
ABSTRACT 

GITTARD, SHAUN DAVIS. Light-based Rapid Prototyping of Micro- and Nanoscale 

Medical Devices for Drug Delivery and Regenerative Medicine. (Under the direction of Dr. 

Roger Jagdish Narayan). 

 

Rapid prototyping technologies have developed significantly since their inception two 

decades ago.  Techniques that utilize light for controlling structuring are particularly of 

interest for the medical device industry since they are able to produce devices with minimal 

effects that undesirable for medical devices, such as high temperatures and hazardous 

chemicals.  The ability to guide and focus light has enabled micro- and even nanoscale 

device production with exceptional freedom in geometry.  In these studies, the light-based 

rapid prototyping processes of two-photon polymerization, dynamic mask stereolithography, 

and UV soft lithography were used to produce medical devices for drug delivery and 

regenerative medicine applications.  In the field of drug delivery, microneedles were the 

focal point.  Discoveries made in microneedle production technique, design, 

functionalization, application, characterization, and materials are reported in this dissertation.  

Solid and hollow microneedles were produced by two-photon polymerization and dynamic 

mask lithography. The advantages and disadvantages of rapid replication by UV soft 

lithography of solid needles were investigated in detail.  Delivery of quantum dots and 

antimicrobial agents by microneedles via injection with hollow microneedles and coating and 

encapsulation of solid microneedles are reported, respectively.  Production of biofouling-

resistant microneedles was achieved.  Voltage-controlled drug delivery with nanoporous gold 

electrodes is also presented.  In the field of regenerative medicine, advances in tissue 

engineering scaffold and also patient-specific prosthesis production are reported. Tissue 

engineering scaffolds of user defined geometries were produced by two-photon 



polymerization.  Patient-specific prostheses were produced by stereolithography.  The 

medical devices and production techniques developed here have advanced the fields of drug 

delivery and regenerative medicine and are significant steps towards clinical devices. 
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1. INTRODUCTION 

 

 A Brief History of Microscale Medicine 

 

The first microscale medical device could be considered to be the needle.  Acupuncture, 

which uses needles that have diameters on the order of several hundred microns, has been in 

practice in China since the Shang Dynasty (1600-1100 BCE) [1].  The Greek physician 

Galen used hollow needles to study the circulatory system [2].  However, it wasn‘t until the 

1800s that the first use of a needle for drug delivery was reported.  The medical use of 

hollow needles for drug delivery was first reported by Francis Rynd in 1844 [3, 4].  

Subsequently the modern pressure-driven hypodermic syringe was independently invented in 

the 1850s by Alexander Wood and Charles Gabriel Pravaz (Figure 1) [5-7].  These needles 

were several millimeters in diameter and cannot truly be considered as microscale drug 

delivery devices, though the designs that they introduced were eventually reduced in size to 

be on the microscale.  Hypodermic needles today are available in diameters ranging from 4.5 

mm down to 0.18 mm.  In 1859, Dr. H. D. Schmidt developed a ―microscopic dissector‖ 

system using screws and needles to perform dissections of individual cells [8].  Not only did 

this device contain microscale elements, but it was capable of controlling positioning of the 

needle with sufficient precision to dissect cells.  
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Figure 1. Picture of Charles-Gabriel Pravaz and his 1852 depiction of the hypodermic 

syringe. 

Source: http://www.general-anaesthesia.com/people/charles-pravaz.html 

 

The field of medical devices underwent vast growth throughout the 20
th

 century.  Indwelling 

prosthetics, such as the artificial hip [9], and ex vivo organs, such as the dialysis machine 

[10], were developed.  While microscale medical devices have been in existence for 

millennia, the field of studying microscale medical devices is very much still in its youth.  

Even though medical device research was expanding rapidly in the 20
th

 century, it wasn‘t 

until the end of the 20
th

 century that research of microscale medical devices took off.  There 

are three exceptions that should be noted: the micropipette, the glass electrochemical 

electrode, and the solid metal microelectrode.  In the early 1900s glass micropipettes were 

http://www.general-anaesthesia.com/people/charles-pravaz.html
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developed by several researchers for injecting minute quantities of liquid into individual 

cells.   

 

Glass micropipettes were first used for medical research in the early 1900s [11-14].  These 

devices consisted of hollow glass tubes that were drawn to form a fine point, several microns 

in diameter.  The process of making these pipettes is well described in the 1918 review by 

Robert Chambers [14].  Micropipettes are used to withdraw material from and inject material 

into cells [14, 15].  In 1907 J.F. McClendon demonstrated using a glass micropipette to 

remove the nucleus from a cell.   

 

Electrochemical microelectrodes have been in existence since the early 1900s.  In 1921 I.H. 

Hyde proposed the first design of a microelectrode, using glass tubes that were drawn out to 

a tapering tip of a few microns diameter, which he proposed could apply electrical 

stimulation to individual cells [16].  Throughout the late 1920s, several electrochemical 

―microelectrode‖ devices were reported in the literature, which were used for performing 

electrochemical measurements of miniscule volumes of fluid [17-22].  These could be 

considered as the first ―micro-fluidic‖ sensors.  For example, Salle reported using a system 

composed of a drawn glass micropipette and a hydrogen electrode to measure the pH of 

blood [17].  While these two microscale devices were developed in the early 20
th

 century, 

these devices were not a development in micro-technology. Both of these devices were made 

by drawing glass to a tapering point, a technique (with minimal control of microscale 

features) which had been performed for centuries, albeit not for medical applications. 
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Metal microelectrodes (also known as microneedle electrodes) were first reported in the 

1950s.  These electrodes were first produced by Grundfest et al. using ―electrolytic etching‖, 

where electrochemical etching was used to refine the tips of metal wires [23].  Metal wires or 

pins were immersed in and removed from a strong acid or oxidizing agent several times with 

alternating current applied [23-25].  Electrodes were first made from stainless steel [23, 25] 

and tungsten [24]. By etching stainless steel pins in hydrochloric acid, J. D. Green achieved 

tip thicknesses of approximately 0.5 µm (Figure 2b) [25].  Penetration of the microelectrode 

in tissue was confirmed by Prussian blue staining, a similar technique to what is used today 

to demonstrate skin penetration by microneedles (Figure 2a).  These microelectrodes were 

able to measure the action potential of neural cells. 
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Figure 2. One of the first microscale medical devices, the stainless steel microelectrode 

by J. D. Green.  A) Image of tissue penetration site stained with Prussian blue dye, a 

technique that is still used today to measure microneedle penetration into tissue. (Scale 

bar = 200 µm)  B) Image of the stainless steel microelectrode. (Scale bar = 2 µm) 

Source: Green JD. A Simple Microelectrode for recording from the Central Nervous 

System. Nature (1958) vol. 182, p. 962. 

 

In the 1980s, the onset of rapid prototyping technology drastically changed the field of 

microscale medical device research.  Rapid prototyping enabled researchers to easily 

manipulate the geometries of devices, including medical devices.  The ability to rapidly and 

consistently produce structures opened a new area to medical device researchers, the field of 
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optimized device design.  Scientists were then able to manipulate the structure of microscale 

devices to understand the effects of design and optimize performance.  The 1980s was also 

the birth of tissue engineering as it is known today. Collaborations by Joseph P. Vacanti and 

Robert Langer led to the first results of tissues grown on synthetic scaffolds which were 

reported in 1988 at the meeting of the American College of Surgeons [26].  In his speech, Dr. 

Vacanti discussed his and Dr. Langer‘s findings related to growing parenchymal cells on 

synthetic polymer scaffolds. 

 

In the 1990s, advances in computed tomography (CT), computer aided design (CAD) 

software, and image processing software opened the door to patient-specific prostheses [27].  

Also in the 1990s, microfabrication technologies were perfected for production of 

semiconductor devices and the field of MEMS (microelectromechanical systems) was born.  

These techniques were used at the end of the 20
th

 century to make the first microneedles for 

pain-free transdermal drug delivery [28].  In the 1990s tissue engineering grew from a field 

in its infancy to, at the end of the 20
th

 century, Pubmed returning over 600 publications 

mentioning the term.  The expansion of research into both microscale medical devices and 

tissue engineering led to the development of several journals tailored to these fields, such as 

Tissue Engineering, Biomedical Microdevices, and Journal of Micromechanics and 

Microengineering. 

 

If development of tissue engineering in the 1990s was considered to be an expansion, then 

development in the 21
st
 century could be considered an explosion.  Whereas approximately 
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600 publications in the field of tissue engineering were produced in the 1990s, the first 10 

years of the 21
st
 century resulted in nearly 20,000 publications.  Developments in 

understanding embryonic stem, adult stem, and progenitor cells and the ability to 

―reprogram‖ cells opened the door for engineering any tissue from just a few cells [29, 30]. 

Nonetheless, this rapid growth in research volume and knowledge did not necessarily 

correlate with great advances in actual regeneration of tissue.  After 20 years and 20,000 

publications, only 3 types of successful clinical in vivo autologous whole tissue replacements 

have been achieved: autologous bladder, urethra, and vasculature [31-35].  Major factors that 

are hampering the advance of tissue engineering are the ability to grow sufficient cells to 

produce an organ and to induce cells to behave as they do in their natural environment [36].   

 

With applications in all areas of medicine, ranging from drug delivery to sensing to 

regenerative medicine, the field of micro- and nanoscale medical device design will continue 

to revolutionize medicine. Real-time response drug delivery, tissue regeneration, and patient-

specific prostheses are just a hint of the future prospects of the fruits of this avenue of 

research.  The focus of the henceforth presented research is expansion of the field of micro- 

and nanoscale medical devices. More specifically, my objective in this research is to advance 

the various techniques of light-based rapid prototyping for production of microscale and 

nanoscale medical devices.  My efforts have been concentrated on the drug delivery and 

regenerative medicine applications of these devices.  The research presented in this 

dissertation reports numerous advances in the field of micro- and nanoscale medical devices, 

including novel production techniques, materials, devices, applications, and characterization 
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techniques.  Light-based rapid prototyping processes including two-photon polymerization, 

stereolithography, and UV soft lithography were used to create a range of micro- and 

nanoscale medical devices.  Microneedles were produced for drug delivery and sensing 

applications. Additionally, tissue engineering scaffolds and prostheses were generated for 

regenerative medicine applications by these above mentioned techniques. 
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2. LITERATURE REVIEW 

 

 

2.1 Light-based Rapid Prototyping 

 

Introduction 

 

Recently, medical devices with microscale and submicroscale features have been produced 

with laser-based fabrication techniques [1,2].  Several properties of lasers make them 

advantageous for medical device fabrication.  When producing tissue engineering scaffolds, 

for example, it is often desirable to incorporate biological molecules (e.g., proteins) and cells 

[3,4].   Other microscale processes, such as fused deposition modeling and wet etching, are 

poorly suited for processing of biological materials.  Biological molecules can be irreversibly 

damaged by high temperatures or extreme pH environments, conditions which occur in fused 

deposition modeling and wet etching, respectively.  In contrast, laser direct write techniques 

do not require harsh chemicals and have minimal heat effects.  Additionally, the exceptional 

resolution of laser-based production techniques may be used to control the attachment of 

biological molecules and cells on the micro- and even nanoscale.  For example, 

nanostuctured materials may be able to interact with proteins in a manner that does not alter 

their biological properties [5]. Numerous medical devices have been produced by laser-based 

processes, including stents, prostheses, sensors, drug delivery devices, and tissue engineering 

scaffolds.  
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Lasers provide spatially coherent (traveling in a single direction) energy, which can be 

focused with simple optics to process materials at the micro- and submicroscale [6]. 

Emission wavelengths vary greatly, depending on the mechanism used for photon generation. 

Excimer lasers (e.g., ArF, KrF and XeF lasers) and metal vapor lasers (e.g., HeCd lasers) 

generally operate in the ultraviolet range. The numerous solid-state lasers (e.g., Nd:YAG, 

etc) operate over a wide range from ultraviolet to infrared. CO2 lasers operate at infrared 

wavelengths [6]. Lasers can either operate in continuous wave or pulsed modes. In 

continuous wave mode, the energy output is constant over time. Pulsed operation enables the 

energy to be compressed into short pulses, resulting in higher energies [6]. When pulses are 

extremely short, as is the case with ultra-short pulse lasers (e.g., Ti:sapphire lasers) that 

operate in the femtosecond range, nonlinear optical processes such as two-photon absorption 

can occur [7]. The phenomenon of two-photon absorption allows femtosecond lasers to 

perform processes at a resolution that is not possible with other lasers.  The two-photon 

absorption phenomenon enables overcoming the diffraction limit and processing with 

submicro- and even nanoscale resolution. For additional information on various types of laser 

systems, the text Introduction to Laser Technology by Hitz, Ewing and Hecht is suggested 

[6]. 

 

In laser direct writing, 2-D and 3-D structures are prepared by directing a laser beam in a 

desired pattern over a region of a surface or in space. Writing can be controlled by translating 

the laser, translating the target and/or rotating the target. With three axes of translation and 

three axes of rotation, up to six degrees of freedom may be achieved. Medical device 
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production via direct write rapid prototyping processes has numerous advantages. One 

advantage of laser direct writing techniques over other manufacturing techniques, such as 

molding, is that devices with complex interior and nested (features inside of a hollow, solid 

body) geometries can be fabricated in order to precisely meet the needs of a given 

application, whereas molding can only produce structures with un-nested and at best, basic 

interior geometries . The geometry of a given structure may be determined by an input 

stereolithography (STL) file, which can be easily manipulated using standard computer–

aided design (CAD) software [8]. Features may be incorporated into prostheses and scaffolds 

to promote various types of cell-prosthesis interaction, such as tissue ingrowth.  Over the past 

two decades, technologies for producing CAD models based on computed tomography (CT), 

magnetic resonance imaging (MRI) and other medical imaging techniques have been 

developed [9–14]. Patient-specific medical devices and prostheses may be prepared using 

CAD models derived from patient data [15-22]. These patient-specific prostheses may 

perform superior to conventional prostheses due to better emulation of geometry, size, 

weight, and mechanical properties. In addition, surgeons can use rapid prototyping in order to 

fabricate an exact replica of a given patient‘s anatomical features to aid in surgical 

preparation and training. 

 

Interaction between the near-surface region of a solid material and either a continuous wave 

or pulsed laser beam involves electronic excitation and de-excitation [23]. The most 

important parameter for understanding laser–material interaction is the laser wavelength, 

which determines the extent of absorption, penetration, and scattering of laser radiation in the 
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material [24]. Parameters of importance for pulsed lasers are the pulse duration (duration of 

laser emission), the repetition rate, the pulse energy (amount of energy in one laser pulse), 

the numerical aperture, the average power (total energy per unit time), the peak power (pulse 

energy divided by pulse duration) and the fluence (energy per unit area). The parameters of 

importance for continuous-wave lasers are the average power (total energy per unit time), the 

irradiance (power per unit area), the numerical aperture and the duration of laser exposure 

(time the laser is emitting radiation). 

 

Absorption of photons can cause excitation of electrons in atoms and molecules of the target 

material. In ablation, energy transfer leads to nearly instantaneous release of the target 

material, either by thermal vaporization or by photochemical interactions [7]. At lower 

energies, the chemical bonds remain intact and energy is converted into heat [25]. In this 

case, localized heating of the target material results in either sintering or melting. 

Photopolymerization takes place when photoinitiator molecules absorb photons and form 

radicalized molecules, which can initiate polymerization reactions [26]. Numerous laser 

direct write techniques have been developed, which utilize these laser-target interactions. A 

summary of the laser-based direct write techniques is provided in Table 1. Commonly used 

laser-based direct write techniques include selective laser sintering/melting (SLS/M), laser 

ablation machining, matrix-assisted pulsed-laser evaporation direct write (MAPLE 

DW)/laser induced forward transfer (MAPLE DW/LIFT), stereolithography (SLA), and two-

photon polymerization (2PP). 
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Source: Gittard SD and Narayan RJ. Laser direct writing of micro- and nano-scale 

medical devices. Expert. Rev. Med. Devices 2010; 7(3): 343-356. 

 

Stereolithography 

 

The process of stereolithography (SLA) utilizes the interaction of light with special 

photosensitive molecules called photoinitiators, which release free radicals upon interaction 

with light of a specific wavelength range (Figure 2, center).  This reaction may be used to 

initiate polymerization of a resin composed of the photoinitiator and precursor molecules, 

generally molecules containing acrylate, epoxy, urethane acrylate, or vinyl ether functional 

groups [27].  Excitation of photoinitiator molecules, formation of reactive species, generation 

of free radical, and polymerization of the resin occurs at the site of laser-resin interaction.  

Thus, polymerization occurs in a localized volume, called a voxel.  Since the resin absorbs 
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ultraviolet light, these interactions occur at the surface of the resin.  Polymerization occurs in 

the range of a few to a hundred micrometers deep in the resin, depending on the resin 

material, wavelength, and light intensity [26, 28].  In order to produce structures via 

stereolithography, light (generally ultraviolet) is guided over the photosensitive resin in a 

lateral pattern to make the desired structure in a layer-by-layer fashion. The layer thickness is 

less than the penetration depth of light into the resin, so that the newly polymerized layer will 

fuse with the previous layer.  To produce a structure in three dimensions, the structure is 

translated in the Z-direction with the focal plane remaining stationary, and the next layer is 

polymerized.  After the structure has been built, unpolymerized resin is washed away by 

immersion in a developing solution.  The developing solution should solvate the 

unpolymerized resin but not degrade the polymerized material.  After developing, post-

curing with a broad spectrum high-intensity lamp is generally performed in order to fully 

polymerize the structure.  This post-curing process polymerizes residual monomers and 

oligomers in the resin which increases the hardness and reduces toxicity [29].  Post-curing 

may also be used to reduce production time; shells of a structure can be built with liquid resin 

trapped within the structure which is polymerized during post-curing [30].  This process 

decreases production time in scanning but not dynamic mask stereolithography, which will 

be discussed in the following paragraph. 

 

There are several variations of stereolithography apparatus.  There are two forms of 

controlling the Z-height of the structure.  Conventionally, the stage is in a vat and is 

immersed deeper into the vat as each layer is created.  Another design, for example on 
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Envisiontec stereolithography systems, is with an inverted stage.  In these systems the stage 

is inverted in the bath and is moved away from the vat with each subsequent layer so that 

only a few millimeters of the build platform or structure is immersed in the resin.  The 

inverted design requires less material since the resin vat is not required to contain the entire 

volume of the part.  In both of these designs, the height of the optical focal point is 

maintained and the part is moved in the Z-direction to change Z-position of light-material 

interaction.   

 

Additionally, there are two techniques for lateral patterning of resin.  Traditionally, 

patterning was performed by rastering a laser in the desired pattern across the resin, a process 

called laser scanning stereolithography (Figure 1a) [22, 31-34].  Laser scanning 

stereolithography is generally performed with an ultraviolet laser [31-34].  Lateral resolutions 

down to 5 μm have been achieved with laser scanning stereolithography [44].  An example of 

a scaffold produced by laser scanning stereolithography is provided in Figure 1c.  The second 

patterning technique is dynamic mask stereolithography (Figure 1b).  In this process the light 

source is a less expensive lamp, generally ultraviolet, though use of visible wavelength lamps 

have also been reported [22].  The illumination pattern is controlled by a mask which 

selectively passes light.  One of the greatest benefits of dynamic mask stereolithography is 

that an entire layer is polymerized at once, considerably reducing the production time.  

Dynamic mask stereolithography has generally been performed using high resolution mirror 

arrays.  An everyday example of these mirror arrays are Texas Instruments‘s digital light 

projection (DLP) mirror arrays used in DLP high definition televisions.  DLP chips are 
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composed of millions of tiny mirrors which control brightness by the angle at which they are 

reflecting light.  Each mirror corresponds to a ―pixel‖ in the exposure plane.  One dynamic 

mask stereolithography system manufacturer, Envisiontec, offers systems with resolutions of 

2800x2100 pixels (Envisiontec Mini Multi Lens).  Pixel resolution is further increased by 

optics, which focuses the entire pixel array, decreasing the size of the pixels and the build 

area.  An example of a microneedle array produced by dynamic mask stereolithography is 

provided in Figure 1d. 

