left in a refrigerator for a time course of 7-days were also tested using both 
methods. The graph seen in Figure 4 shows the test:control ratio values and standard error 
of the means for each testing method at the Day 0 – 7 time points. There were large 
differences seen between the two test methods for this batch of samples when looking at 
the Day 0 – 3 results. It should be noted that these tests read well into the negative ratio 
values using both test methods, so while there was a large discrepancy in absolute values 
between the two methods, they both reached the same conclusion that the samples were 
negative for histamine at the 50 ppm threshold. When moving on to the Day 5 test sample, 
There was a noted dip in the ratio readings, indicating that both tests were detecting 
increasing levels of histamine, though both were still negative. There was a substantial dip 
in the microneedle test readings to 33% of the Day 3 mean value. Lastly, at the Day 7 time 
point, the decrease in readings for both test methods continued. Using the confidence 
interval comparison method described previously, there was no noted difference between 
the test methods at the Day 7 time point. It should be noted that during the testing of the 
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samples over this 7-day time course, the results remained negative at the 50 ppm histamine 
detection level at all time points. 

 
Figure 0.4: Graph of the mean (± S.E.M.) of the Accuscan® reader test:control ratio data for fish samples over the refrigerated 7-day time course. Color intensity ratios acquired through the microneedle protocol and the manufacturer-described protocol are compared. For comparison marked with “*” there was no noted statistical difference between the microneedle sampling technique and the blending technique described by the manufacturer when looking at the difference of means 95% confidence intervals for n = 5 of each test type. 

Furthermore, while the testing of time course samples remained negative, a spoiled 
piece of fish was identified during the study. As described earlier, pieces of fish that were 
incubated in PBS overnight under refrigerated conditions were meant to serve as negative 
controls during the histamine-spiking tests. However, one of the pieces of fish that were 
tested in this manner came back as positive for histamine. It was determined that fish was 
spoiled upon acquisition from the local fresh market, but provided an opportunity to test 
the sample with both the microneedle and blended test methods. The positive results were 
initially detected while using the microneedle procedure with 4 independent test strips 
used for that particular piece of fish. Upon the return of these unexpected positive results, 
the procedure outlined by the Reveal® test kits was followed to assess using the validated 
protocol whether or not the fish did in fact contain histamine. After running 4 independent 
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test strips on the tuna sample, the same conclusion was reached for the fish, indicating that 
sample was spoiled and contained levels of histamine above the 50 ppm threshold. Figure 5 
shows the mean ratios of the two test methods acquired from the Accuscan® reader during 
the examination of the tuna sample in question. Using the difference of means calculation 
with a 95% C.I., there was not an observed statistical difference between the two test 
methods. The 95% C.I. for the difference of means for these samples was -0.008 ≤  ≤ 
0.028. It is interesting to note that the microneedle test method was able to detect the 
histamine-tainting of the fish and was successful in screening the sample as intended in an 
authentically unexpected sample that had spoiled. 

 
Figure 0.5: Graph of the mean (± S.E.M.) of the Accuscan® reader test:control ratio data for the spoiled fish sample. Color intensity ratios acquired through the microneedle protocol and the manufacturer-described protocol are compared. There was no noted statistical difference between the microneedle sampling technique and the blending technique described by the manufacturer when looking at the difference of means 95% confidence intervals for n = 4 of each test type. 

Lastly, there are a couple of other benefits to the microneedle testing method that 
were noted throughout the course of the testing procedures. For one, the amount of sample 
diluent used to process a sample is reduced when compared to the method utilized in the 
as-provided test kits. The kit provides sample diluent bottles containing 7 mL of solution to 
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be used with each test strip. However, the microneedle testing method described here 
utilizes only 1 mL of solution, reducing the required amount of diluent needed to run a test 
by >85%. Additionally, the amount of time needed to run a test when using the microneedle 
method is reduced. The blending procedure requires weighing 10 g of sample, 
homogenization, addition of water and mixing, followed by a dilution step before running a 
test. However, the microneedle procedure utilized only application of the microneedle to 
the sample for a few seconds, placement of the array into the sample holder, and then 
pipetting 1 mL of diluent into the holder before allowing the test strip to develop. The 
homogenization step by itself adds an additional 10+ min. of preparation time per sample, 
while the microneedle method avoids the time needed to follow this step, as well as the time 
taken to clean the homogenizer/blender between test samples. The current setup can be 
utilized as a single-use disposable unit that reduces the time needed to run a test. 
Conclusion 

A custom-designed microneedle sampling system was designed and tested with 
tuna flesh for determination of histamine content in fresh, histamine-spiked, and spoiled 
fish samples. There was good agreement noted between the microneedle method of testing 
the samples and the procedure outlined in a commercially available histamine detection kit. 
Lateral flow test strip assays were successfully utilized in the newly designed system to 
gauge the histamine content sampled by the microneedles. While there was a discrepancy 
noted between the microneedle and commercial procedures at low (negative) levels of 
histamine, as the histamine content in the samples increased, there was an improvement in 
the statistical agreement between the methods. These results are promising for this 
sampling technique, which showed an improvement in the amount of time and reagents 
needed to screen for histamine in tuna samples. 
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Chapter 10 Conclusion 
Rapid prototyping, additive manufacturing, and other microscale processing 

techniques including visible light dynamic mask microstereolithography, soft lithography, 
injection molding, drawing lithography, and inkjet printing were assessed for their use in 
fabrication of microscale medical devices. Devices fabricated using these methods were 
investigated for their use as microneedles for drug delivery purposes, as well as sampling 
devices for histamine screening in fish samples. Microneedles were created using acrylic 
photopolymers, PMVE/MA, and PGA. 