 

A wide range of biomedical devices have been produced by stereolithography.  Gittard et al. 

created patient-specific prostheses of carpal bones using dynamic mask stereolithography 

[22]. Stereolithography (.STL) files of scaphoid and lunate bones were created using patient 

CT data via Mimics software (Materialise, Leuven, Belgium).  A 1280x1024 pixel Perfactory 

system (Envisiontec GmbH, Gladbeck, Germany), operating in visible light mode, was used 

to produce these prostheses from a commercial acrylate-based polymer.  These prostheses 

exhibited resolutions of approximately 50 μm, emulative replication of complex exterior and 

interior geometries, and fracture mechanics similar to healthy bones.  In order to overcome 

restrictions in stereolithography-compatible materials, molding of stereolithography-

produced master structures may be used to produce end structures from alternative materials.  

Several clinically implanted prostheses have been created via combination of SLA and 

molding, including auricular, maxillofacial, and cranial prostheses [19, 20, 35-40].  Wurm et 

al. produced cranial implants by using SLA to generate a mold and molding to produce the 

implant out of a carbon fiber-polymer composite [38].  Follow-up (mean time = 3.6 years 
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post-implantation) revealed that the implanted devices were successful overall, with only a 

few adverse effects such as infection, allergy and hematoma.  It should be noted that using 

this combined process negates two of the advantages of SLA, particularly the reduced 

production time afforded by direct fabrication and the ability to produce complex interior 

geometries.  To the author‘s knowledge, direct stereolithography of clinically used implants 

has not yet been documented.  Recently, Liu et al. reported having performed clinical 

implantation of prosthetics using stereolithography, selective laser sintering, and laminated 

object manufacturing as tools [21]. While they indicate that the clinically implanted 

prosthetics (25 cases) were directly made by rapid prototyping, it is unclear which technique 

or techniques were used for production of the implanted devices.  

 

In addition to prosthetics, stereolithography of tissue engineering scaffolds has been 

demonstrated with a number of materials, including ceramic-polymer composites, 

biodegradable polymers, and polymer-cell solutions [4, 41-43].  Structuring with polymer-

ceramic composites may improve scaffold performance.  Stereolithography-generated 

scaffolds of poly(propylene fumarate)/diethyl fumarate with hydroxyapatite exhibited 

superior cell proliferation to scaffolds of the same material without hydroxyapatite [42].  Lee 

et al. performed stereolithography of poly(lactic-co-glycolic acid) (PLGA) and bone 

morphogenetic protein 2 (BMP-2) to create tissue engineering scaffolds with well-defined 

pore architecture [4].  This study also highlights one of the benefits of stereolithography; this 

process does not involve high temperatures so biological materials such as proteins (e.g., 

BMP-2), antimicrobial agents, and viable cells may be incorporated within the device during 
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building.  Arcaute et al. generated scaffolds with a resin of poly(ethylene glycol) 

dimethacrylate (PEGdma) with dermal fibroblasts; cell viability after structuring was greater 

than 87% [43].  It is important to note that ultraviolet light, photoinitiators, and 

monomers/oligomers may be cyto- and genotoxic [29, 44].  These issues need to be 

addressed before stereolithography of resins containing cells is introduced to clinical use. 

 

Recently, the use of stereolithography for production of microscale drug delivery devices has 

been demonstrated.  Choi et al. first demonstrated production of microneedle arrays by a 

custom-built dynamic mask stereolithography system [45]. These microneedle arrays had 30 

μm to 80 μm tip radii.  Insertion forces of 0.08 N to 3.04 N were reported, but the penetration 

depth of the needles was not.  Gittard et al. created microneedle arrays with a commercial, 

visible light, dynamic mask stereolithography system [46].  These microneedle arrays had 

similar tip dimensions, with an average radius of curvature of 18 μm.  Miller et al. reported 

the first case of hollow microneedles being produced by dynamic mask stereolithography 

[47].  Minimum channel diameters of 375 μm were achieved, and biochemical sensors were 

placed inside of these bores. 
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Figure 1. Stereolithography: a) Schematic of Laser Scanning Stereolithography; b) 

Schematic of Dynamic Mask Stereolithography; c) scaffold produced by laser scanning 

stereolithography*; d) hollow microneedles produced by dynamic mask 

stereolithography. 

*Reprinted from Microelectronic Engineering, 84, Kim JY, Lee JW, Lee SJ, et al. 

Development of a bone scaffold using HA nanopowder and micro-stereolithography 

technology. 1762-1765, Copyright 2007, with permission from Elsevier. 

 

Laser Machining/Ablation 

 

In laser machining, a laser is used to remove small amounts of material from a bulk material, 

a process called ablation.  Ablation occurs when the energy of photons absorbed by the 
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material is sufficiently great to break bonds in the material.  Thus, the resolution of the 

process is related to the point spread function of the laser [48].  The laser may be focused by 

optics to decrease the spot size and increase the fluence, thus achieving sufficient energy for 

ablation to occur.  Structuring is performed by selectively removing material by controlling 

the location of the laser-target interaction.  Since laser machining is performed by 

incremental removal of material which occurs at the surface of a material, this process is 

generally limited to ―line-of-sight‖ operations.  Ablation cannot occur at a location where the 

laser path is obstructed.  Therefore, structures with overhangs or interior geometries cannot 

be created. 

 

Ablation can occur by either thermal or photochemical bond degradation [7].  During thermal 

ablation, energy absorbed from the laser results in rapid heating and vaporization of the 

target [7].  Thermal ablation is frequently observed with continuous wave lasers and may 

occur with pulsed lasers that have a long pulse duration [49].  Thermal ablation is generally 

avoided for production of medical devices since this process is associated with high 

temperatures and relatively large heat-affected zones.  In contrast, the mechanism of 

photochemical ablation makes this process well suited for medical device fabrication.  

Absorption of the photons results in excitation of electrons in the target molecules.  In 

photochemical ablation, the electrons are excited to a degree at which the chemical bonds in 

the material degrade (Figure 2, right).  Thus, the target material vaporizes at the sight of 

absorption.  At lower energies of light the excited electrons return to their resting state, 

resulting in emission of light at a higher wavelength than at which it was absorbed, a 
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phenomenon known as fluorescence (Figure 2, left).  Fluorescence is utilized in a number of 

medical imaging techniques such as confocal fluorescence microscopy, multiphoton 

microscopy, and Förster resonance energy transfer microscopy [48, 50]. 

 

 

Figure 2. Jablonski diagrams of single-photon and two-photon fluorescence, 

polymerization, and photochemical ionization (ablation). 

 

Since photochemical ablation is due to electron excitation, there are minimal thermal effects 

in photochemical ablation [51].  Materials with high photon absorption coefficients and low 

thermal conductivities are best suited for photochemical ablation since electrons are excited 

with greater efficiency [49].  Likewise, lasers with high energies and short pulses are 

preferable since they decrease the thermal effects.  It is important to note that in order for 

ablation to occur, the target material must absorb energy at the given laser wavelength.  

Materials with strong photon absorption will ablate readily whereas materials with poor 

absorption require high energy levels for ablation to occur [48].  Since most materials have 
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strong absorption of ultraviolet light, ultraviolet lasers are frequently used for ablation.  

Pulsed lasers (e.g., excimer lasers) are commonly used due to their higher energy and smaller 

spot size.  In cases where high throughput is a greater priority than precision, continuous 

wave lasers (minimum spot size of approximately 50 μm) are used [49, 52].  It should be 

noted that laser ablation with femtosecond lasers is not restricted to line-of-sight operations 

[1].  

 

Ultra-short pulse lasers are capable of a phenomenon called two-photon or multi-photon 

absorption, a nonlinear process which involves simultaneous absorption of two or more 

photons by a material [51].  Simultaneous absorption of multiple photons results in higher 

energy states of the electrons.  Single-photon processes are diffraction limited, meaning that 

they cannot achieve resolutions greater than the wavelength of the excitation light.  Since the 

multi-photon absorption process involves the interaction of multiple photons and not the 

action of a single photon, multi-photon absorption is not limited by the diffraction limit and 

can achieve resolutions below the wavelength of excitation light.  Sub-micron features have 

been achieved with ablation using femtosecond lasers [1, 53-55].  Multi-photon absorption 

generally occurs at twice the wavelength of single photon absorption, so materials with 

strong single photon absorption at 400 nm would have strong multiphoton absorption at 800 

nm [56].  Multi-photon absorption is a function of photon density and not specifically 

interaction with the target material.  Therefore, multi-photon processes can occur within a 

material and are not limited to the material surface, as long as the target material is optically 

transparent to the laser wavelength.  Since multi-photon absorption uses longer wavelength 
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lasers (e.g., near-infrared), many materials are optically transparent and are conducive to 

multi-photon ablation within their interior [1].  Multi-photon absorption is dependent on a 

number of factors, including laser wavelength, pulse duration, exposure time, repetition rate, 

numerical aperture, and material properties (e.g., bandgap).  Since multi-photon absorption 

results in higher energy states, materials that have poor photon absorption are capable of 

ablation with ultra-short pulse lasers.  For example, fused quartz and various glasses have 

been ablated with femtosecond lasers [54].  Also, thermal effects are less pronounced in 

multi-photon ablation since interactions occur in a smaller volume [7]. 

 

Thermal effects can cause melting, cracking, spallation, and burr formation, and are thus a 

significant concern [49].  The ablated material, in either liquid or vapor states, is expelled 

away from the site of ablation in a mushroom cloud-like plume [57].  Redeposition, settling 

and recasting of the ablated material of the target, can occur during ablation [57].  This 

process is commonly observed during ablation of metals [58].  Redeposition is undesirable 

since it changes the surface morphology of the material.  Performing ablation under vacuum 

is one technique that has been shown to reduce redeposition [59]. 

 

Vascular stents are one class of medical devices that are commonly produced by laser 

machining [60].  Metal stents have been fabricated by laser machining from a variety of 

materials, including stainless steel, tantalum, and platinum, niobium, and cobalt alloys [60].  

Laser machining of stents has also been performed with shape memory materials, such as the 

nickel-titanium alloy, Nitinol [61].  Due to the minimal heat effects associated with laser 
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machining, this technique may be used to produce stents from polymeric materials, including 

resorbable polymers (e.g., polyesters) [53, 62, 63].  Pharmacologic agents encapsulated 

within the biodegradable stents can be released as the stent degrades [53, 62, 63].  Due to 

their temperature sensitivity, minimizing thermal effects is a significant concern in laser 

machining of polymers and other temperature-sensitive materials.  With stents in particular, 

defects such as melted features, burrs, and cracks arising from laser micromachining may 

lead to failure of the device [49].  Figures 3a and 3b show polymer stents produced by two 

different laser micromachining processes.  The poly(L-lactic acid) stent in Figure 3a was 

produced by micromachining with a continuous wave CO2 laser, which are known for having 

stronger thermal effects.  The stent exhibits indiscrete edges, melting, and other signs of large 

heat-affected zones.  In contrast, the poly(L-lactic acid) stent in Figure 3b, which was 

prepared by femtosecond ablation, displays discrete, precise edges with no indications of 

thermal effects.   

 

 

 

 

 

 

 

 

 



30 

 

 

Figure 3. Laser machining: a) Poly(L-lactide) stent machined using a continuous wave 

CO2 laser*; b) Poly(L-lactide) stent machined using a femtosecond laser**; c) Glass 

microfluidic device containing a nano-scale channel machined on the interior of the 

structure using a femtosecond laser***. 

*Reprinted from Grabow N, Bunger CM, Schultze C, Schmohl K, Martin DP, Williams 

SF, Sternberg K, Schmitz KP. A Biodegradable Slotted Tube Stent Based on Poly(l-

lactide) and Poly(4-hydroxybutyrate) for Rapid Balloon-Expansion. Annals of 

Biomedical Engineering 2007; 35(12): 2031-2038. © 2007 Springer 

**Reprinted with permission from Korte F, Nolte S, Chichkov BN, Bauer T, Kamlage 

G, Wagner T, Fallnich C, Welling H. Far-field and near-field material processing with 

femtosecond laser pulses. Appl Phys A-Mater Sci Process 1999 DEC;69:S7-S11. © 1999 

Springer 

*** Reprinted with permission from Ke K, Hasselbrink EF, Hunt AJ. Rapidly 

prototyped three-dimensional nanofluidic channel networks in glass substrates. Anal 

Chem 2005 AUG 15;77(16):5083-5088. © 2005 American Chemical Society 

 

In the field of tissue engineering, laser micromachining of biomaterials has been used to 

create scaffolds.  For example, electrospun scaffolds are one class of material being 



31 

 

investigated for tissue engineering applications; these materials are composed of nanoscale 

fibers which interact favorably with cell adhesion proteins.  Laser machining of electrospun 

scaffolds has recently generated interest since ablation may be used to improve cell 

proliferation within the interior of the scaffold [64-66].  The polymer fibers in these scaffolds 

are extremely temperature sensitive due to their small size, therefore photochemical ablation 

is an appealing approach for processing these materials.  For example, two studies by 

McCullen et al. utilized excimer laser micromachining to control pore size, location, and 

porosity in electrospun PLA (Figure 4a) [65, 67].  Ablation of the pores was performed with 

fibers displaying minimal signs of thermal effects [67].  Upon seeding and subsequently 

stacking sheets of machined PLA with human adipose-derived stem cells, the laser generated 

pores enabled distribution and growth of the cells throughout the interior of the scaffold 

(Figure 4b) [65].  Cell orientation and location may also be controlled by laser 

micromachining; for example creating channels into which cells are seeded or surface micro-

topographies that regulate cell orientation and adhesion [49, 64, 68-70].  For example, 

Duncan et al. machined channels in poly(ethylene terephthalate) of varying widths, spacings, 

and depths to study the effect of microscale surface features on endothelial cell orientation 

and adhesion [68].  Miller et al. controlled human aortic vascular smooth muscle cell 

orientation via laser-machined grooves in silicon [49].  Patz et al. performed micro-

machining with an ArF excimer laser to produce 60-400 μm wide channels in 2% agarose 

surfaces which were subsequently lined with basement membrane matrix solution [71].  

C2C12 myoblast-like cells aligned parallel to the 60-150 μm channels.  Further, some of the 

cells fused to form multinucleated myotube structures.  In a similar study by Doraiswamy et 
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al., B35 neuroblast-like cells were shown to proliferate and form bundles after 72 hours of 

culturing on the channels [72].  Surface machining may also be used to select for cell type 

[70].  Schlie et al. produced titanium and silicon surfaces comprised of microscale spikes by 

femtosecond laser ablation.  Neuroblasts and osteoblasts had increased proliferation on the 

surfaces while fibroblasts had decreased proliferation.  

 

 

Figure 4. Polylactic acid scaffold with controlled pore geometry produced by excimer 

laser ablation: a) scanning electron microscopy of a 150 µm pore scaffold, b) live/dead 

stain of human adipose-derived stems cells on a scaffold of stacked, ablated, electrospun 

polylactic acid with 300 µm pores*. 

* Reproduced from Tissue Engineering C, Volume 16, McCullen SD, Miller PR, 

Gittard SD, Gorga RE, Pourdeyhimi B, Narayan RJ, and Loboa EG. In situ collagen 

polymerization of layered cell-seeded electrospun scaffolds for bone tissue engineering 

applications, © 2010 with permission of Mary Ann Liebert, Inc. 
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Laser ablation may also be used to generate microfluidic devices.  Ke et al. and Kim et al. 

demonstrated the ability to produce sub-micrometer channels with femtosecond lasers [1,2].  

Further, femtosecond laser machining can produce microfluidic channels within the interior 

of materials [73, 74].  An example of a glass substrate with a femtosecond laser generated 

nanoscale channel in its interior is shown in Figure 3c.  These microscale cell culture devices 

can be used to study small amounts or even single cells in an aqueous environment.  Also, 

lab-on-chip devices with microfluidic optical sensors and optical waveguides for cell sorting 

have been generated using laser micromachining [75, 76].   

 

In spite of the high cost, femtosecond laser machining of stents has undergone rapid 

commercialization.  Nevertheless, recent research efforts have been directed to reducing the 

cost and improving the rate of laser micromachining.  Ancona et al. demonstrates that short 

picosecond lasers are capable of faster machining speeds and lower costs than femtosecond 

lasers; a significantly less expensive 100-ps microchip fiber laser system was used to 

machine copper, carbon steel, and stainless steel [77, 78].  Some thermal effects were 

observed with picosecond ablation; a thin layer of melted material was present on the ablated 

structures [78]. 

 

Laser Bioprinting: MAPLE Direct Write and LIFT 

 

Laser bioprinting is a category of rapid prototyping techniques in which a pulsed laser is used 

to transfer biological material from a donor substrate to a receptor substrate.  The technique 
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of laser bioprinting is commonly referred to by several different names, as a result of the 

process developing from a combination of two different techniques.  A laser bioprinting 

system, illustrated in Figure 5a, consists of a laser source, donor substrate, an optional release 

layer, biomaterial, receptor substrate, and positioning systems.  Since transfer of the material 

is induced by a process similar to ablation, ultraviolet lasers (e.g., excimer, Nd:YAG).  The 

donor substrate (sometimes referred to as a ribbon) is a solid, optically transparent material, 

such as borosilicate glass or quartz.  A thin layer (or layers if a release layer and biomaterial 

are used) of the biomaterial of interest is deposited onto the surface of the donor substrate; 

spin coating [72, 79] and sputter coating [80-82] are two techniques that have been 

performed to deposit the release layer.  Interaction of the laser pulse with the biomaterial 

layer results in a segment of the material that is approximately the spot size of the laser being 

propelled towards the receptor substrate. 

 

The variations in laser bioprinting nomenclature and technique is a result of the technology 

being related to two processes, matrix assisted pulsed laser evaporation (MAPLE) and laser 

induced forward transfer (LIFT) [83].  In its conventional use, MAPLE is a process for 

generating thin film polymer coatings on a surface.  In MAPLE, a matrix containing the 

material to be transferred and a binder material (e.g., polymer) is evaporated by a pulsed 

laser.  Upon absorption of the laser, the matrix decomposes and the material of interest is 

transferred to the receptor substrate which is located parallel to the donor substrate [83], 

similarly to the physical deposition process pulsed laser deposition.  Like pulsed laser 

deposition, MAPLE is performed under vacuum.  Donor substrates are generally produced by 
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freezing a suspension of the desired coating material in a solvent [83, 84-86].  Interaction 

with the laser results in rapid vaporization of the solvent in the donor substrate.  

Conventional MAPLE has been used for deposition of thin films for biomedical applications.  

For example, numerous medically relevant organic molecules including carbohydrates [87], 

polysaccharides [88-90], collagen [91], other proteins [92-94], and antibiotics [95, 96] have 

been deposited using MAPLE.  Also, antibacterial coatings composed of poly(methyl 

methacrylate) and silver nanoparticles have been produced [84].  LIFT is a process that is 

derived from the microelectronics industry.  In LIFT, a focused pulsed laser is used to 

transfer a thin metal coating from a donor substrate to a receptor substrate in a specified 

pattern [83, 97].  The pattern of the deposited metal is controlled by moving the laser beam in 

the desired pattern over the donor substrate.  This process was originally used to pattern 

microscale electrical circuits [97-99].  Bioprinting is a combination of the two techniques, 

where patterning of a laser is used to selectively transfer a biological material, either by 

degradation of a matrix or via a release layer.  In this review, bioprinting without a release 

layer will be referred to as MAPLE DW and bioprinting with a release layer will be referred 

to as LIFT bioprinting. 

 

The first cases of bioprinting were using a technique most similar to MAPLE and as such 

were referred to as MAPLE direct write (MAPLE DW).  The MAPLE DW process was 

developed at the US Naval Research Laboratory at the turn of the 21
st
 century.  The MAPLE 

DW process consists of using a focused laser to selectively vaporize a thin coating on a target 

which results in transfer of the material to the receptor substrate.  Initially, MAPLE DW was 
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not used for patterning of biological materials, but for microelectronics devices [83, 100-

102].  The first reporting of MAPLE DW patterning of biological materials was in 2001.  Wu 

et al. used MAPLE DW to pattern a number of biologicals including dextran, horseradish 

peroxidase, and even Chinese hamster ovaries [103].  In 2002, Ringeisen et al. demonstrated 

MAPLE DW patterning of living Escherichia coli cells [104].   

 

In the MAPLE DW bioprinting approach, the matrix, which may include cells and/or other 

UV sensitive molecules are in direct contact with the UV laser pulse.  As a result of concerns 

over damage from UV irradiation, in 2006 a two-layer (LIFT) approach was presented [72].  

In the LIFT approach a release layer is placed in between the donor substrate and the material 

to be transferred.  Doraiswamy et al. utilized a release layer of triazene to laser print patterns 

viable B35 neuroblasts (Figure 5c) [72].  In addition to avoiding interaction of the laser with 

the material of interest, their results suggest that use of release layers with high UV 

absorption may enable laser bioprinting at lower laser fluences.  Release layers of 

extracellular matrix, Matrigel®, hydroxyapatite, and gold have since been utilized [3, 79-81]. 

 

While the MAPLE DW and LIFT approaches generally use nanosecond pulse lasers, Zergioti 

et al. demonstrated that laser bioprinting can be performed with femtosecond lasers [105].  

They demonstrated that the wavelength, lower thermal effects and energy required for 

material transfer that is afforded by femtosecond lasers enables laser bioprinting to be 

performed with a matrix or release layer.  DNA, bovine serum albumin, and glutathione S-

Transferase were directly laser printed without a matrix or release layer.  Hybridization 
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testing of DNA after printing confirmed that direct laser bioprinting did not cause damage to 

the material.  Additionally, the higher repetition rate of femtosecond lasers may enable faster 

production times [106].  The resolution achieved in laser bioprinting is dependent on several 

parameters, including the matrix material, laser energy, and laser spot size. Figure 5b shows 

an example of spot size increasing with respect to increasing energy level [107].  If relatively 

large structures (e.g., cells) are being patterned, the feature size is limited by the dimensions 

of the transferred material. In the case where the dimension of the biological material being 

transferred is not the limiting factor (e.g., proteins), 10 µm features have been achieved [108, 

109]. 

 

One of the greatest advantages of laser bioprinting is the wide range of compatible materials.  

Metals [83, 100-102], ceramics [3, 79], biological molecules [103, 105, 109, 110], viable 

cells [3, 71 72, 79, 80, 103, 104] and even viable tissues [81, 108] have been patterned with 

laser bioprinting.  Laser-based bioprinting techniques have several advantages over solvent-

based bioprinting techniques such as inkjet printing and Langmuir-Blodgett dip coating.  

Production of 3-D structures using these solvent-based techniques is problematic since 

deposition of a new layer may induce dissolution of the preceding layers [29].  Additionally, 

laser bioprinting is capable of printing higher cell densities than other printing techniques.  In 

the solvent-based techniques the printed cells are in a solution and are therefore diluted. 

However, in laser bioprinting structures can be printed in high cell densities.  For example, 

Gruene et al. performed laser bioprinting of 3-D constructs of porcine mesenchymal stem 

cells with an average cell density of 46,000 cells/µl [80].  Further advantages are that laser 
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bioprinting occurs at ambient temperature and pressure, provides enhanced adhesion to the 

substrate, and multi-material patterns can be produced [79].   

 

 

Figure 5. Laser bioprinting: a) Schematic of a laser bioprinting system*; b) optical 

microscopy image of laser-printed IgG solution with droplet size increasing with pulse 

energy**; c) Line of laser-printed B35 neuroblasts***. 

*Reprinted with permission from: Unger C, Gruene M, Koch L, et al. Time-resolved 

imaging of hydrogel printing via laser-induced forward transfer. Appl. Phys. A (2010), 

DOI: 10.1007/s00339-010-6030-4. © 2010 Springer 

* Reprinted with permission from: Duocastella M, Fernandez-Pradas JM, Dominguez 

J, et al. Printing biological solutions through laser-induced forward transfer. Appl. 

Phys. A (2008), 93: 941-945. © 2008 Springer 

***Reprinted from Applied Surface Science, 252, Doraiswamy A, Narayan RJ, Lippert 

T, et al. Excimer laser forward transfer of mammalian cells using a novel triazene 

absorbing layer. 4743-4747, Copyright 2006, with permission from Elsevier. 
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Selective Laser Sintering/Melting 

High power lasers may also be used to selectively melt or sinter a bed of powders or granules 

to form solid structures.  In the processes selective laser sintering (SLS) and selective laser 

melting (SLM), a laser is used to heat a powder to a temperature at which the particles sinter 

or melt to fuse together, respectively [25].  Because a focused laser beam is used to heat the 

powder, sintering or melting is localized to the region immediately surrounding the point of 

laser-powder interaction.  A common practice in these processes is to heat the powder bed 

prior to laser exposure, so that only a small increase in temperature is needed to sinter or melt 

the material.  Selective laser sintering is also commonly performed in an inert gas 

environment to reduce oxidation of the powder.  Unlike laser ablation, thermal effects are 

desirable in selective laser sintering and melting because heat is the mechanism for activating 

structuring.  Therefore, lasers with greater thermal effects, such as continuous wave lasers 

(e.g., CO2 lasers) [111] and long pulse lasers [112], are commonly used.  

 

Sintering or melting only occurs along the trace of the laser since the source of heat is the 

point of laser-material interaction. Three-dimensional structures are produced in a layer by 

layer fashion using a powder bed that translates in the Z-direction.  After a layer of the 

structure has been sintered, the height of the bed is translated and a new layer of powder is 

applied to the surface.  The new layer is sintered and this process is repeated until building of 

the device is complete.  A diagram of the SLS/SLM process is provided in Figure 6a.  After 

structuring, the powder which was unsintered or unmelted is removed by breaking out 
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methods including manual removal, brushing, and powder blasting [113].  Since SLS and 

SLM are bottom up techniques and unsintered/unmelted powder provides support during 

building, structures with complex features such as overhangs and undercuts may be 

fabricated without using supports [30, 114]. 

 

Structures with 150-200 μm features are frequently generated with these selective heating 

techniques [115].  A process known as laser micro sintering has been described by 

researchers at Laserinstitut Mittelsachsen e.V. [116, 117]. This technique uses a q-switched 

solid-state laser with approximately 200-ns pulses.  Sintering without oxidation was achieved 

in an air environment, which was attributed to vigorous plume expansion.  Numerous metals 

and ceramics were processed with this technique including copper, molybdenum, silver, 

alumina, silicon carbide and silica.  Layer thicknesses of 1 μm and lateral resolutions of 20 

μm were achieved with laser micro sintering of sub-micron grain powders in an oxygen 

environment.   
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Figure 6. Selective laser sintering: a) Schematic of selective laser sintering*; b) SLS-

produced poly(caprolactone) tissue engineering scaffold in the shape of a pig condyle**. 

*Reprinted from Surface and Coatings Technology, Vol. 116, Kathuria YP. 

Microstructuring by selective laser sintering of metallic powder. 643-647, Copyright 

1999, with permission from Elsevier. 

*Reprinted from Biomaterials, Vol. 26, Williams JM, Adewunmi A, Schek RM, 

Flanagan CL, Krebsbach PH, Feinberg SE, Hollister SJ, Das S.  Bone tissue 

engineering using polycaprolactone scaffolds fabricated via selective laser sintering, 

Copyright 2005, with permission from Elsevier. 

 

Several studies have been performed to determine whether the resolution of SLS is suitable 

for making prosthetics based on CT data.  Ibrahim et al. found that the dimensional 

differences between master structures and SLS models fabricated from CT data of the master 

structures were 1.79% [118]. In a similar study, Kaim et al. compared patient craniofacial CT 

data, the resulting SLS replica and CT data of the SLS replica [119]. The differences between 
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these three data sets were shown to be statistically insignificant, indicating that the limiting 

factor in CT-based SLS is the resolution of CT and not the resolution of SLS. Further 

corroborating that CT-based SLS resolution is CT limited, dimensional errors in CT 

measurements have been reported as high as 2.16% [120]. With the ability to accurately 

fabricate structures based on CT data, patient-specific devices (e.g., prostheses) can be 

produced by SLS/SLM. Recently, nasal, dental, and maxillofacial prosthetics fabricated by 

SLS and SLM have been implanted into the human body [21, 121-124].  

 

In addition to prosthetics, SLS-enabled tissue-engineering scaffold generation has been 

demonstrated [125-128].  For example, Williams et al. fabricated scaffolds in the anatomical 

shape of a pig mandibular condyle using micro-CT and SLS [127]. CT data of a pig condyle 

was modified to produce a porous STL model that replicated the geometry of the natural 

bone. This model was subsequently used to build the scaffold in the shape of the condyle by 

SLS (Figure 6b).  In vivo studies of tissue-engineering scaffolds prepared using SLS have 

recently been reported.  Kanczler et al. demonstrated that SLS-fabricated polylactic acid 

scaffolds support regrowth and bridging of bone gaps in mice [128].  

 

Recently, research on performing SLS/SLM with nontoxic biocompatible materials that are 

used in artificial tissues and medical prostheses has gained interest. Bioactive ceramics, 

natural materials, thermoplastic polymers, metals, and polymer-coated metals are materials 

that have recently been processed by means of selective laser sintering [112, 115, 129-134]. 

Salmoria et al. fabricated biodegradable scaffolds from starch–cellulose and cellulose acetate 
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using selective laser sintering [135]. Several studies have shown that SLS/SLM is suitable for 

processing biocompatible ceramics, including alumina–zirconium, alumina–silica and 

PLGA–hydroxyapatite composites, hydroxyapatite-reinforced polyamide and polyethylene 

composites, and bioactive glasses [130-134, 136-139]. Zhang et al. demonstrated that SLS-

produced hydroxyapatite-reinforced polyamide and polyethylene composites support healthy 

metabolism and growth of primary human osteoblasts [137].  Higher amounts of 

hydroxyapatite within the composites corresponded to increased rates of alkaline phosphatase 

activity, osteocalcin production and cell proliferation. A similar study by Hao et al. suggested 

that hydroxyapatite particles may impart bioactive properties, such as enhanced bone 

ingrowth and bone formation around the scaffold [139].  Von Wilmowsky et al. utilized SLS 

to produce scaffolds that incorporated nanosized carbon black, b-tricalcium phosphate and 

bioactive glass within polyetheretherketone scaffolds [138].  Examinations of human 

osteoblast growth on the materials found that polyetheretherketone-bioactive glass 

composites exhibited the highest rates of cell proliferation. Shishkovsky et al. demonstrated 

building of porous titanium and nitinol structures using selective laser sintering/melting [130, 

136]. Nitinol is a corrosion resistance, superelasticity and shape memory nickel-titanium 

alloy that has applications including stents, craniofacial implants and orthodontic devices 

[130, 140, 141]. In these studies, Shishkovsky et al. also synthesized implants from titanium-

hydroxyapatite and nitinol-hydroxyapatite composites [130, 136].  Biocompatibility of these 

materials was confirmed by in vitro studies in a murine model. SLS of numerous biomedical 

polymers have also been demonstrated.  Tan et al. performed SLS with polyetheretherketone, 
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poly(vinyl alcohol), polycaprolactone and poly(l-lactic acid) [129]. Further, Rimell and 

Marquis structured ultra-high molecular weight polyethylene using SLS [142]. 

 

Although SLS/SLM is compatible with a wide range of materials, the use of SLS/SLM in 

biomedical application is limited by several factors.  When performing SLS/SLM, it is 

necessary that the precursor materials are in powder form [29]. Also, these processes involve 

high temperatures, eliminating the possibility of structuring with materials containing heat-

sensitive components, such as proteins or cells.  On the other hand, several studies have 

demonstrated that cells can be seeded onto materials after SLS/SLM processing is completed 

[136-138]. Materials processed by SLS generally exhibit high porosities and significant 

surface roughness, and, therefore, often have mechanical properties inferior to the bulk 

material [25, 112]. Since SLM involves complete melting of the feedstock material, materials 

processed using SLM exhibit lower porosities and exhibit mechanical properties that are 

more similar to those of the bulk material than structures produced by SLS [25].  It is 

important to note that SLS/SLM is currently the only laser direct write process that is capable 

of producing metallic medical devices. 

 

Two-photon Polymerization 

 

Two-photon polymerization (2PP) utilizes excitation of photoinitiator molecules to induce 

polymerization of a resin, similarly to stereolithography.  Unlike conventional 

stereolithography, where the photoinitiator is excited by single-photon absorption, in 2PP 
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excitation occurs via multi-photon absorption, as is seen in femtosecond laser ablation and 

multi-photon microscopy (Figure 2, center).  As mentioned in the description of femtosecond 

laser ablation, ultra-short-pulse lasers can induce nearly simultaneous absorption of photons.  

Upon absorption of multiple photons a virtual state is achieved, which creates an effect 

similar to single-photon absorption, but with significantly higher energies [143, 144].  Two-

photon absorption results in a non-linear energy distribution that is radially dependent 

perpendicular to the axis of propagation and dependent on distance from the focal point along 

the axis of propagation; the energy distribution is quadratic in shape in both of these 

directions (Figure 7a) [29, 145].  This energy distribution results in a volume approximately 

in the shape of a bicone (two cones joined at their base) where the energy is above the 

photoinitiator threshold energy (Figure 7b).  Polymerization occurs in this volume, known as 

a voxel, where the threshold excitation energy is achieved [56, 146].  Due to the nonlinear 

nature of two-photon absorption, the resolution of the polymerization voxel can be beyond 

the diffraction limit [56, 146].  Therefore, in contrast with other laser direct write techniques, 

2PP can produce sub-micron features (e.g., on the same length scale as subcellular 

organelles). Resolutions of 30 nm have been reported [147].  While exceptionally high 

resolutions are capable with 2PP, the resolution is scalable, which facilitates tuning the 

resolution to one‘s needs and thus minimizing the fabrication time [50].  Since many medical 

devices do not require sub-100 nm or even sub-micron resolution, tailoring the resolution to 

the application minimizes production time and cost [29].  The resolution of 2PP is dependent 

on a wide range of factors.  The laser spot size, wavelength, energy, pulse width, pulse 

duration, pulse frequency, and pulse peak intensity all affect the voxel size.  From a 
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structuring perspective, scanning speed, rastering spacing, and layer spacing affect the 

resolution of a structure.  Further, the optical properties of the resin, photoinitiator type and 

concentration, and additional of radical quenchers can influence the resolution. 

 

 

Figure 7. The two-photon polymerization process: a) Schematic of the two-photon 

polymerization process.  The energy distribution of two-photon absorption is a 

Gaussian shape centered at the focal point of the laser.  The radius of the 

polymerization voxel corresponds to the position at which the energy intensity exceeds 

the excitation threshold of the photoinitiator; b) representative model of a 

polymerization voxel. 

 

The essential components of a 2PP setup are a femtosecond or short picosecond laser which 

is focused through a microscope objective and translational stages for moving the point of the 

laser within the resin on three dimensions.  Most commonly, near-infrared femtosecond 

lasers are used; many materials are transparent to this wavelength range, enabling 3-D 
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writing with the laser within the material of interest.  In contrast, conventional 

stereolithography which generally uses UV light is readily absorbed by many materials and 

therefore is limited to patterning at the surface of the resin [28]. With regards to the 

microscope objective, resolution is dependent on the numerical aperture [148]. Direct-writing 

of 3-D structures can be produced by any combination of two methods: moving the substrate 

and resin with respect to the laser or moving the laser focal point within the resin.  A 

galvano-scanner, a system of two mirrors which controls the location of the laser transverse 

to the axis of propagation, may be used to dictate the X,Y location of the focal point.  Two-

photon polymerization is compatible with many of the materials used in conventional single-

photon stereolithography.  Since stereolithography is one of the oldest rapid prototyping 

techniques, a wide range of materials that are compatible with 2PP are available [29].  Two-

photon polymerization does not require cleanroom facilities, greatly reducing the cost in 

comparison to standard microfabrication techniques such as deep reactive ion etching and 

LIGA which require a cleanroom [148, 149].  Not requiring a cleanroom is beneficial since a 

device for clinical use can be produced at or near an operating room or other clinical site.  

Recently, Obato et al. have demonstrated that 2PP with multiple focal points can be achieved 

which may enable even faster production of medical devices that are in arrays or other simple 

geometric patterns, such as microneedle arrays or tissue engineering scaffolds [150]. 

 

Two-photon polymerization has been used to process a wide range of materials, including 

Ormocer® [144, 148, 151-155], polyethylene glycol diacrylate [44, 156-158], biodegradable 

tri-block copolymers [159], Zr-based sol-gel composites [160, 161], Ti-based sol-gel 



48 

 

composites [162], metal ion-doped acrylates [163], commercial acrylates (e-Shell 300) [50], 

bovine serum albumin [164, 165], fibrinogen [164], and collagen [165].  Ormocer®s are one 

of the most widely used classes of materials for production of microscale medical devices.  

ORganically MOdified CERamics (Ormocer®s) are organic-inorganic hybrids, meaning that 

they are materials containing both organic (polymer) functional groups and inorganic 

(ceramic) functional groups.  Since these materials are comprised of organic polymer, 

silicone, and ceramic functional groups, they have properties that are a cross between these 

different materials.  Their properties are also tunable depending on the components of the 

different functional groups.  Some of the properties of Ormocer® in comparison to polymers 

and ceramics are presented in Table 2.  Many types of Ormocer® are biocompatible [144, 

151, 155, 166]. The biocompatibility and more importantly the nonfouling properties of 

polyethylene glycol diacrylate make this material appealing for medical devices, particularly 

devices where biofouling may lead to device failure [44, 158].  The ability to crosslink 

natural polymers with 2PP is interesting in that it may enable production of tissue 

engineering scaffolds from natural materials [164, 165]. 
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Table 2. Properties of Ormocer® 

 

 

Due to the many properties that are conducive to medical device production, a variety of 3-D 

micro-structured medical devices may be generated by 2PP.  These devices have included 

microneedles [50, 144, 145, 151, 155-158], inner ear prosthetics [148], and tissue 

engineering scaffolds [44, 144, 152, 166-168].  Two-photon polymerization is an appealing 

technique for microneedle production in that it allows easy manipulation of the microscale 

geometry of these devices, which is an important factor in microneedle performance (Figure 

8) [145, 151, 155, 169].  Numerous hard, yet flexible materials have been used for producing 

microneedles directly by 2PP, including Ormocer®s [144, 151, 155] and the commercial 

acrylate e-Shell 300 [50]. E-Shell 300 also has the advantage of autofluorescing, which 

enables non-invasive imaging of the needles within the skin [50].  Studies have shown that 

both of these materials are capable of penetrating the skin without damage to the needles [50, 

144, 151, 155].   
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Figure 8: Ormocer® microneedles at a) 2:1 , b) 2.5:1, and c) 3:1 aspect ratios produced 

by two-photon polymerization. 

Source: Doraiswamy A, Ovsianikov A, Gittard SD, Monteiro-Riviere NA, Crombez R, 

Montalvo E, Shen W, Chichkov BN, Narayan RJ. Fabrication of Microneedles Using 

Two Photon Polymerization For Transdermal Delivery of Nanomaterials. J Nanosci 

Nanotechnol 2010;10(10):6305-6312. 

 

Small prostheses, such as ossicular prostheses, are another class of medical devices that may 

be produced by 2PP.  Ovsianikov et al. produced TORPs (Total Ossicular Replacement 

Prostheses) out of Ormocer® by 2PP.  Insertion and removal of the Ormocer® TORP from 

the intended site of use in a frozen cadaver head without fracture of the prosthesis was 

demonstrated [148].  The flexibility of 2PP may enable TORPs to be produced with 

dimensions that are specifically tuned to the patient.  Recently, Schizas et al. have produced 

microscale valves via 2PP, indicating that 2PP may be used to produce prosthetic valves for 

vasculature. 
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Two-photon polymerization has been used to create tissue engineering scaffolds with 

complex geometries [44, 159, 167, 170-172].  Scaffolds containing pores of multiple sizes 

may allow preferential transport of cells versus smaller molecules (e.g., nutrient, waste, 

growth factors).  For example, Tayalia et al produced scaffolds with pores ranging from 12 to 

110 μm; cells were able to penetrate the larger pores but not the smaller ones [171].  

Stackable tissue engineering scaffolds have also been created by 2PP, which enable assembly 

of larger constructs after cell seeding (Figure 9a) [144, 170]. Ovsianikov et al. used 2PP to 

produce high porosity scaffolds in the shape of a hexagon with a hexagonal opening for 

vascular tissue engineering applications; the hexagonal ―ring‖ is the wall of the blood vessel 

and the hexagonal opening in the center is the interior of the blood vessel [167]. Laser 

bioprinting was used to seed the scaffold, with endothelial cells being preferentially 

deposited along the interior of the wall and smooth muscle cells being preferentially 

deposited on the exterior of the wall (Figure 9b). 
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Figure 9. Tissue engineering scaffolds produced by two-photon polymerization: a) 

Stackable Ormocer® tissue engineering scaffold*; b) Polyethylene glycol diacrylate 

scaffold in the shape of a blood vessel with endothelial cells along the inner wall and 

smooth muscle cells along the outer wall, which were deposited by laser bioprinting**. 