Some of the first set of tests looked at the use of dynamic mask 
microstereolithography in order to produce polymer master structures that are suitable for 
silicone mold creation and to make replicate microneedles via soft lithography with 
PMVE/MA. The antimicrobial properties of these microneedles were assessed in modified-
disk diffusion agar plating studies. It was noted that microneedles fabricated out of 
PMVE/MA showed antibacterial properties. Large zones of growth inhibition were noted for 
Escherichia coli, Staphylococcus aureus, Enterococcus faecalis, and Bacilus subtilis when 
these devices were plated with the bacterial cultures. These results suggest that the 
microneedles alone possessed antibacterial properties when fabricated out of the 
PMVE/MA material. Mechanical testing of the microneedle materials indicated that they 
were robust, exhibiting Young’s modulus and hardness values that were suitable for use in 
skin penetration applications. Early tests were also conducted to attempt to modify the 
surfaces of these microneedle devices with inkjet coatings containing fluorescent quantum 
dots as a model drug. Multiphoton microscopy indicated improvement in the depth of 
model drug penetration into porcine tissue with microneedles compared to the topically 
applied model drug solution. 
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Building upon the quantum dot solution study, piezoelectric inkjet printing was 
utilized to deposit the antifungal drugs amphotericin B and miconazole onto the surfaces of 
PMVE/MA microneedles. These are poorly water-soluble compounds, which lent the inkjet 
printing approach as a useful tool in loading the microneedles with the drug coating. 
Microscopic and energy dispersive x-ray spectrometry evaluations indicated accurate 
depositions of these material coatings onto the surfaces of the microneedles. Antifungal 
assessment of the materials indicated that the drug coatings imparted antifungal properties 
to the microneedles. The opportunistic yeasts C. parapsilosis and C. albicans had inhibited 
growth when plated with microneedles containing amphotericin B and miconazole coatings, 
respectively. These results indicated that microneedles with these antifungal inkjet coatings 
maintained drug efficacy following processing, suggesting they may be useful as 
transdermal delivery devices for use in superficial fungal infections. 

Microneedle arrays were also created with a combination of injection molding and 
drawing lithography from the biodegradable polymer, poly(glycolic acid) (PGA). Mechanical 
properties of the PGA material was assessed with nanoindentation, indicating that the 
modified structures possessed adequate hardness and Young’s modulus to function as 
microneedles. Similar piezoelectric inkjet deposition techniques were utilized to 
micropattern surface coatings of voriconazole (antifungal agent) onto the microneedle 
arrays. Additionally, examination of the microneedles and print coatings via optical and 
scanning electron microscopy, energy dispersive x-ray spectrometry, and Fourier transform 
infrared spectroscopy were conducted, indicating successful formation of the structures, 
accuracy of the depositions, and maintenance of the functional groups of the materials 
processed using the inkjetting technique. Assessment of the porcine skin penetration by the 
microneedle arrays and the antimicrobial properties of the inkjet-modified arrays with agar 
plating studies were also conducted. Voriconazole-modified microneedle arrays showed 
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antifungal properties against C. albicans. Additionally, a modification of this technique was 
undertaken to create microneedle devices with two different surface coatings. A drug 
release layer of PMVE/MA was applied to PGA microneedles, on top of which an 
itraconazole drug layer was applied. Itraconazole is poorly aqueously soluble, but indicated 
release of the coatings into porcine skin and maintenance of antifungal activity against C. 
albicans after application to the microneedles.  

Lastly, microneedles made from dynamic mask microstereolithography were 
examined for their efficacy in sampling of fish tissue for detection of histamine in tuna 
samples. Although microneedles have been heavily researched for transdermal drug and 
vaccine delivery applications, they have also more recently sought attention as biosensing 
devices. However, there may be utility in this type of approach in applications to food-based 
biosensing. Microneedles were utilized to sample fluid from tuna in determination of 
histamine-spoilage and were paired with a commercially available lateral flow test for 
histamine screening. A custom adapter was created to allow fluid samples from the test 
samples to be run in conjunction with the lateral flow tests. The results of these 
microneedle sampled tests with histamine-spiked fish, a time course of fish left to spoil, and 
a spoiled sample of tuna were compared to the manufacturer’s described protocol to assess 
this method of the sampling for histamine screening. There was increasing agreement 
between the testing methods observed as the levels of histamine samples in the tuna, 
suggesting that the sampling method may be effective in helping to detect histamine-
contaminated tuna. 

The microscale fabrication techniques utilized in this thesis examination proved 
effective in the production of microneedle arrays out of several different materials. 
Microneedles fabricated out of PMVE/MA and PGA were successfully created using a 
coupling of soft lithography to visible light dynamic mask microstereolithography, as well 
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as drawing lithography-modification of injection molded samples, respectively. Inkjet 
printing was shown to be a useful process to micropattern of solutions of model drug, 
antifungal drug, and water-soluble release layers onto the surfaces of microneedle arrays. 
Furthermore, microneedle arrays created from acrylic photopolymer material indicated 
promising results as a sampling technique for use in food testing, having been examined in 
histamine screening of spiked and spoiled tuna. 