*Narayan RJ, Jin CM, Doraiswamy A, Mihailescu IN, Jelinek M, Ovsianikov A, 

Chichkov B, Chrisey DB. Laser processing of advanced bioceramics. Advanced 

Engingeering Materials 2005 DEC;7(12):1083-1098. Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission. 

**Source: Ovsianikov A, Gruene M, Pflaum M, Koch L, Maiorana F, Wilhelmi M, 

Haverich A, Chichkov B. Laser printing of cells into 3D scaffolds. Biofabrication 2010 

MAR;2(1):014104. doi: 10.1088/1758-5082/2/1/014104 

 

Conclusion 

Rapid prototyping is a broad field; light-based rapid prototyping alone comprises the six 

main techniques that have just been discussed.  While these techniques vary greatly in their 

materials compatibility, resolution, and numerous other properties, they are all powerful tools 

http://dx.doi.org/10.1088/1758-5082/2/1/014104
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for generating micro- and nanoscale medical devices.  Continuing research into these 

production tools will be beneficial to the future of biomedical device development. 
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2.2 Microneedle-mediated Drug Delivery 
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Note: This article has been partially reformattd. In particular, the location of figures and 

spacing may have changed.  The references are formatted as in the original manuscript. 

 

2.2.1 Applications of Microneedle Technology to Transdermal Drug Delivery 

Shaun D. Gittard and Roger J. Narayan 

Department of Biomedical Engineering, North Carolina State University, Raleigh, North Carolina, 

U.S.A. 

 

 

Introduction 

 

Microneedles have recently entered the medical field as a promising innovation to drug 

delivery. These are small projections, less than a millimeter in length, that penetrate the 

stratum corneum and epidermis. By penetrating these skin layers they produce a conduit for 

drugs to bypass the defense mechanisms of the skin. This new technology has the capability 
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to both enhance the performance of transdermal patches and provide an alternative 

transdermal delivery method.  

 

Presently, the oral route is the most common method of drug delivery. Oral administration is 

appealing for several reasons. The first reason is that it is easy for most patients to swallow 

pills, and second, there is virtually no risk of injury with oral delivery. Thus, most patients 

are capable of administering the drugs themselves without the presence of a medical 

professional. While oral delivery is convenient for patients and physicians, this method can 

be a challenge for the pharmaceutical field. The journey from the mouth to the bloodstream is 

a long and damaging route for drugs. Medications entering the body through this route are 

exposed to a variety of extreme environments meant to break down a wide array of nutrients 

into more useable forms. As a result of exposure to strong acids and enzymes in the digestive 

tract, the efficacy of many drugs is greatly reduced by the time they are absorbed into the 

bloodstream (1). Consequently, many drugs are either unable to enter the bloodstream or 

require significantly larger dosages when delivered via the oral route (2). Because of the 

difficulty in administering some drugs by this method, alternative means that are 

comparatively user-friendly and of low risk are being sought.  

 

One of the most promising alternative methods of delivering medication is transdermal drug 

delivery, which is drug delivery through the skin. Transdermal drug delivery is appealing for 

a number of reasons. The skin is the largest organ of the body, which provides a substantial 

area in which drugs can be applied (2). In comparison, there are significantly fewer locations 
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that are compatible with intravenous injection. Transdermal drug delivery is virtually 

painless. Therefore, patient compliance is less of a concern, which is a problem with painful 

drug delivery techniques such as injections (1). While transdermal drug delivery is an 

appealing method for administering medication, there are also challenges associated with this 

technique. The most notable challenge to transdermal drug delivery is the diffusion 

properties of the stratum corneum.  

 

The stratum corneum is the outermost layer of the skin. It is primarily composed of 

corneocytes held together by a lipid matrix. The thickness of the stratum corneum is 10 to 40 

µm (3). This layer of lipids and dead cells greatly limits the diffusion of molecules through 

skin. The ability of the stratum corneum to prevent diffusion serves a number of purposes. It 

functions as a vital component of the immune system by preventing foreign objects from 

entering the body. Additionally the stratum corneum stops evaporative water loss, thus 

preventing dehydration (4). The stratum corneum is particularly effective at preventing the 

diffusion of molecules that are large (>500 Da), charged, or polar (5–7). Thus, only a handful 

of molecules are capable of entering the bloodstream by diffusion through the skin. 

 

While the stratum corneum presents a great challenge to transdermal drug delivery, it also 

provides benefits. Since the stratum corneum is such an effective defense mechanism, upon 

crossing this layer, entry to the bloodstream is unimpeded. In comparison, during oral 

consumption, drugs are broken down by firstpass liver effects and gastrointestinal 
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metabolism, which reduce drug efficacy (5). Also, processing of orally delivered drugs can 

cause liver damage (5). 

 

Microneedles provide a straightforward and effective means of enhancing diffusivity through 

the stratum corneum. When pressed against the skin, these projections pierce the stratum 

corneum and part of the epidermis, producing small holes in the diffusion barrier. These 

holes provide a passageway for drugs to travel through the stratum corneum and viable 

epidermis to reach the papillary dermis to the bloodstream. Microneedles should penetrate 

the stratum corneum and the epidermis, but they should not reach the dermis where nerve 

endings are located since interaction with these nervesmay cause pain (1). The thickness of 

the stratum corneum and epidermis varies from 31 to 637 µm, depending on location (8). 

 

Microneedles function similar to traditional hypodermic needles by physically creating a 

more direct conduit to the bloodstream. However, hypodermic needles are significantly 

larger and penetrate much deeper into the skin than microneedles. The invasiveness of this 

method of drug delivery results in trauma at the injection site (9). Consequently, repeated 

dosing requires injection at multiple sites. Additionally, there is often pain associated with 

drug delivery via hypodermic needles due to interaction with nerve endings in the skin and 

muscles (1). For patients requiring regular injections, such as diabetics, hypodermic needles 

can be a serious burden. In comparison, microneedles are virtually painless since they do not 

interact with sensory nerves. Also, trauma is less of a concern with microneedles since the 

stratum corneum is composed of dead cells. In vivo studies on human subjects have reported 
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occasional pressure sensations and relatively little pain associated with the application of 

microneedles to the skin (10–12). A study comparing microneedles of varying dimensions 

with hypodermic needles found that the pain associated with microneedles was 60% to 95% 

less than for hypodermic needles (13). 

 

The two prevailing challenges with microneedles are stratum corneum penetration and 

mechanical failure of the microneedles. The force required for microneedle array penetration 

of the stratum corneum has been reported to be as high as 3.04 N (14). This penetration force 

varies greatly and can be reduced by optimizing microneedle geometry. Individual 

microneedles have been shown to fracture under less than 0.1 N of compressive force (15). 

Use of appropriate materials and geometries can help to increase the failure threshold. 

 

Because of the viscoelastic properties of skin, it deforms upon application of compressive 

forces. Deformation is problematic for microneedle penetration since the needle simply 

bends the skin instead of piercing it. Upon a certain degree of deformation, the pressure of 

the needle tip on the skin is sufficient to result in penetration. Human skin has been reported 

to displace up to approximately 2 mm before microneedle penetration (16). In Figure 1, the 

skin deformation upon microneedle insertion can clearly be seen. 
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FIGURE 1. Deformation of the skin upon microneedle insertion. 

Reprinted from Journal of Biomechanics, Vol. 37, Davis et al, Insertion of microneedles into skin: 

measurement and prediction of insertion force and needle fracture force, 1155-1163, Copyright 2004, 

with permission from Elsevier. 

 

Aspects of Microneedle Design 

 

Microneedles come in a variety of orientations, shapes, and sizes. Differing purposes and 

limitations in fabrication techniques are causes of the variations in the microneedle 

geometries. Microneedles for drug delivery need to penetrate through the stratum corneum 
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and into the epidermis. Thus, they should have greater than 20 µm of penetration to 

effectively deliver drugs (17). In comparison, needles for sampling interstitial fluid or blood 

should be longer (up to 

1 mm) since they need to penetrate deeper into the epidermis where more capillaries are 

present (17). 

 

As previously mentioned, skin deforms upon pressure on its surface. Therefore, microneedles 

should be longer than the desired penetration depth. A study by Teo et al. exhibits this 

principle. Hollow microneedles that were 150 µm in length were pressed against the skin of 

diabetic rats and insulin was injected through them. Upon injection, no change in blood 

glucose levels were observed, indicating that the needles did not penetrate the stratum 

corneum and thus insulin was not able to diffuse through the skin barrier (18). 

 

In addition to length, the pitch angle of the tip is an important factor affecting microneedle 

piercing. Penetration of the stratum corneum with microneedles occurs by pressure forcing 

the microneedle tip through the extracellular matrix. Therefore, microneedles with smaller 

cross-sectional areas, which are achieved by having sharper tips, require lower forces to 

penetrate the stratum corneum. Penetration tests into skin found that penetration force 

increases approximately linearly with cross-sectional area (14). In agreement with this 

relationship between cross-sectional area and penetration force, minimizing the tip size also 

decreases penetration force and skin displacement. 
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Verbaan et al. performed an interesting investigation of another factor of microneedle 

penetration. This study examined the effect of insertion velocity on microneedle penetration 

(19). An applicator that regulated microneedle velocity was used to impact the skin with 

microneedles at 1 m/sec and 3 m/sec. Manually pressing the microneedle arrays against the 

skin was also tested. Diffusion of Cascade Blue dye was found to increase with increasing 

impact velocity, indicating that higher velocity microneedles have better penetration. Also, 

microneedles that were manually applied to the skin, but were too short to penetrate the 

stratum corneum, were able to penetrate at the elevated velocities (19,20). 

 

As described in the preceding paragraphs, microneedle penetration is improved by 

maximizing the stresses at the point of contact between the microneedles and skin. However, 

increasing penetration by this technique results in elevated stress on microneedles, which 

increases the likelihood of microneedle fracture. Therefore, it is important that an appropriate 

balance is maintained between microneedle penetration and mechanical strength. 

Microneedles can be oriented in two directions: either in-plane, meaning they are in the same 

plane as the substrate, or out-of-plane, meaning that they project perpendicular to the 

substrate. Since in-plane microneedles are on the same plane as the substrate, they can only 

be fabricated into single rows. Out-of-plane microneedles can be fabricated into arrays, 

which increase the number of microneedles that can be made at once. Arrays of in-plane 

microneedles can be created by stacking rows on top of each other (21). However, this 

process is generally more labor intensive and time-consuming than fabricating out-of-plane 

microneedles. 
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Since in-plane microneedles are generally machined from flat pieces of material, they usually 

have a rectangular cross-sectional shape. A sample of a row of in-plane microneedles can be 

seen in Figure 2D. Although microneedles vary greatly in their size and shape, there are three 

general shapes that most out-of-plane microneedles fall into: conical, pyramidal, and 

sawtooth. Conical microneedles have a circular base with the centers of the circular cross-

sections vertically aligned. Pyramidal microneedles have polygonal cross sections with their 

centers vertically aligned. Sawtooth microneedles also have either a square or triangular 

cross section. However, the centers of these cross sections are not vertically aligned. Instead 

at least one of the edges of the cross section is vertical and the microneedle tapers to a point 

at this edge. Examples of microneedles with these three different shapes can be seen in 

Figure 2A-C. These variations in the microneedle shape are artifacts of the method used to 

fabricate them, which is described later in this chapter. 

 

 



95 

 

 

FIGURE 2 Microneedle design types: (A) out-of-plane conical*; (B) out-of-plane pyramid**; (C) 

out-of-plane sawtooth hollow***; and (D) in-plane shaped microneedles****. 

*Reprinted from International Journal of Applied Ceramic Technology, Vol. 4, Ovsianikov et al, Two 

Photon Polymerization of Polymer–Ceramic Hybrid Materials for Transdermal Drug Delivery, 22-29, 

Copyright 2007 John Wiley & Sons Inc. 

**Reprinted from Biomaterials, Vol. 29, Lee et al, Dissolving microneedles for transdermal drug 

delivery, 2113-2124, Copyright 2008, with permission from Elsevier. 

***Reprinted from Journal of Micromechanics and Microengineering, Vol. 16, Perennes et al, Sharp 

beveled tip hollow microneedle arrays fabricated by LIGA and 3D soft lithography with polyvinyl 

alcohol, 473-479, Copyright 2006 Institute of Physics Publishing. doi: 10.1088/0960-

1317/16/3/001 

****Reprinted from Journal of Microelectromechanical Systems, Vol. 12, Chandrasekaran et al, 

Surface micromachined metallic microneedles, 281-288, Copyright [2003] IEEE. 

http://dx.doi.org.www.lib.ncsu.edu:2048/10.1088/0960-1317/16/3/001
http://dx.doi.org.www.lib.ncsu.edu:2048/10.1088/0960-1317/16/3/001
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As previously described, microneedles can deliver drugs by two different methods: either by 

improving diffusion through the stratum corneum or by serving as a direct conduit through 

the stratum corneum. To discuss the microneedles corresponding to these different functions, 

we have separated microneedles into two classes: solid and hollow. 

 

The function of solid microneedles is to make microscale holes in the stratum corneum that 

improve diffusion. These microneedles are simply solid projections that taper to a sharp 

point. Solid microneedles have been created over a wide range of geometries. An innovative 

addition to solid microneedles is the incorporation of pockets along the shaft of the 

microneedle. Gill et al. fabricated microneedles with pockets of various shapes in their shaft 

in which drugs were deposited (26). By depositing drugs in these pockets, the depth in the 

skin at which the drug is administered can be controlled (26). 

 

Hollow microneedles serve a slightly different purpose than solid microneedles. While solid 

microneedles simply create holes to aid diffusion through the stratum corneum, in hollow 

microneedles the bore of the microneedle serves as a conduit to deliver a liquid formulation 

of drugs. Essentially, hollow microneedles are hypodermic needles but on a much smaller 

scale. The geometry of hollow microneedles is the same as solid microneedles with the 

exception of a channel along the vertical axis. This channel can either deliver drug solutions 

or take blood samples by providing a route of transport between the body and a reservoir on 

the microneedle apparatus. 
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Channel width and orientation are two factors that have an effect on hollow microneedle 

function. Wider channels allow fluid flow to occur at lower pressures. However, as channel 

width increases, either wall thickness decreases or cross-sectional area increases. 

Consequently, there is a trade-off between flow rate and mechanical strength as well as flow 

rate and penetration force in hollow microneedles. 

 

Orientation of the channel has an effect on the force required for microneedles to penetrate 

the skin. If the channel is along the center of the vertical axis, then the minimum cross-

sectional area of the microneedle is controlled by the channel width, which is always greater 

than if the microneedle had no channel. Therefore, the penetration force for a hollow needle 

with a centered channel is higher than for a solid needle of the same geometry. If the channel 

is offset from the center of the microneedle, the microneedle still tapers to a sharp point and a 

smaller cross-sectional area is achieved. Additionally, the channel can be shifted so that it 

intersects with the edge of the microneedle. In this case, the opening of the channel is not at 

the tip but instead along the side of the microneedle. This produces a groove, which runs 

along one of the edges of the microneedle (27). 

 

In addition to the standard solid and hollow microneedle structures, microneedles with more 

complex architectures have been fabricated. One result of the ability to make more complex 

architectures has been the development of biomimetic microneedles. In particular, several 

groups have created microneedles that mimic the structure of the mosquito fascicle (28–30). 

One component of mosquito needles that has been replicated is the maxillae. The mosquito 
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fascicle is composed of two serrated maxillae that cut open the skin prior to insertion of the 

feeding tube (31). Finite element modeling determined that stress concentrations are 

increased in microneedles with this serrated shape (29). Higher stress concentrations reduce 

the force required for needle penetration into the skin. Observations of mosquitoes during 

feeding revealed that they vibrate their fascicles during insertion. Experiments have shown 

that vibrating microneedles during insertion reduces the penetration force (16,29). Skin 

deformation was also decreased by microneedle vibration (16). 

 

Microneedle Materials 

 

As previously explained, the material used to make microneedles has a significant impact on 

mechanical stability and preventing failure by fracture. A multitude of materials have been 

used to create microneedles. To discuss these materials, we have divided them into four 

classifications: ceramics, metals, polymers, and digestible organic molecules. 

 

Many of the fabrication methods used to create microneedles are microfabrication techniques 

derived from the electronics industry. Because of the familiarity with its behavior in these 

fabrication methods, silicon is one of the most common materials used to make microneedles 

(4,6,7,13,18,32–34). Its biocompatibility and ease to work with makes silicon one of the 

preferred materials for microneedles. For more than 50 years, microneedles have been made 

from glass (35). Fabrication of glass microneedles is time-consuming since it is performed by 

hand (27). Because of the inefficiency of this technique, glass microneedles are still used 
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today, but only for experimental purposes and are not feasible for commercial use in drug 

delivery (36). 

 

With regards to mechanical properties, ceramics such as silicon and glass are not preferential 

materials for microneedles. While the Young‘s modulus of these materials is higher than that 

of other materials used for microneedle fabrication, these materials are extremely brittle. 

Since ceramics do not have plastic deformation, they undergo catastrophic failure in the form 

of fracture or buckling when excessive forces are applied. Therefore, if sufficient forces are 

applied to ceramic microneedles, they will break in the stratum corneum. Also, stiffness does 

not directly correlate to the threshold failure force. Many metals and polymers actually have 

higher ultimate strengths (the materials science term for the stress where failure occurs) than 

ceramics. The mechanical properties of silicon, glass, and various other materials are 

discussed in the following paragraphs and in Table 1. 
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While metals generally have a lower elastic modulus than ceramics, their method of failure is 

better suited for microneedles. Metals are ductile, meaning that they bend when excessive 

force is applied to them. As a result, metal microneedles will simply bend rather than break if 

excessive forces are applied to them. 

 

A wide range of metals has been used to make microneedles. Nickel (25,45,46), palladium 

(25,47), and platinum (48,49) have been used to make microneedles by electroplating. 

Titanium and stainless steel microneedles have been made by direct micromachining 

techniques (20,50–52). Titanium, platinum, and stainless steel are biocompatible and are 

regularly used for medical applications such as limb replacements, dental implants, and 

electrodes. On the other hand, caution should be used when employing nickel as a material 
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for fabricating microneedles. Nickel is carcinogenic and adverse allergic reactions have been 

problematic in the past with nickel biomaterials (53). 

 

Polymers are long chains of molecules covalently bound together. The majority of polymers 

are organic molecules (plastics), with one notable exception being polydimethylsiloxane 

(PDMS). This material is commonly used for making negative molds for microneedle 

fabrication due to its low friction coefficient. Polymers are created by initiating the formation 

of covalent bonds between the precursor molecules, known as monomers. This 

polymerization process can be caused by a variety of methods, the most common being heat 

(thermoplastics), light (photosensitive polymers), and the addition of a catalyst (epoxies). In 

general, polymers have low melting points. Also, many of the monomers are available in 

liquid form and solidify when polymerization occurs. These two properties make polymers 

well suited for micromolding. 

 

A multitude of polymers have been cast to make microneedles such as 

poly(methylmethacrylate) (PMMA) (24,54), poly(vinylpyrrolidone) (PVP) (55), copolymers 

of PVP and PMMA (55), polycarbonate (21), SU-8 photoresist (56), and aliphatic polyesters 

(27,28,57,58). All of these polymers are extremely biocompatible and are widely used in 

medical applications. PMMA is used as a bone cement and PVP is used as a component of 

many pharmaceuticals. In addition to being biocompatible, the aliphatic polyesters are 

biodegradable. This property makes them an appealing material to use for microneedles since 

they will degrade after piercing the skin (58). There are several benefits to having degrading 
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microneedles. Since the needles degrade during their application, there is a reduced risk of 

disease transfer via accidental puncture after treatment. Also, after the microneedles have 

degraded there is a larger space for drugs to pass through, which increases the efficiency of 

drug delivery. Lastly, drugs can be suspended in the microneedles and released as the needles 

degrade. The most commonly used aliphatic polyesters in microneedles are poly(glycolic 

acid) (PGA), poly(lactic acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA) that is a 

mixture of the previous two polyesters. The degradation rates of these polyesters can be 

controlled by varying the ratio of PGA to PLA in the PLGA copolymer. 

 

Ormocer
®
s are another promising class of polymers for microneedle manufacturing. They are 

amorphous organic-inorganic hybrid polymers, meaning that they are composed of organic 

polymers and inorganic ceramic precursors that are joined by covalent bonds. The chemical 

bonding of different material types allows Ormocer
®
s to have a mixture of their physical 

properties. For example, the Young‘s modulus and hardness values of Ormocer
®
s fall 

between the typical values of ceramics and organic polymers (59). Many Ormocer
®
s contain 

photoinitiators that allow them to be cured by light exposure. As photosensitive polymers, 

Ormocer
®
s are compatible with the extremely flexible two-photon polymerization fabrication 

process and have been used to make microneedles with complex geometries and high 

precision (22,30,42). Biocompatibility tests have shown that Ormocer
®
s are safe for use as 

medical materials (22,42,60). In fact, biocompatibility tests by Ovsianikov et al. have shown 

that Ormocer
®
 materials do not adversely affect growth of human epidermal keratinocytes, a 

major cellular component of skin (22).  
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As an alternative to using biodegradable materials, some researchers have created 

microneedles out of digestible naturally occurring organic molecules. Maltose (61,62), 

carboxymethylcellulose (CMC) (23), and amylopectin (23) are biological materials that have 

been used to make microneedles by micromolding. All three of these materials are easily 

broken down by the body within minutes of piercing the skin (23,61,62). However, 

microneedles made of these materials should not be used for delivering insulin since these 

materials can be converted into glucose when digested. 

 

Fabrication of Microneedles 

 

A variety of techniques can be used for producing microneedles. Because of the small size of 

microneedles, the fabrication techniques must have microscale precision. A variety of 

fabrication techniques ranging from micromolding to laser processing to photolithography 

have been utilized to create microneedles. In this section, these different fabrication 

techniques are described. 

 

Glass microneedles with extremely sharp tip diameters have been made by hand for more 

than 50 years (35). These microneedles are made by heating glass rods and manually 

stretching them to have tapered tips. After stretching the rods, they are placed in a chemical 

etchant, such as hydrogen fluoride, to refine the tips to a sharp point (35). This process is low 
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throughput and not viable for producing commercial drug delivery devices. However, 

manually making glass microneedles is still used today for conducting research (36). 

 

A rather simple but direct way to make microneedles is to modify traditional hypodermic 

needles so that they are on the same size scale as microneedles (19,20). In this technique 

holes are drilled through a base substrate and hypodermic needles are inserted through these 

holes. The through holes in the substrate are of a size that allows just the tips to stick out the 

backside of the substrate to a desired length. This technique has been used to make 

microneedles in array of lengths varying from 300 to 900 µm (19,20). There are several 

drawbacks to this fabrication technique. These microneedles are simply the tips of 

hypodermic needles, so the only parameter that can be varied is the total length. Since 

hypodermic needles are designed with a different purpose than microneedles, their geometry 

and precision of geometry is not ideal for microneedles. 

 

Direct cutting by high-powered lasers is another straightforward technique that has been used 

to make microneedles. Infrared lasers have been used to cut in-plane microneedles out of thin 

sheets of stainless steel (26,52). These needles can then be made into an out-of-plane array 

by bending them at their base. One drawback of this method is that the geometry of the 

needle can only be controlled in two dimensions. The third dimension is restricted to the 

thickness of the sheet that is being cut. 
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The most common technique to fabricate microneedles is photolithography. This technique 

was established by the semiconductor industry and is already well established in the 

microfabrication field. The unifying theme of photolithography is that a pattern is made into 

a mask on the surface of the material of interest. This mask protects the parts under it from 

whatever process is being performed from above. Photolithography can be broken into two 

types: etching, where the unprotected areas are removed, and inverse lithography, where the 

structure is in the unprotected areas. Several etching technologies exist including wet etching, 

dry etching, and deep X-ray lithography (DXRL).  

 

Wet etching is a photolithographic microfabrication process where the surface of a structure 

is etched away by a solution of chemicals. In this process, a substrate is placed in a bath of a 

solution, called an etchant, which etches away exposed surfaces of the substrate. Wet etching 

is isotropic, meaning that the location of etching cannot be controlled. Masks that are 

resistant to etching can be patterned on the surface of the substrate to control the geometry of 

the structure that results from the etching process. Since the process is isotropic, etching will 

occur under the edges of the mask, but this takes longer to occur than at the uncovered 

sections. This delay in etching under the mask creates a tapered shape. The chemical etching 

behavior of various materials is well understood and software packages are available to 

model the etching of regularly used materials such as silicon (33,34,46). This process has 

been used to make out-of-plane solid microneedles in various geometries from silicon 

(33,34,46,50). It is not possible to make microneedles with channels by wet etching because 
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of the tapered etching direction. At the time of publication, microneedle fabrication by wet 

etching had only been performed with silicon wafers and KOH. 

 

In dry etching, the substrate material is removed by ions in a gas instead of a liquid etchant. 

As in wet etching, masks on the surface of the substrate provide protection that prevents the 

areas underneath from etching. These ions usually travel in a unidirectional path, so unlike its 

wet counterpart, dry etching has almost no tapering. However, this process is not limited to 

vertical in-plane etching. By etching at an angle, etching can occur under the masks. Etching 

at multiple angles allows structures to be formed with tapered points. The angle of etching 

corresponds to the tip angle of the microneedle. Reactive ion etching (RIE) is a dry etching 

process where reactive ions in plasma remove material from the surface. Deep reactive ion 

etching (DRIE) is a type of RIE that is capable of nearly vertical etching and achieving much 

deeper etching depths. Thus, DRIE is well suited for making microneedles. Sulfur 

hexafluoride is one of the most commonly used gases in DRIE (17,63). A combination of 

isotropic wet etching and anisotropic dry etching can be used to make structures with both 

vertical and tapered parts (4,13,64). The equipment for DRIE is costly, so this process is not 

well suited for commercial production. It is suitable for making master structures that will 

serve as molds. 

 

In DXRL, the mask is made of a material that prevents penetration of X rays such as gold. 

The sample is then exposed to X-rays, which remove material not protected by the mask 

(65). The X-ray beam etches anisotropically, so only straight lines are cut. As in dry etching, 
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etching at different angles can be used to remove substrate material underneath the mask. 

Performing X-ray exposure at multiple angles allows structures to be formed with tapered 

points. Inclined DXRL has been used to create sawtooth-shaped hollow needles (24,54,65). 

An example of a needle created by DXRL can be seen in Figure 2C.  Since DXRL requires 

use of an X-ray synchrotron, it is an expensive fabrication process. Therefore, this technique 

is only viable for making a master structure, which is then replicated by less expensive 

methods. 

 

In inverse lithography, the substrate is a photosensitive material that gets polymerized where 

it is exposed to light. The parts that are protected from the light exposure remain 

unpolymerized and are removed with a developing solution. Microneedles have been created 

out of SU-8 photoresist by utilizing inverse lithography (15,56). One drawback of inverse 

lithography is that it is difficult to create microneedles with sharp tip angles (56). Park et al. 

developed an interesting solution to improve the tip angle. Wet etching was used to create 

microscale lenses out of a glass substrate. When light passes through these lenses it is 

focused into a conical region, which is where polymerization of the 

SU-8 occurs (15). 

 

Electroplating is an inexpensive and high-throughput micromachining technique. It is one of 

the components of LIGA, a microfabrication process involving lithography, electroplating, 

and molding that is used to make high aspect ratio microstructures. Photolithography, most 

commonly performed using either X-rays or UV light, is first used to make a master 
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structure.  Electroplating is then performed to make a metal mold.  This metal mold is then 

used to create microstructures of interest.  This technique has also been used to make 

microneedles with DXRL (24). In electroplating, an electrical current is used to produce a 

metal coating on a surface. The surface to be coated and a second surface are submerged into 

a liquid solution of electrolytes. The two surfaces are then connected to a DC power source 

with the surface to be coated as the cathode and the other surface as the anode. Oxidizing of 

the anode and reduction of the cathode by the power supply causes the negative electrolytes 

to deposit on the anode and the positive (metal) ions to deposit on the target surface. Nickel, 

platinum, and copper are metals that have commonly been used in electroplating. Three 

different electroplating techniques have been used to make microneedles. One approach is to 

electroplate a wire and then chemically remove the wire (48,49). However, these 

microneedles have large tip diameters and shallow tip angles, which make them have poor 

penetration properties. The second approach is to electroplate a master microneedle array that 

has been made by some other method (25,45–47,57). This method allows the design aspects 

of the needle to be regulated by a more tightly controlled but lower-throughput method such 

as lithography. In the third approach, a polymer inverse mold is created by machining with 

an excimer laser, and this mold is electroplated (14,66). One drawback of electroplating is 

that the needles can be mechanically weak since they are shells and not solid throughout their 

interior architecture. 

 

Two-photon polymerization is an extremely flexible direct writing process for making 

microneedles. In two-photon polymerization, a femtosecond laser is focused onto a liquid 
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photosensitive resin. At threshold intensity, temporal and spatial overlap of the photons in the 

laser beam breaks bonds in photoinitiator molecules causing the generation of radicals (67). 

These radicals then cause polymerization of the resin at the localized volume where the laser 

intensity was high enough to create radicals. The size of the polymerized volume can be 

controlled varying the beam size, beam energy, and write speed (22). Passing the laser 

through an optical microscope objective changes the beam size. By using high magnification 

objectives (100x), this fabrication process is capable of smaller than 100 nm precision. 

Passing the laser through an objective also makes the beam intensity depth-dependent. By 

making the intensity depth-dependent, it is possible to control polymerization location in 

three dimensions (68). After structuring, the remaining unpolymerized material is removed 

by submerging the structure in a developing solution. With the ability to completely control 

the point of polymerization, structures can be directly written by adjusting the location of the 

laser focus. Two-photon polymerization is capable of fabricating structures with any polymer 

that can be polymerized by a photoinitiator. However, since the laser must penetrate into the 

polymer, the materials must be transparent at the wavelength of the laser. Because of the 

flexibility of this technique, two-photon polymerization is capable of making microneedles 

with complex geometries (22,42). In addition to being able to control the design parameters 

such as base shape, tip angle, and channel location, this technique has been used to fabricate 

microneedles that mimic the geometry of mosquito fascicles (30). While all of these 

microneedles have been fabricated out of Ormocer
®
 materials, other photosensitive polymers 

can be used. An example of a microneedle fabricated by two-photon polymerization can be 

seen in Figure 2A. 
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Many of the microneedle fabrication methods are expensive and not viable for commercial 

production. However, these costly methods can be used to make master structures that are 

replicated by faster and less expensive methods, such as electroplating. Micromolding is 

another inexpensive and rapid method for generating microneedle replicas. In micromolding, 

a negative mold of the microneedle is made by pouring a polymer such as poly(vinyl alcohol) 

(PVA) (24,54) and PDMS (27,57) and initiating polymerization of the mold. Also molds of 

silicon and polyethylene terephthalate have been directly made by machining with lasers 

(14,69). PVA is used as a sacrificial mold, meaning that the mold is destroyed when 

removing the structure. Since the mold is destroyed during replication, PVA molding is more 

costly and time-consuming than PDMS molding where the mold can be reused. Molding with 

PVA does have its benefits. 

 

PVA is stiffer and stronger than PDMS, which allows it to be used for molding structures 

that would be too fragile for PDMS such as narrow channels (24,54). One challenge with 

molding is ensuring that the material used to create the structure completely fills the mold. 

To ensure that the mold is completely filled and no air voids are present, molding is 

performed under vacuum (27,29,57). Materials must be in a liquid state when molding 

occurs. This can be achieved either by melting a solid prior to molding or using an 

unpolymerized liquid and inducing polymerization once molding has occurred. The high 

precision, low cost, and high throughput of micromolding makes it a promising technique for 

commercial production. 
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Methods of Drug Delivery with Microneedles 

 

There are several methods that can be used to deliver drugs with microneedles. These 

methods are coating, doping, and injection. In microneedle coating, a drug is applied to the 

surface of a part of the microneedle array. This coating can be applied in a variety of 

locations. One technique to coat the microneedles with drugs is to dip the microneedles into a 

drug solution. By controlling the depth of array submersion into the drug solution the degree 

of coating can be controlled so that only the tip, the entire needle, or the whole array is 

coated. Gill and Prausnitz tested the ability of coated microneedles to deliver a wide array of 

pharmacological agents including calcein, vitamin B, bovine serum albumin, plasmid DNA, 

and barium sulfate (52). Their study found that these coatings had dissolved into the 

surrounding tissue within seconds of application (52). 

 

As an alternative to coating microneedles, if the microneedles are made by a molding 

technique, it is possible to suspend the drug in the microneedle itself. This technique, known 

as doping, is particularly useful when the drug is suspended in a microneedle made of 

biodegradable materials. When the microneedle degrades, the suspended drug is released. 

Microneedles made from maltose (61), CMC (23), amylopectin (23), and aliphatic polyesters 

(58) have been doped with drugs. Drugs that have been delivered by doping include calcein 

(58), bovine serum albumin (58), sulforhodamine (55), b-galactosidase (55), and ascorbate-2-

glycoside (61). Drug release rate can be regulated by encapsulating the drugs in needles with 
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different degradation rates (58). Limitations of doping needles are that increasing drug 

concentration reduces mechanical strength, so there is a limit to the amount of drug that can 

be present. Thus, only drugs that are effective in lose doses are applicable for this delivery 

technique. 

 

The development of microfluidics technology has allowed hollow microneedles to be used 

for direct injection of drug solutions. A multitude of techniques exist for controlling the flow 

rate and volume dispensed via a microfluidics system (7,49,70). Incorporating these 

microfluidic systems with hollow microneedles has been used to transdermally deliver drug 

solutions by injection (7,49,70). Since the focus of this chapter is microneedles and not 

microfluidics, we will discuss the effects of microneedles on fluid injection into the 

epidermis and not the details of microfluidic dispensing systems. Delivery of insulin by 

microneedle injection was shown to decrease blood glucose levels by more than 60% (36). 

One reported difficulty with hollow microneedle injection is poor flow rates (36). When 

microneedles penetrate the stratum corneum, the skin gets compressed and may clog the 

channel. Having obstructed channels and densely packed cells surrounding the microneedles 

greatly reduces the diffusion rate into the surrounding tissue. Two techniques have been 

developed to alleviate these problems. By partially retracting the microneedle prior to 

delivery, the cells are less tightly compacted. Wang et al. found that by retracting 

microneedles 200 nm prior to insulin injection, blood glucose levels were more than 40% 

lower than when insulin was injected without retraction (36). Vibration of the microneedle, 

which was also shown to decrease insertion force, has also been shown to improve drug 
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delivery from hollow microneedles (36). There are several advantages to delivery of drugs 

via injection with microneedles. By using microfluidic devices the amount of drug delivered 

can be precisely regulated. 

 

Sampling is a second function for hollow microneedles that are incorporated with 

microfluidics devices. By decreasing instead of increasing the pressure, hollow microneedles 

can be used to sample blood. Kobayashi et al. used a sampling microneedle/microfluidic 

system to determine blood glucose levels (7,48). The dual function of blood sampling and 

drug delivery shows promise for complex microneedle devices that can monitor and maintain 

blood glucose levels in real time. 

 

Conclusion 

 

Within the past 10 years, the technology of microneedles has undergone vast improvements. 

Presently, several techniques exist to fabricate high-precision microneedles that effectively 

penetrate the stratum corneum and improve diffusion rates through the skin. High-throughput 

and low-cost fabrication techniques have been developed that allow microneedle arrays to be 

produced at rates that are consistent with commercial demands. Macroflux
®
 is a 

commercially available microneedle drug delivery system. This product utilizes coatings on 

titanium microneedles for drug delivery (50,71,72). The next stage in microneedle 

technology research will be to develop combinations of microneedle and microfluidics 
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technologies. These microneedle systems will be capable of both diagnosing and treating 

diseases such as diabetes in real time. 

The ability to use microneedles to directly administer solutions to the bloodstream will 

enable the delivery of drugs such as insulin and vaccines that were previously incompatible 

with transdermal drug delivery. 
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2.2.2 Recent Advances in Microneedle-mediated Parenteral Drug Delivery 

 

Introduction 

 

Microneedle technology for parenteral drug delivery has seen significant progress in recent 

years.  Since 2008, advances have been made in microneedle design, production methods, 

materials, and performance assessment techniques.  However, the most significant recent 

advances in microneedle technology have been in the development of novel drug delivery 

techniques and performance assessment techniques, namely ex vivo and in vivo studies of 

drug delivery with these devices, which is an important step in bringing this technology to 

clinical use. 

 

Advances in Microneedle Design and Production Techniques 

 

Patterning and bending metal foils has developed into one of the most widely used 

techniques for producing microneedles [1-4].  This technique, developed by the Prausnitz 

group at Georgia Institute of Technology [5-7], has seen numerous variations by other 

groups.  Apogee Technology is producing a commercial device by hydrofluoric acid etching 

of titanium foil.  AdminMed has produced commercially available microneedle devices by 

etching sheets of stainless steel foil and bending the needles out of plane [8, 9].  These 

microneedles have cutouts along the shaft to enable fluid flow through the substrate and 

potentially along the opening into the skin (Figure 1a).  However, fluid generally follows the 
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path of least resistance, so there is a high likelihood that the majority of the pharmaceutical 

agent travels along the surface of the array and rests on the surface of the skin as opposed to 

traveling along the cutout and penetrating into the skin. 

 

 

Figure 1. Commercially available microneedle devices: a) AdminPatch® microneedle array*, 

b) the MicronJet device**. 

*Source: Yuzhakov VV. The AdminPen
TM

 Microneedle Device for Painless & Convenient 

Drug Delivery. Drug Delivery Technology 2010, 10: 32-36. 

**Reprinted from: Vaccine, Vol 27, Van Damme P, Oosterhuis-Kafeja F, Van der Wielen M, 

et al. Safety and efficacy of a novel microneedles device for dose sparing intradermal 

influenza vaccination in healthy adults. 454-459, Copyright 2009, Elsevier. 

 

A new microneedle production technique, drawing lithography, was recently reported by Lee 

et al. [10]. Ultra-high aspect ratio, hollow microneedles were generated by this technique, 

where a 2-D pattern of a thermosetting polymer is drawn out to produce a 3-D structure and 
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subsequently solidified by thermal curing.  SU-8 2050 was spin-coated onto a glass substrate, 

drawn to produce a spear-shaped array, electroless coated on the tip, Ni electroplated, and 

then removed to produce high-aspect ratio hollow metal microneedles. These microneedles 

has a 300 µm diameter base, a 20 µm diameter tip opening, tunable wall thicknesses ranging 

from 20-30 µm, and tunable lengths of 600, 1200, 1800, and 2000 µm.  Drug delivery 

capability was confirmed by injection of insulin into hyperglycemic rats, which resulted in 

changes in blood glucose levels similar to injection with 33-gauge needles.  While production 

of hollow microneedles by electroplating has been previous demonstrated (Davis 2004, 

others), Lee et al. present a novel method for producing a mold for electroplating. In their 

technique length and wall thickness can be controlled; nevertheless, other significant 

geometrical features, such as tip geometry cannot be controlled with this technique. 

 

A 2010 study by Choi et al. reported several novelties in production technique [11].  One 

area of innovation was in fabrication technique.  An array of conducting microneedles was 

produced by micromolding, where PMMA microneedle arrays were produced via solvent 

casting at 50 
o
C in a PDMS mold.  A metal seed layer of Ti/Cu was deposited by DC 

sputtering and subsequently patterned by excimer laser ablation.  Electroplating was then 

used to coat the patterned seed layer with nickel.  Interestingly, while uncoated PMMA 

needles bent without penetrating the skin, electroplating with Ni increased their mechanical 

strength to where skin penetration was achievable.  Thickness of the Ni coating was also 

important, with 10 µm thick coatings showing signs of fatigue while 20 µm thick coatings 

were mechanically stable. 
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A novel microneedle design consisting of SU8 drug reservoir tubes with conical caps 

consisting of a dissolving polymer (a mixture of polyvinyl alcohol and polyvinyl-

pyrrolidone) was presented by Paik et al. [12].  The tubes were produced by masked 

photolithography, using a patterned Cr mask, and the caps were produced by UV soft 

lithography.  Delivery was modeled by inserting the needles, containing a red dye, into 

agarose gel and into chicken muscle tissue.  Further studies will need to be conducted to see 

if these needles are capable of piercing skin, since the thin polymer walls are likely weaker 

than solid microneedles and other groups have found that some polymer microneedles have 

insufficient mechanical properties for piercing skin [11]. 

 

DeMuth et al. also used laser ablation to assist in microneedle production [13].  A laser was 

used to directly machine a microneedle mold from PDMS, which was subsequently used to 

mold PLGA microneedles.  As with Choi et al., these polymer microneedles were weak and 

showed signs of buckling during application to the skin.  In this study the microneedles were 

applied to ear skin of mice, which is exceptionally thin in comparison to human skin [14, 15].  

Consequently, microneedle penetration in this study may be significantly different than in 

humans.  

 

At this point I would like to note that, while it has been used as a model in numerous studies 

[13, 16, 17], mouse skin, in particular skin of the ear, is a poor model for microneedle-

mediated drug delivery in humans.  The entire mouse ear is less than 300 µm thick, 
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containing 100 µm of cartilage and 2 approximately 100 µm thick layers of skin [18]. The 

stratum corneum of mouse skin is 9 µm thick, and the epidermis is 29 µm thick [14]. In 

contrast, the skin of the human forearm has a stratum corneum approximately 29 µm thick 

and an epidermis of 47-89 µm thick [18]. The upper dermis in the human forearm is located 

136 µm deep [18], which is more than 30% deeper than total thickness of mouse ear skin. 

Further, ear skin is less compressible than skin with subdermal tissue, such as the forearm or 

shoulder.  Both of which may improve microneedle penetration in mouse ear skin in 

comparison to human skin.  Interestingly, Hӓfeli et al. reported poor delivery of drugs into 

mouse skin by hollow microneedle injection, with the majority of the injected fluid residing 

on the surface of the skin (36% delivery into the epidermis) [17].  Further, there was 

negligible delivery of the injected drug into the bloodstream.  They attributed this difficulty 

to high tissue flexibility and poor absorption by the epidermis. In contrast, numerous studies 

have indicated that pig skin is the best model for human skin [14, 20].  The stratum corneum 

of pig skin is 9.88 µm (ear) to 15.17 µm (humeroscapular joint) and the epidermis is 46.76 

µm (ventral abdomen) to 56.68 µm (buttocks) [20].  Studies with full thickness skin have 

reported significant compression of the skin and higher insertion forces than observed with 

studies of thin skin, even with sharp needles [17, 21].  Likewise, several groups have 

reported differences in in vivo versus ex vivo microneedle penetration [22, 23]. Due to the 

significant impact of tissue compressibility on microneedle penetration, it is important that 

studies with excised skin use sufficiently thick skin samples (preferably full thickness skin) 

to achieve results that are relevant to clinical use. 
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Delivery Techniques 

 

Coating is still the dominant technique for intradermal delivery with microneedles [1-4, 13], 

most likely due to difficulties in producing hollow microneedles.  Several advances in 

coating approaches have been reported [1, 13].  Demuth et al. coated PLGA microneedles 

using polyelectrolyte multilayer (PEM) engineering [13].  Thin film coatings of DNA-

carrying self-assembled PEMs on microneedles were used for in vivo transfection of cells in 

the ears of mice.  Confocal microscopy confirmed delivery of DNA into the epidermis.  Kim 

et al. performed a study to optimize the formulation for solid-state influenza vaccine for 

coating solid, stainless steel microneedles [1]. Dip coating with standard vaccine 

formulations resulted in coatings with 2% influenza vaccine stability. Trehalose was found to 

be the stabilizer that best protected the antigen by minimizing particle aggregation. 

Carboxymethylcellulose, which was added to increase viscosity, was found to contribute to 

loss in vaccine activity.  Application of the coated microneedles to mice resulted in effective 

antibody production, with antibody levels equal to vaccinations by intramuscular injection. 

 

Some hollow microneedle devices are beginning to be available, such as the MicronJet 

device by NanoPass Technologies and the Microstructured Transdermal System by 3M.  The 

NanoJet device consisted of a silicon wafer containing hollow microneedles (0.45 mm long) 

that was bonded to a plastic fitting for connecting to a conventional syringe (Figure 1b) [24].  

Daugimont et al. produced hollow and solid polymer microneedles by conventional 

micromachining (e.g., drilling and milling) [25], which were 1200 µm long, 250 µm diameter 
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at the base, and had a 70 µm diameter channel. The needles were then coated with titanium 

and gold layers to make them electrically conducting.  Ex vivo and in vivo studies were 

performed with porcine ear skin and with NMRI mice. Luciferase and ovalbumin delivery 

was similar for microneedles and 30 gauge hypodermic needles.  However, electrotransfer of 

DNA proved to be difficult due to several factors including reservoir size, DNA viscosity, 

and the shape of the electrical field generated by the microneedle array.  The electrical field 

generated by the microneedle arrays resulted in irreversible electroporation of cells located 

near the microneedle tips. 

 

In a similar study, Choi et al. used micromolding, ablation, and electroplating to produce 

solid, electrically conducting microneedle arrays, which are capable of delivering DNA into 

cells by electroporation in vitro [11].  Electropororation of a cell suspension containing 

calcein resulted in an increase in cell uptake.  At 50 V, cell viability was 91% with 40% of 

the cells having calcein uptake.  This technique may improve delivery of DNA-based 

vaccines by improving vaccine uptake into cells in the bloodstream.  However, further 

studies are necessary to determine if microneedle electroporation improves systemic DNA 

delivery under in vivo conditions.  During in vivo conditions a significantly lower portion of 

the microneedle is in direct contact with the bloodstream, so the effect on the cells could be 

greatly reduced.  Further, delivery throughout the bloodstream in quantities necessary to have 

a significant effect may be challenging since it is a significantly larger volume than what was 

tested in this in vitro study.  Lastly, similar problems as those reported by Daugimont et al. 

may occur since cells will be immobilized instead of in suspension [25].   
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Recent Microneedle Drug Delivery Studies 

Dyes 

Numerous developments have been achieved with using dyes to assess drug delivery with 

microneedles. In addition to their extensive in vivo mouse study, Sullivan et al. also 

performed an ex vivo examination of microneedle delivery into pig skin by fluorescence and 

histology of sectioned skin after insertion of microneedles encapsulating sulforhodamine 

[26].  Jiang et al. used individual hand-drawn glass microneedles to inject sulforhodamine, 

Nile Red-encapsulated PLA nanospheres, and fluorescein-labeled latex microspheres into 

human cadaver sclera [27]. This study was the first demonstration of minimally-invasive 

drug delivery into the eye with microneedles.  Bal et al. used confocal laser scanning 

microscopy (CLSM) to image in vivo delivery of sodium fluorescein dye into humans by a 

commercial microneedle device (DermaStamp®, Dermaroller Deutschland S.a.r.l., 

Wolfenbuettel, Germany) [28].    

 

Wu et al. performed several experiments using dyes [29]. In vitro assessment was performed 

by applying needles that were coated with rhodamine B to dermatomed human skin and 

subsequently imaging the stratum corneum and dermal side of the skin with CLSM.  In vivo 

assessment was also performed by applying microneedles to rats for 10 sec and then a cotton 

patch soaked in FITC-BSA for 1 hr.  The skin was then excised and imaged by fluorescence 

microscopy.  Also, a Franz-type diffusion cell was used to assess calcein delivery through 

dermatomed human skin.  A similar study was performed by Coulman et al. [30].  They used 

a diffusion cell and fluorescent nanoparticles to quantify the effect of microneedles on skin 



134 

 

permeability. After applying and removing microneedles, the excised skin was mounted on a 

Franz-type diffusion cell with a fluorescent nanoparticle solution on the stratum corneum 

side of the membrane to assess nanoparticle perfusion.  Perfusion of nanoparticles through 

the skin was determined by fluorescently measuring the nanoparticle concentration on the 

receiving end of the diffusion cell.  The Narayan research group has performed several 

studies investigating delivery of quantum dots via hollow, polymer microneedles produced 

by two-photon polymerization [31, 32].  Histology and confocal laser scanning microscopy 

[31] as well as multiphoton microscopy [32] were used to image distribution of these model 

drugs throughout the skin.  Quantum dots can be used for theranostics applications, where 

they are conjugated with a drug to allow imaging of the distribution of the drug within the 

body.  This technique is particularly relevant to treatment of cancer [33]. 

 

Insulin and other Pharmaceuticals 

To date, vaccines are the pharmaceutical class that has been most widely delivered with 

microneedles. Other drugs that have been delivered with microneedles include insulin [34-

38], Naltrexone [39], hexyl nicotinate [40], methyl nicotinate [41], methotrexate [23], and 

antimicrobial agents [42-44]. The first clinical study of systemic delivery of a medication to 

human by microneedles was reported by Wermeling et al. in 2009.  Stainless steel 

microneedles that were made by machining and bending were used to deliver Naltrexone, a 

mu-opiod receptor inhibitor that is used for treating opiate and alcohol dependence, to human 

subjects.  Delivery was performed by applying and removing the microneedle array and 

subsequently placing a transdermal patch on the same skin location.  The delivery system 
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was pain free and the microneedle arrays were not damaged by skin penetration.  Naltrexone 

delivery via transdermal patches was achieved with the microneedle treated subjects but not 

with untreated subjects.   

 

Sivamani et al. used hollow silicon microneedles to inject hexyl nicotinate, a drug that 

induces capillary vasodilation, into human volunteers. The advantage of this novel 

transdermal drug delivery indicator is that it has slow partition from the stratum corneum to 

the epidermis.  As such, this pharmaceutical is an effective marker for determining whether 

microneedles deliver drug past versus into the stratum corneum.  Their comparison of the 

effects of topical treatment, microneedle injection, and microneedle injection after tape 

stripping indicated that the tested microneedles indeed do deliver drug into the epidermis.  

An in vivo study of microneedle delivery using hairless rats was reported by the Banga 

research group at Mercer University.  A comparative study of delivery of methotrexate with 

solely iontophoresis, with solely microneedles, and with both iontophoresis and solid 

microneedles was conducted.  The microneedles were solid tetrahedrons produced via 

micromolding of maltose.  The maltose microneedles dissolved after insertion into the skin. 

In vivo delivery with solely microneedles was more effective than passive delivery but less 

effective than solely iontophoresis.  The combination of iontophoresis plus microneedles was 

the most effective delivery technique. 

 

The Narayan research group has performed several studies demonstrating the delivery of 

antimicrobial agents via microneedles [42-44].  Pulsed laser deposition was used to produce 



136 

 

thin film coatings of silver and zinc oxide on solid polymer microneedles [43-44]. In another 

study, solid microneedles were made from polyethylene glycol diacrylate hydrogel 

containing the antibiotic gentamicin sulfate [42].  Donnelly et al. have demonstrated that 

disease causing microbes are capable of penetrating pores produced by microneedles [45]. 

 

In 2009, Gupta et al. performed a clinical trial of insulin delivery with microneedles to 

subjects with type I diabetes [38]. Diabetes management with microneedle versus catheter 

infusion delivery of insulin was compared during a 3.5 hour time period.  Hand-drawn glass 

microneedles and a 9-mm infusion catheter were used for insulin delivery.  Microneedles 

were found to be as effective at delivering insulin as the catheter infusion set, while being 

significantly less invasive. Additionally, microneedles were displaced various depths into the 

skin from 1 mm to 5 mm.  Displacements of 5 mm and 3.5 mm were significantly more 

effective than 1-mm displacement.  It is important to note that this displacement does not 

correspond to the skin penetration depth since during microneedle displacement the skin is 

also compressing. Microneedle injection resulted in no erythema but swelling of the skin, 

which subsided within two hours, whereas the catheter injection resulted in mild erythema, 

which remained after two hours, and swelling of the skin. The results of this study confirms 

the general belief that insulin injections via microneedles are a promising, less painful, and 

less invasive alternative to conventional insulin delivery methods. 
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Vaccines 

Vaccine delivery has been the primary focus of microneedle-mediated drug delivery from 

2008 to 2011.  Several groups have performed ex vivo vaccine delivery studies.  In 2009, the 

research group of Dr. Banga at Mercer University reported microneedle delivery of 

monoclonal antibodies into excised full thickness skin of hairless rats [21]. This study used 

commercially available (Texmac Inc.) maltose microneedles with sharp tips (3 µm), which 

penetrated the skin with approximately 250 g of force. Longer microneedles (500 µm versus 

200 µm) resulted in higher IgG uptake. Ng et al. developed an ex vivo system for modeling 

vaccination with microneedles [46].  This system consisted of excised human split-thickness 

or full-thickness skin sitting on a supporting metal grid in tissue culture medium, with the 

dermal side immersed in the tissue culture medium and the stratum corneum side exposed to 

air.  Histology and gene expression were used to assess the immune response resulting from 

vaccine delivery. The vaccine was delivered by topical application to the skin and subsequent 

piercing of the skin with the microneedle array. 

 

Due to the desire to measure the effects of the microneedle-delivered vaccines, numerous in 

vivo animal studies and clinical studies have been performed [1-4, 13].  With the recent 

outbreak of the H1N1 influenza epidemic, influenza vaccine delivery has seen the most 

widespread investigation [1, 3, 4, 24].  In particular, numerous studies were performed where 

coated solid microneedles were used to deliver influenza vaccine to mice [1, 3, 4, 26].  A 

detailed report of vaccination via dissolving microneedles was presented by Sullivan et al. in 

Nature Medicine [26]. This study consisted of producing polyvinylyrrolidone microneedles 
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encapsulating lyophilized vaccine by molding.  Influenza vaccination by the dissolving 

microneedles was compared to vaccination by intramuscular injections into mice. 

Vaccination by microneedles elicited robust immune responses that were as effective as the 

intramuscular injections. 

 

Van Damme et al. published a report on influenza vaccine delivery via Nanopass 

Technologies‘ MicronJet device [24].  This report was one of the largest clinical studies of 

microneedle drug delivery to date, with 180 human subjects receiving vaccinations.  While 

previous studies have investigated the pain of microneedles penetrating the skin, this was the 

first study comparing the in vivo effects of injection of a drug with hypodermic needles. 

Intradermal (microneedle) vaccination resulted in significantly less ―prick-pain‖ though 

slightly higher ―Administration-pain‖; intradermal vaccination had less pain post-vaccination 

than intramuscular injections.  Interestingly, intradermal injections resulted in greater 

incidence of redness, swelling, and induration, though these local reactions were mild. There 

was no significant difference in immunogenic effect between the delivery techniques. The 

higher delivery pain and local reactions may be a result of accumulation of vaccine in the 

epidermis.  Using a lower delivery rate and longer microneedles are two factors that should 

be investigated for reducing the local effects of microneedle vaccination.  Lower delivery 

rates may reduce local effects by allowing the vaccine more time to diffuse through the 

epidermis.  Longer microneedles may have better access to capillary beds and faster 

distribution of the injected drug. 
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DNA-based vaccine delivery has been investigated in numerous studies.  Choi et al. 

conducted an in vitro study with cells in culture to examine using electroporation by 

microneedles to improve DNA transfection rates [11]. Demuth et al. delivered plasmid DNA 

to mouse skin using coated microneedles [13].  Gill et al. demonstrated that DNA plasmid 

vaccine delivered by microneedles to mice induced a sufficient immune response in delivered 

DNA plasmid hepatitis C vaccine via microneedles to mice, with microneedle delivery being 

equally as effective as hypodermic needles and gene guns [2]. 

 

Assessment of Microneedle Properties 

 

A particularly interesting study was performed by Donnelly et al [45].  They performed an in 

depth study of the ability of microbial organisms to penetrate pores created by microneedles 

in comparison to pores creates by hypodermic needles.  Silicon microneedles and 

hypodermic needles were used to penetrate Silescol® membranes, a synthetic model for 

mimicking drug diffusion through the stratum corneum, and excised porcine skin 

dermatomed to a thickness of 400 µm.  Microbial suspensions (C. albicans, P. aeruginosa, 

and S. epidermidis) were perfused through the skin and membranes in a Franz cell to measure 

the effect of microneedles and hypodermic needles on the ability of these organisms to 

penetrate the skin.  Hypodermic needles allowed significantly greater penetration of 

microorganisms through the synthetic membrane and excised skin than microneedles.  C. 

albicans exhibited the greatest potential to penetrate the generated pores.  This studied 

indicates that a risk of infection from microneedle use does occur, most significantly with C. 
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albicans, though it is significantly less than the risk of infection associated with hypodermic 

needle use.  

 

A study of the skin penetration mechanics of microneedles was performed by Takano et al. 

[47].  High molecular weight (6000 mw) polyethylene glycol microneedles, which dissolve 

by hydrolysis in the skin, were used in this penetration study.  Microneedles were applied to 

commercial cultured human skin, 15-18 mm thick.  They measured the thickness of the 

stratum corneum and epidermis to be approximately 0.1 mm.  Biaxial tension was applied to 

the skin and a punch with an open center was pressed against the back side of the skin to 

achieve controlled tension and a more uniform skin surface. Loose skin resulted in tenting of 

the entire skin surface, whereas taut skin resulted in tenting only at the tips of the needles and 

also better penetration.  The needles in this study are uncharacteristically large (1 mm base 

and 2 mm length, less sharp than a hypodermic needle), so further studies need to be done 

with other microneedle geometries to see how pronounced the tenting effect is with smaller 

needles.  Regardless of the length of the needles, this study shows that the tension and 

curvature of the skin are important factors that must closely resemble the actual in vivo 

conditions in order to get skin penetration data that are relevant to actual clinical use.  

Testing microneedle penetration with ex vivo skin without tension will make penetration 

appear more difficult than in in vivo conditions whereas apply exceptionally high tension can 

make microneedle devices have falsely superior penetration properties. Another microneedle 

penetration mechanics study was performed by Verbaan et al. in 2008 [48].  In this study the 

effects of insertion speed and skin thickness were examined.  Microneedles were applied to 
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the skin by either manual pressing or impacting at 1 m/s and 3 m/s.  Both microneedles 

assembled from the tips of conventional needles and silicon microneedles were examined.  

Microneedles were applied to both full thickness skin and skin dermatomed to 300-400 µm.  

Microneedle penetration with impacting was superior to manual application and 3 m/s 

impacting had better penetration than impacting at 1 m/s.  Dermatomed skin and full 

thickness skin were reported to have similar penetration, though no quantitative data were 

given. 

 

Recently, an in depth clinical study of the pain associated with microneedle use was 

conducted by a research group at Cardiff University [49].  The pain associated with applying 

25-gauge hypodermic needles, 280 µm long silicon microneedles, and 180 µm long silicon 

microneedles was investigated.  At subjects found the hypodermic needle to be the most 

painful. Interestingly, the relative discomfort between the two microneedle lengths varied, 

with some subjects finding the shorter microneedles more painful and some finding the 

longer microneedles more painful.  Both microneedle geometries were effective at piercing 

the skin, as determined by trans-epidermal water loss (TEWL) and methylene blue staining. 

A report published by Birchall et al. discusses the public and healthcare professional 

opinions of microneedles [50].  This report provides an interesting view of the perception of 

microneedles outside of the research environment.  Several focus groups of laypersons and 

healthcare professional were questioned on their thoughts about microneedles.  One some 

points, the opinions was remarkably uniform, all focus groups were of the opinion that 

microneedles would be advantageous for their reduction in pain, their potential for self-
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administration, and would be good for children, needlephobes, and diabetics.  Likewise, there 

were some widely expressed concerns: lack of efficacy, delayed onset of action, inability to 

confirm delivery of dose, cost, potential for abuse, risk of cross contamination, variation in 

skin thickness, and difficulty in injecting small volumes.  These concerns are all areas that 

will need to be addressed by microneedle researchers in future studies.  Overall, the opinion 

of microneedles was positive, with microneedles being more preferred than traditional 

needles and tablets by the majority of study participants. 

 

Conclusions 

 

These recent studies have shown that microneedle technology is indeed progressing towards 

clinical use, with numerous in vivo and clinical studies already having been performed.  

Several commercial microneedle devices are now available.  However, while microneedle 

technology is rapidly approaching widespread clinical capabilities, much still needs to be 

done to appease the public concerns with these devices. 
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2.3 Micro- and Nanoscale Devices in Regenerative Medicine 

 

2.3.1 Microscale Rapid Prototyping of Prosthetics 

 

For as long as the field of medicine has existed, human beings have been creating prostheses 

to treat lost or dysfunctional skeletal organs.  Prosthetics have improved greatly since the 

crude ―peg legs‖ of old.  Nowadays, many prosthetics, such as the artificial hip, are nearly 

indistinguishable from the limbs they are replacing.  However, there is still much room for 

improvement in this field.   

 

While modern prostheses restore the patient to a nearly normal lifestyle, several problems 

still exist with these devices.  One of the predominant sources of prosthesis complications is 

poor fitting.  The current prosthetic gold standards, such as the Charnley hip, have a ―one 

size fits all‖ approach, or at best a choice between several sizes [1].  As a result of this ―close 

fit‖ approach, prosthesis complications arise, such as stress shielding [1], prosthesis 

migration [2], wear [3], poor lifetime [4], and development of secondary pathologies such as 

back pain and osteoarthritis [5].  Additionally, improving the prosthesis ―fit‖, meaning 

making implants that more closely meet their natural properties, has been shown to alleviate 

these problems since the forces in the prosthesis more closely match the natural forces [5]. 
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Small bone prosthetics are especially susceptible to poor fit complications.  Prostheses of 

intricate or articulating bones, such as the carpals in the wrist (under review), maxillofacial 

structures [6], the hip [7], and the knee [4], have relatively high rates of complications.  Since 

these bones have fine details on their articulating surfaces, the prostheses need to mimic 

these intricate surfaces to achieve ―normal‖ function.  Additionally, small amounts of wear 

have more pronounced effects in these prostheses.  

 

One promising approach to correct these problems is the development of patient-specific 

prostheses.  The ultimate goal of patient-specific prostheses is to perfectly imitate both the 

structure and mechanical properties of the original healthy tissue.  Computed Tomography-

based modeling and rapid prototyping is a developing technology that shows promise to 

produce patient-specific prostheses.  This review will discuss the past, current state, and 

future potentials for Computed Tomography (CT) assisted patient-specific prosthesis design 

and fabrication. 

 

The development of 3-D computed tomography began with Radon in 1917 [8].  Radon 

provided a mathematical basis for describing how a series of 2-D images could be 

mathematically reconstructed, by a technique called the Radon transform, to produce data in 

3D. In the 1950s, the mathematical techniques to perform 3-D reconstructions, including the 

Fourier Transform, were developed [8].  The first clinical CT system, capable of acquiring 3-

D data, was produced in 1963 [8].  Upon the producing CT systems, reconstruction 

algorithms such as Algebraic Reconstruction Techniques (ART), backprojection, and Fourier 
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transform based techniques developed [8]. With the ability to acquire and process 3-D data, 

3-D modeling from this data began in 1977 with Herman and Liu producing 3-D CT images 

[9].  Through the 1980s several technologies were developed to interpret CT data and make 

3-D computer models, usually as a series of 2-D images [9, 10].  

 

In the 1990s the concept of combining these series of stacked 2-D images with rapid 

prototyping technology came into being [11].  Rapid prototyping is a technique born in 

industry for rapidly producing parts from computer aided design (CAD) models.  A wide 

array of rapid prototyping technologies now exist, including: computer controlled milling 

[11], stereolithography [11], selective laser sintering [11], electron beam melting [12], sheet 

lamination [13], and two-photon polymerization [14].  In rapid prototyping, objects are 

formed slice by slice, either by removal, addition, or polymerization of material.  The 

different fabrication processes are compatible with different materials such as metals, 

polymers, and ceramics [11]. 

 

The complexity, power, and precision of modeling software to reconstruct 3-D CAD models 

from CT data have improved greatly since the 1990s.  Presently, specifically designed 

software packages such as Materialise‘s Mimics and 3-matic packages (Materialise, Leuven, 

Belgium) are user-friendly ways that have seen clinical use in designing prostheses from CT 

data.  Mimics is capable of using data from a wide array of imaging modalities to make 

reconstructive models, including CT, MRI, and microscopy data in a variety of file formats 

[15].  In addition to importing from a variety of modalities and file formats, Mimics can 
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export into a variety of file formats, which allows the data to be modified with CAD software 

or read by rapid prototyping systems [15].  3-matic is Materialise‘s software package for 

manipulating CAD files after they have been converted by Mimics [12].  Sample images of 

the conversion, design, and resultant implant using Materialise software can be seen in 

Figure 1. Also, it has recently been shown that widely used commercial CAD programs such 

as SolidWorks (SolidWorks Corporation, Concord, MA) can be used to form 3-D models 

from CT data for rapid prototyping applications [16].  

 

 

Figure 1. Screenshot of Mimics processing of CT data (left), final prosthesis CAD model 

design by 3-matic (center), and actual implant produced by electron beam melting (right). © 

2008 Materialise NV. 

 

CT based models have been used to make several prostheses by rapid prototyping.  As early 

as 1992, Nakai et al. used academic algorithms to make models from CT images [17].  Their 

custom modeling software interpolated between CT image slices to make 3-D models with 

smoother contours than afforded by the 10 mm CT image slice intervals [17].  These models 
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were used in conjunction with solid object ultraviolet-laser plotting (SOUP) to create 

prostheses; none of these prostheses were implanted [17].    

 

In 1995, patient-specific craniofacial prostheses designed by academic CT based contouring 

techniques and fabricated by rapid prototyping were implanted in patients [18].  These 

prostheses were made by milling rapid prototyping with 0.5 mm step size precision [18].  

 

Materialise medical image conversion and implant design software have been used to make 

several clinically used prostheses.  Chang et al. used a combined approach of computed 

tomography and stereolithography to make patient-specific dentures [19].  Beerens et al. used 

Materialise‘s Mimics and 3-matic software packages to design a clinically used craniofacial 

implant that was made by electron beam melting [12].  Spiral CT, Materialise software, and 

sheet lamination rapid prototyping were used by Dai et al. to make 10 patient-specific 

hemipelvic prostheses that were used in patients [20].  Liu et al. reported that between 2007 

and 2010 they performed 25 cases of successful production and implantation of oral and 

maxillofacial implants made by CT-based rapid prototyping [21].  

 

Singare et al. used helical CT with 1.3 mm slice thickness, conversion and design by 

Materialise software, and stereolithography was used to make a prosthetic chin [22].  In this 

case, rapid prototyping was employed to make a master structure that was then used to make 

a mold.  The mold was then used to make a titanium prosthesis.  This same approach of 

utilizing rapid prototyping to make a master structure, mold forming, and then molding was 
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used to make auricular prostheses [23].   Employing molding in addition to rapid prototyping 

allows materials that are not compatible with the desired rapid prototyping technique to still 

be used.  However, there are drawbacks to adopting molding techniques.  With CT-based 

modeling and rapid prototyping, the interior structure of the original organ is preserved.  By 

maintaining the interior structure, native anisotropic properties can be conversed in the 

prosthesis.  When molding is performed, only the exterior structure is replicated, so the 

mechanical properties are not as accurately replicated. 

 

The prosthetics produced by Gittard et al. are one example of the benefits of producing 

structures based on CT data directly with rapid prototyping [24].  In their study, replicas of 

human scaphoid and lunate bones were produced by stereolithography.  These input STL 

files were from CT data that was acquired using Materialise software.  These structures not 

only reproduced the exterior architecture, but fracturing of the replicas revealed that the 

interior structure of these bones was also reproduced.   

 

There are several factors to be taken into consideration with CT modeling-based rapid 

prototyping.  One important factor is precision.  There are three factors contributing to 

prosthesis precision: CT image precision, CAD model precision, and rapid prototyping 

precision.  For CT, layer step size is often maximized in order to minimize patient radiation 

exposure [17].  Interpolating algorithms in the conversion of CT data to CAD models can 

attempt to correct this problem [17].  Additionally, CT image artifacts need to be identified 

and corrected for in order to better replicate the original structure [25].  Lastly the fabrication 
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precision of the rapid prototyping system must be taken into account.  The different rapid 

prototyping systems have varying degrees of precision, ranging from sub-micron (2PP) [26] 

to several hundred microns (fused deposition modeling) [23].  Since structures are fabricated 

layer-by-layer in rapid prototyping, structures with higher precision require longer 

fabrication times.  While the highest precision is desirable, it is an inefficient use of time and 

resources to perform rapid prototyping fabrication with a smaller precision that what is 

present in the CAD model.  Likewise, these is no reason to use processing to make CAD 

models with a smaller precision than can be produced by the rapid prototyping system. 

 

Patient-specific prostheses are beginning to be developed and used in clinical settings with 

success.  However, there are still improvements that can be made.  Improvements in 

processing algorithms can help to increase the precision of the prosthesis CAD models.  For 

small bone prostheses, micro CT is a potential technique to produce more precise prostheses.  

Lastly, combining different imaging modalities can be used to gather data about multiple 

tissues.  With data on a variety of tissues in the nature organ, rapid prototyping could be 

performed with several materials to better replicate the properties of the natural organ. 
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2.3.2 Micro- and Nanoscale Aspects of Tissue Engineering 

 

Introduction 

 

The fundamental challenges of tissue engineering are ongoing.  The issues challenging 

scientists today have been known since the inception of this field.  As stated by Dr. Joseph 

Vacanti, ―The major components of this technique are (1) the use of biodegradable polymers; 

(2) cell viability supported temporarily by diffusion; (3) proliferation and organization of 

cells; (4) vascularization of the growing cell mass; and (5) proper cell function in the context 

of the new structure‖ [1].  These important factors, known more than 20 years ago, are still 

the challenges being faced in this field.  In the past two decades advances have been made in 

understanding the importance of some of the underlying factors in tissue engineering, such as 

geometry, mechanical cues, and chemical factors.  It is essential that these factors are taken 

into account when producing tissue engineering scaffolds by rapid prototyping. 

 

Effects of Scaffold Architecture on Tissue Engineering 

 

A wide range of architectural factors have an effect on the performance of tissue engineering 

scaffolds.  The native extracellular matrix provides chemical and mechanical cues that induce 

cells to exhibit adhesion, migration, proliferation, and differentiation that is characteristic of 

that specific tissue [2]. The end goal of tissue engineering scaffold generation from a 

materials science perspective is to generate a scaffold with the same properties as the natural 



166 

 

extracellular matrix of the tissue being engineered, thus producing an environment in which 

cells will behave in the same manner as in the natural tissue. 

 

It is well-established that cells behave vastly differently in 2-D and 3-D environments [3].  

Cells grown on 2-D surfaces have a flat, spread morphology; different proliferation rates; 

inhibited differentiation; and significantly different phenotypes [3, 4].  For example, Ma et 

al. found that cells on 2-D surfaces had different cell cycle progression and less 

differentiation than cells in 3-D surfaces [5]. Sahai and Marshall found that cells in 2-D may 

have different responses to pharmacological agents than cells in 3-D [4].  These behavioral 

differences necessitate that tissue engineering utilize 3-D scaffold instead of 2-D substrate for 

generating new tissues. 

 

Another important architectural factor is surface chemistry and morphology.  In tissue 

engineering, cells must have some sort of cell-substrate adhesion in order to survive, since 

the majority of mammalian cells are anchorage-dependent [6, 7].  The quality of cell-

substrate adhesion is highly dependent on the surface roughness and surface energy of the 

scaffold material [8-12].  Lampin et al. performed cell adhesion and spreading studies on 

PMMA substrates of varying surface roughnesses that were produced by sand-blasting [8].  

Increased surface roughnesses resulted in increased hydrophobicity and improved cell 

adhesion.  In a series of studies by Laser Zentrum Hannover, spike structures were produced 

in various materials to determine the effects of hydrophobicity and surface roughness on cell 

adhesion [10, 12-14].  Spike structures were generated by laser ablation and/or micromolding 
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in silicon, titanium, and silicone elastomer [10, 12-14].  In all of these materials, the presence 

of a spiked morphology increased the surface roughness and corresponding hydrophobicity 

of the surface.  Interestingly, their studies indicated that the effects of hydrophobicity on 

proliferation rate was cell-type specific.  For example, fibroblasts exhibited decreased 

proliferation on spiked surfaces while neuroblastoma cells exhibited no change in 

proliferation rate [10, 12].  This finding indicates that surface roughness may be used to 

select for a certain cell type, for example inhibiting proliferation of fibroblasts, which are 

responsible for scar tissue formation.  Experiments by Ranella et al. with similar spiked 

structures achieved comparable results [15].  Mouse fibroblasts, grown on silicon surfaces 

that were flat and of various spiked surface roughnesses, had increased densities and 

adhesion for low roughness ratios (<3) and low cell density and adhesion for high roughness 

ratios (> 3). Dulgar-Tulloch et al. examined the effect of the grain size of ceramics on human 

mesenchymal stem cell, osteoblast, and fibroblast proliferation [16].  For all three materials, 

average grain sizes of 200 nm had the greatest cell proliferation, with grain sizes of 1500 nm 

having slightly reduced proliferation and grain sizes of 50 nm having significantly reduced 

proliferation. Numerous studies have shown than surface roughness on the microscale can 

reduce proliferation and adhesion [10, 12-15], whereas surface roughness on the nanoscale 

can improve cell adhesion and proliferation [17].   

 

In addition to affecting cell adhesion and proliferation, surface features may also be used to 

control cell orientation. Rebollar et al. produced grooves of varying periodicities (200-430 

nm) and depths (30-100 nm) in polystyrene by polarized KrF laser light [17].  Human 
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embryonic kidney cells, Chinese hamster ovary cells, human myoblasts, and rat skeletal 

myoblasts all aligned parallel to the nanoscale grooves.  These modified surfaces also 

demonstrated enhanced adhesion and proliferation for human embryonic kidney cells.  A 

phase contrast image of human myoblasts aligned parallel to the nanoscale grooves after 2 

days of culturing is presented in (Figure 1d).   Teixeira et al. produced grooves in silicon 

with pitches of 400, 800, 1200, 1600, 2000, and 4000 nm for examining the effects of surface 

topography on keratocytes [18].  Smooth silicon has random orientation of cells; the 400 nm 

pitch surface had approximately 50% of the cells oriented parallel to the grooves; and the rest 

of the surfaces had greater than 65% of the cells oriented parallel to the grooves.  Patterned 

surfaces also had significantly greater cell elongation than the smooth surface.  Cells on the 

nanoscale surfaces exhibited fewer stress fibers and focal adhesions than the microscale 

surfaces.  The differences in cell stress fiber orientation on these surfaces can clearly be seen 

in (Figure 1a-c).  Cells on smooth silicon (C) have random stress fiber orientation, cells on 

the 4000 nm surface (B) are strongly aligned parallel to the grooves, and cells on the 400 nm 

surface are less strongly aligned. Miller et al. demonstrated that laser-micromachined lines in 

silicon may be used to control alignment of human aortic-vascular smooth muscle cells; on 

these surfaces the cells were aligned perpendicular to these grooves which were spaced 

approximately 100 µm apart [19].  These findings indicate that cell orientation can be 

controlled and is highly dependent on the size scale of the surface patterning. 
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Figure 1. Effect of surface features on cells. Cells align with groves and ridges at the 

nanometer and micron scale. Keratocytes with stress fibers visible: A) Cell aligned on a 400-

nm pitch vertical pattern*; B)  cell aligned on a 4000-nm pitch pattern*; C) Cells on a 

smooth substrate; stress fibers are randomly oriented*. D) Human myoblasts aligned to nano-

scale ridges on polystyrene foil**. 

*Reprinted with permission from Teixeira AI, Nealey PF, Murphy CJ. Responses of 

keratocytes to micro- and nanostructured substrates. J Biomed Mater Res 2004; 71A: 369-

376. © 2004, John Wiley & Sons. 

**Reprinted from Biomaterials, Volumer 29, Rebollar E, Frischauf I, Olbrich M, et al. 

Proliferation of aligned mammalian cells on laser-nanostructured polystyrene.  1796-1806, 

Copyright 2008, Elsevier. 

 

Mass Transport in Tissue Engineering Scaffolds 

 

Mass transport is essential for a successful tissue engineering scaffold.  Without a means of 

receiving nutrients and removing waste, cells in a scaffold cannot survive [20].  In native 
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tissue, mass transport is achieved via the vasculature.  However, producing vascularized in 

vitro scaffolds has been challenging so an alternative approach has generally been preferred.   

The predominant technique for enabling mass transport in tissue engineering scaffolds has 

been via porosity.  Scaffolds with a high porosity enable nutrients and waste to be transported 

via diffusion [21].  Research has indicated that 80-90% porosity is ideal for mass transport in 

scaffolds [22].  However, there is a trade-off between high porosity and mechanical integrity 

of the scaffold, so an appropriate balance between the two must be maintained.   

 

An alternative solution to the mass transfer issue is to develop scaffolds with vasculature.  As 

native tissue uses vasculature to achieve mass transport, this native transport mechanism can 

be used in tissue engineering scaffolds.  An additional cause for producing pre-vascularized 

scaffolds is that vascularization aids scaffolds in integrating with the host tissue [23]. It has 

been established in the literature that endothelial cells in a 3-D environment will 

spontaneously form tube-like structures [24-28]. Kelm et al. produced a vascularized 

macrotissue structure by assembly of pre-generated microtissues [29]. Myoblast microtissues 

produced by gravity-enforced self-assembly were coated with vascular endothelial cells, 

which resulted in development of a vascular structure initiated by the fibroblast VEGF 

production.  A macrotissue was then produced by casting of these macrotissues in an agarose 

mold. Tsuda et al. created pre-vascularized tissue by creating multiple alternating 

monolayers of fibroblasts or patterned endothelial cells [30].  Unger et al. showed that human 

endothelial cells and osteoblasts in co-culture on scaffolds will distribute and form structures 

resembling bone tissue, including microcapillary-like structures [31]. In vivo implantation of 
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these scaffolds into immune-deficient mice confirmed integration with the host vasculature 

and formation of chimeric microcapillaries (containing both human and mouse cells).  Both 

outgrowth of human cell microcapillaries into host tissue and ingrowth of mouse vasculature 

into the scaffold were observed.   In contrast, scaffolds with solely endothelial cells and 

unseeded scaffolds exhibited poor ingrowth.   

 

Cell Seeding of Tissue Engineering Scaffolds 

 

The maximum distance that cells have been able to migrate to fill an acellular matrix is 1 cm 

[32].  Therefore, in order to populate acellular scaffolds larger than 1 cm, the scaffolds must 

be directly seeded with cells.  Various seeding methods exist:  immersion of a porous 

scaffold in a cell suspension, pipetting cell suspensions into a scaffold, centrifuging a porous 

scaffold in a cell suspension, printing into a porous scaffold, and generating a scaffold with 

cells already contained in the material.  Immersion of a scaffold into a cell suspension and 

pipetting of cell suspensions into scaffolds are the most common methods, due to their ease 

of use.  In order for these techniques to be successful, the scaffolds must be highly porous, 

which reduces their mechanical stability.  Another drawback is that cell suspensions have a 

low cell density compared to tissue.  In 2004, the Atala research group reported a novel cell 

seeding technique using centrifugal force [33].  Tubes containing the scaffold and a cell 

suspension were centrifuged, which resulted in deposition of the majority of the cells in the 

suspension into the scaffold.  Centrifugal seeding was approximately 3 times more effective 

than static seeding.  Centrifugation helps to reduce the problem of low cell density in scaffold 
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seeding, though scaffolds still need to be porous. Inkjet printing and laser bioprinting have 

been used to print cells into porous scaffolds [34, 35]. The advantage of these techniques is 

that multiple cells can be printed into the scaffolds in controlled locations.  Laser bioprinting 

has an advantage over inkjet printing in that high cell density can be achieved, since inkjet 

printing requires dilute suspensions [36].  Additionally, both inkjet printing and laser 

bioprinting can be used to produce scaffolds with cells already embedded inside [37, 38]. 

 

Conclusions 

 

The various rapid prototyping methods have numerous attributes that make them appealing 

for generation of tissue engineering scaffolds.  The most obvious advantage is that all rapid 

prototyping techniques allow for complete control of scaffold geometry (e.g., porosity, pore 

location, size, and shape).  Some techniques, such as two-photon polymerization and laser 

ablation have the ability to precisely control the surface features of scaffolds.  Printing-based 

techniques enable precise patterning of cells and generation of multi-material scaffolds.  

Light-based rapid prototyping generally facilitates higher resolution structures than other 

rapid prototyping processes.  The ability to control many of the factors that affect the 

performance of tissue engineering scaffolds make rapid prototyping an important tool in 

advancing the field of tissue engineering.  
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3. DRUG DELIVERY VIA MICRONEEDLES AND RELATED 

TECHNOLOGIES 

 

3.1  Fabrication of Polymer Microneedles Using a Two-Photon 

Polymerization and Micromolding Process 

 

The following section is a complete article from the journal: Journal of Diabetes Science & 

Technology © 2009 Diabetes Technology Society 

Source: Gittard SD, Ovsianikov A, Monteiro-Riviere NA, Lusk J, Morel P, Minghetti P, 

Lenardi C, Chichkov BN, Narayan RJ. Fabrication of Polymer Microneedles Using a Two-

Photon Polymerization and Micromolding Process. J Diabetes Sci Technol 2009 March; 

3(2):304-311. 

Note: This article has been reformatted. In particular, the location of figures and spacing 

may have changed.  The references are formatted as in the original manuscript. 
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Abstract 

Background: 

Microneedle-mediated drug delivery is a promising method for transdermal delivery of insulin, incretin mimetics, and 

other protein-based pharmacologic agents for treatment of diabetes mellitus. One factor that has limited clinical 

application of conventional microneedle technology is the poor fracture behavior of microneedles that are created using 

conventional materials and methods. In this study polymer microneedles for transdermal delivery were created using a 

two-photon polymerization (2PP) microfabrication and subsequent polydimethylsiloxane (PDMS) micromolding 

process. 

Methods: 

Solid microneedle arrays, fabricated by means of 2PP, were used to create negative molds from PDMS. Using these 

molds microneedle arrays were subsequently prepared by molding eShell 200, a photo-reactive acrylate-based polymer 

that exhibits water and perspiration resistance. 

Results: 

The eShell 200 microneedle array demonstrated suitable compressive strength for use in transdermal drug delivery 

applications. Human epidermal keratinocyte viability on the eShell 200 polymer surfaces was similar to that on 

polystyrene control surfaces. In vitro studies demonstrated that eShell 200 microneedle arrays fabricated using the 2PP 

microfabrication and PDMS micromolding process technique successfully penetrated human stratum corneum and 

epidermis. 

Conclusions: 
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Our results suggest that a 2PP microfabrication and subsequent PDMS micromolding process may be used to create 

microneedle structures with appropriate structural, mechanical, and biological properties for transdermal drug delivery 

of insulin and other protein-based pharmacologic agents for treatment of diabetes mellitus. 

J Diabetes Sci Technol 2009;3(2):304-311 

Introduction 

 

The article presents a new material, eShell 200, that may be used in microneedle fabrication. 

There is a need for microneedles with improved mechanical properties to deliver insulin and 

other peptide drugs. The article also examines the mechanical properties of eShell 200 

microneedles. Results suggest that eShell 200 may be an appropriate material for use in 

microneedle fabrication. 

 

Insulin is a hormone produced by the pancreas that promotes the storage of glucose in the 

liver and in other locations within the body.
1
 The term ―diabetes mellitus‖ includes several 

metabolic disorders that result from deficiencies in insulin action or insulin secretion. 

Damage to the eyes, kidneys, nerves, and blood vessels may occur as a result of elevated 

blood glucose levels (hyperglycemia).
2
 Several techniques for administering insulin to 

diabetes patients have been considered over the past century. Insulin and other protein-based 

pharmacologic agents cannot be delivered orally since they can be metabolized in the liver or 

degraded by proteolytic enzymes (e.g., pepsin) in the gastrointestinal tract.
3
 Insulin also 

cannot be delivered using conventional transdermal patches due to its high molecular 
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weight.
2
 Insulin is currently delivered by means of subcutaneous injection; however, this 

technique has numerous shortcomings, including pain and trauma at the injection site.
4 

 

Microneedles, miniaturized needles with at least one dimension under 1 mm in length, may 

be used to create pores in the stratum corneum layer of the skin and enable diffusion of 

pharmacologic agents.
2,5

 The delivery of insulin using microneedles has several benefits over 

conventional subcutaneous delivery processes.
1
 For example, no specialized medical training 

or supervision is required for use of these devices. Pain to the patient and trauma at the 

injection site is minimized since these devices do not interact with nerve endings located 

within the dermis layer of the skin.
6,7

 Microneedle delivery and subcutaneous injection of 

insulin have been shown to reduce blood glucose levels with similar efficiency.
8
 

 

A variety of microfabrication techniques have been previously used for fabrication of 

microneedles, including wet etching, dry etching, two-photon polymerization (2PP), 

electroplating, and micromolding.
9–16

 For example, Wilke and colleagues
12

 fabricated 

microneedles by anisotropic wet etching of a silicon substrate; the needle density that may be 

obtained using this technique is limited since only one row of needles may be fabricated per 

chip. Kobayashi and Suzuki
9
 and McAllister and associates

15
 fabricated electroplated shell 

structures; these structures demonstrate thin microneedle walls. Chun and coworkers
10

 

demonstrated fabrication of microcapillaries using deep reactive ion etching; however, the 

needle density was limited by isotropy of the etch step. Griss and Stemme
11

 and Gardeniers 

and colleagues
13

 fabricated single-crystal silicon microneedle arrays. In these studies needle 
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openings were positioned far from the tip, which necessitated deeper insertion within the 

skin. Despite these efforts microneedles prepared using conventional microfabrication 

processes have not been employed in widespread clinical use. 

 

One factor that has limited clinical application of conventional microneedle technology is the 

poor fracture behavior of microneedles that are prepared using conventional materials and 

methods. Microneedles undergo mechanical failure by a variety of methods, including tip 

buckling, tip fracture, and base fracture.
16,17

 Since many biomedical microdevice fabrication 

technologies originated in the semiconductor industry, silicon is widely used for fabricating 

microneedles. However, silicon is extremely brittle, and silicon microneedles are prone to 

catastrophic failure; for example, stress concentration regions at the microneedle tip are 

susceptible to fracture. Fracture of silicon microneedles during in vivo studies has been 

reported.
18

 Metal microneedles produced by electroplating possess thin walls and exhibit 

poor mechanical properties. These devices are prone to buckling of the tip during insertion; 

failure of metal microneedles has been reported at less than 1 N compressive force.
17

 

Microneedles that are attached to a substrate (e.g., Ormocer® microneedles on a glass 

substrate) are susceptible to detachment from the substrate and retention in the skin.
16

 The 

development of novel materials and fabrication methods for producing microneedles with 

appropriate mechanical properties for transdermal delivery will enable wider clinical use of 

this technology. 
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In this study microneedles containing eShell 200 polymer were created using a 2PP 

microfabrication and subsequent polydimethylsiloxane (PDMS) micromolding process. 

LaFratta and associates
19

 and Li and Fourkas
20

 demonstrated that a combination of 

photopolymerization and micromolding may be used to produce three-dimensional 

microstructures. eShell 200 is a photo-reactive acrylate-based polymer that is suitable for 

rapid prototyping of functional medical parts.
21

  It is a rigid, durable polymer produced by 

Envisiontec (Ferndale, MI) for use in medical applications, including fabrication of thin-

walled hearing aid shells. Due to the fact that it exhibits high cross linkage, eShell 200 

polymer is suitable for use in environments containing high humidity (e.g., water or 

perspiration). It exhibits hardness of 83 Shore (D2240 test method), tensile strength of 57.8 

MPa (D638M test method), flexural strength of 2300 MPa (D790M test method), Young‘s 

modulus of 2400 GPa (D638M test method), elongation at yield of 3.2% (D638M test 

method), dielectric strength of 14.6 (D149-97a test method), and glass transition temperature 

of 109 °C (E1545-00 test method).
21

 

 

The structural, mechanical, and biological properties of eShell 200 microneedles created 

using a 2PP micro-fabrication and subsequent PDMS micromolding process were examined 

by scanning electron microscopy, energy dispersive x-ray spectroscopy, compressive force 

failure testing, and MTT cell viability assay. We anticipate that microneedles fabricated 

using this high-throughput technique may be used for delivery of insulin and other protein-

based pharmacologic agents. 
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Experimental Procedure 

 

A computer-aided design (CAD) program (DeskArtes Oy, Espoo, Finland) was used to 

prepare an STL format file for fabrication of the microneedle array master structure. The 

master structure was a 5 x 5 array of 25 identical solid microneedles (needle height = 500 

μm; needle base diameter = 150 μm; needle center to needle center distance = 500 μm). 

 

The 2PP technique was used to create a microneedle master.
14,16,22

 This process involves 

nonlinear light absorption, igniting chemical reactions and material hardening within well-

defined, highly localized volumes. The 2PP process involves spatial and temporal overlap of 

photons in order to bring about chemical reactions, which lead to photopolymerization and 

material hardening within well-defined, highly localized volumes. A titanium:sapphire laser 

(Kapteyn-Murnane, Boulder, CO) was used to obtain femtosecond laser pulses (60 fs; 94 

MHz; <450 mW; 780 nm), which were focused using a 10x plan achromat microscope 

objective. Nonlinear absorption of laser pulses cleaved chemical bonds of photoinitiator 

molecules located in a small focal volume within the polymer resin. The radicalized 

photoinitiator molecules created radicalized polymolecules through interaction with the 

monomers; reactions were terminated when radicalized polymolecules interacted with other 

radicalized polymolecules. By moving the laser focus in three dimensions within the 

photopolymer, material was polymerized along the laser trace. A combination of three C-843 

linear translational stages (Physik Instrumente, Karlsruhe, Germany) and a galvo scanner 
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(Scanlab AG, Puchheim, Germany) was utilized in order to alter the laser focus position in 

three dimensions. 

 

The original microneedle array was fabricated by 2PP of SR 259 polymer (Sartomer, Paris, 

France) containing 2 wt % Irgacure 369 photoinitiator (Ciba Specialty Chemicals, Basel, 

Switzerland) on a glass cover slip. SR 259 is a polyethylene glycol (200) diacrylate that 

exhibits low volatility, a refractive index of 1.4639, viscosity of 25 cps at 25 °C, surface 

tension of 41.3 dynes/cm, and a molecular weight of 302.23 The Irgacure® 369 

photoinitiator exhibits an absorption peak at ~λ = 320 nm. The microneedle array was 

subsequently sputter coated with gold (coating time = 245 s; coating current = 10 mA) to 

improve separation of the master structure from the mold. The glass cover slip containing the 

microneedle array was then fixed to a glass microscope slide using double-sided tape. 

 

A negative mold of the microneedle array was fabricated using PDMS. Sylgard® 184 

silicone elastomer and hardening agent (Dow Corning, Midland, MI) were prepared 

according to manufacturer instructions. The liquid mixture was subsequently degassed under 

vacuum. After degassing, a 20 mm diameter open center aluminum crimp seal (Sigma 

Aldrich, St. Louis, MO) was placed on the glass with the microneedle array located in the 

center of the ring. The unpolymerized silicone elastomer was poured over the microneedle 

array until the aluminum ring was completely filled. The glass slide with microneedle array, 

aluminum ring, and silicone elastomer were placed under 100 mbar vacuum in order to 

remove residual gas voids. The sample, consisting of a glass slide, microneedle array, 
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aluminum seal, and silicone, was subsequently placed on a hot plate for PDMS cross linking. 

The hot plate temperature was increased from 25 to 100 °C over 30 min and then maintained 

at 100 °C for 30 min. Once the polymerized mold had cooled, it was mounted onto a C843 

linear translational stage (Physik Instrumente, Karlsruhe, Germany) in order to separate the 

mold from the master structure. The glass slide was held in place against the table using two 

metal restraining bars, while the aluminum seal containing the PDMS mold was vertically 

moved by the stage. A second PDMS mold (depth = 2 mm; diameter = 1 cm) was used for 

molding the substrate.  

 

Approximately 50 μl of eShell 200 polymer (Envisiontec, Gladbeck, Germany) was placed 

on the surface of the PDMS mold over the microneedle array. The mold containing eShell 

200 polymer was subsequently degassed under vacuum in order to allow the eShell 200 

polymer to completely fill the mold. The cylindrical substrate mold was then filled with 

eShell 200 polymer, and the microneedle mold was placed on top of it. The two molds were 

placed in contact, with the substrate mold facing up and the microneedle mold facing down 

so that the two surfaces with eShell 200 were in contact. The molds were then exposed for 2 

min to an ultraviolet curing lamp, which provided visible and ultraviolet light emission 

(Thorlabs, Newton, NJ). The molds were subsequently inverted; the substrate side was 

exposed to ultraviolet light for 1 min. After ultraviolet curing, the molds and polymerized 

microneedle arrays were separated by hand. 
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Images of the eShell 200 microneedles were obtained using a S3200 scanning electron 

microscope (Hitachi, Tokyo, Japan), which was equipped with a Robinson back-scattered 

electron detector. Energy dispersive x-ray spectroscopy was performed to determine the 

chemical composition of the microneedles. Compression testing of the eShell 200 

microneedle arrays was performed using an Electroforce 3100 system (Bose, Eden Prairie, 

MN). The eShell 200 microneedle arrays were placed directly on the load cell surface. Axial 

loading was applied to the microneedle array (displacement rate = 10 μm/s) until a force of 

10 N was achieved. Compression testing of microneedles against hard surfaces such as 

polytetrafluoroethylene has been used to examine the mechanical properties of microneedle 

arrays.
14,16,17

 

 

Human epidermal keratinocyte viability on polymerized eShell 200 material was examined 

using the MTT assay.
24

 The MTT assay is based on reduction of a yellow tetrazolium salt (3-

[4,5-dimethylthiazol-2-yl] 2,5-diphenyl tetrazolium bromide) to a purple formazan dye by 

mitochondrial succinic dehydrogenase. The MTT assay uses mitochondria metabolism as a 

measure of cell viability. Cylindrical pellets of eShell 200 (n = 3) were created by exposure 

of the polymer in PDMS molds (diameter = 6 mm; depth = 1 mm) using the same curing 

lamp and exposure time that were used to fabricate the microneedle arrays. Prior to 

conducting the MTT assay, the pellets were sterilized by ultraviolet B (UVB) radiation for 3 

h, with both sides of the pellets receiving equal UVB light exposure. Cryopreserved human 

epidermal keratinocytes (Lonza, Walkersville, MD) were passed twice to initiate 

propagation, and 285,000 human epidermal keratinocytes were seeded in 10 ml of 
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keratinocyte growth medium-2 (KGM-2), consisting of serum-free keratinocyte basal media, 

which is supplemented with bovine pituitary extract, epinephrine, GA-1000 (gentamicin-

amphotericin), human epidermal growth factor, hydrocortisone, insulin, and transferrin 

(Lonza, Basel, Switzerland). The seeded human epidermal keratinocytes were then cultured 

at 37 °C and 5% CO2 until 80% confluency was obtained. The cells were then transferred to 

96 well plates, in which pellets were placed at the bottom of the wells. The pellets and 

polystyrene culture wells were washed with 1 ml of KGM-2 prior to seeding. The pellets 

were held to the bottom of the culture wells by applying a drop of Akwa Tears® (Akorn, 

Buffalo Grove, IL) to the bottom of the wells prior to pellet placement. The human epidermal 

keratinocytes were allowed to proliferate for 24 h before the MTT assay was performed. 

Human epidermal keratinocyte viability was determined by measuring absorbance at λ = 550 

nm using a Multiskan RC ELISA plate reader (Labsystems, Helsinki, Finland). Cell viability 

on the eShell 200 polymer pellets was normalized to surface area and compared with growth 

on the surface of polystyrene wells with no pellets. 

 

Human abdominal skin obtained from a surgical abdominoplasty was used to assess skin 

penetration of the microneedles. The use of this tissue received institutional approval 

according to the Declaration of Helsinki of the World Health Association. The skin was 

utilized within 24 h of removal. Subdermal fat was mechanically removed via dermatome to 

achieve uniform layers of full thickness skin. Stratum corneum and epidermal layers were 

obtained from full thickness skin by a heat separation method. The skin was immersed in 

distilled water at 60 ±1 °C for 1 min. Then the stratum corneum and epidermis was gently 
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peeled from the dermis using forceps. Isolated stratum corneum and epidermal layers were 

dried in a desiccator at ~30% relative humidity, wrapped in aluminium foil, and stored at -20 

±1 °C until use. The integrity of the barrier was visually inspected to ensure that the stratum 

corneum and epidermal layers were unaltered during this process. This method of skin 

preparation has previously been used to examine microneedle-mediated drug delivery and 

other transdermal drug delivery techniques.
25–28

 Microneedles were inserted into the tissue 

using an electronic texture analyzer (Acquati, Arese, Italy). An eShell 200 microneedle array 

was placed on the stratum corneum and epidermis sample. The eShell 200 microneedle array 

was held in place using a polystyrene support and was compressed against the sample using a 

stainless steel probe (surface area = 1.13 cm2). The probe was moved toward the sample at a 

rate of 300 mm/min until a maximum load of 4 N was obtained. The microneedles were held 

in place for 3 s and then removed. Similar protocols for examining microneedle insertion into 

human stratum corneum and epidermis have been reported in the literature.
26,29–31

 Optical 

microscopy was used to examine the microneedle–skin interaction. 

 

Results 

 

Scanning electron microscopy was used to examine microscale features of microneedles 

fabricated using the 2PP microfabrication and subsequent PDMS micromolding process. A 

scanning electron micrograph of a microneedle array is shown in Figure 1a, and an 

individual microneedle is shown in Figure 1b. The microneedles exhibited length values of 

500 μm and base diameter values of 150 μm; good microneedle-to-microneedle uniformity 
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was observed in the microneedle array. The microneedles exhibited tip angle values of 45°. 

In some cases microneedles in the microneedle arrays demonstrated slight deviations from 

the dimensions that were specified in the stereolithography CAD file. For example, the tips 

of some microneedles in the microneedle arrays were slightly truncated. In other cases 

sharper needle tips were observed. Iteration of processing parameters, including molding 

materials and mold fabrication parameters, may enable the development of microneedle 

arrays containing microneedles with more uniform tip diameters. In general, microscale 

features in the microneedles were consistent with the dimensions specified in the 

stereolithography CAD file. Energy-dispersive x-ray spectroscopy studies of the microneedle 

arrays indicated that eShell 200 is composed of 78% carbon, 20% oxygen, and 2% titanium. 

No trace amount of other elements, including those with known toxicity, was noted. Carbon 

and oxygen are common components of organic molecules, and titanium exhibits excellent 

compatibility with human tissues.
32
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Figure 1a. Scanning electron micrograph of an eShell 200 microneedle array created using 

the 2PP microfabrication and subsequent PDMS micromolding process. 

 

Figure 1b. Scanning electron micrograph of an eShell 200 individual microneedle created 

using the 2PP microfabrication and subsequent PDMS micromolding process. 
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Cell growth on the polystyrene control surfaces and the Envisiontec eShell 200 polymer 

surfaces was examined using an inverted microscope. The Envisiontec eShell 200 polymer 

surfaces were shown to support human epidermal keratinocyte growth, and 24 h MTT assays 

indicated that human epidermal keratinocyte growth on the eShell 200 surfaces was similar 

to that on polystyrene control surfaces (>95%). In addition, these growth values were not 

significantly different (p < .05). These results suggest that Envisiontec eShell 200 polymer 

processed using micromolding does not decrease cell viability or cell growth. 

 

A plot of force versus displacement for the eShell 200 microneedle array obtained during 

compression testing is shown in Figure 2. None of the 25 eShell 200 microneedles in the 

microneedle array fractured during axial compression. The 5 x 5 eShell 200 microneedle 

arrays were able to withstand an axial load of 10 N without fracture, which corresponds to an 

axial load of 0.4 N per needle. The axial load applied to the Envisiontec eShell 200 

microneedle array in this study was more than seven times greater than the force for 

microneedle insertion into skin that was previously described by Davis and coworkers17 

(1.29 N); their study involved microneedles with similar tip diameters. The force versus 

displacement curve was linear at axial loads between 4 and 10 N, indicating that the 

microneedle array exhibited elastic deformation and not plastic deformation over these 

values. These results suggest that eShell 200 polymer microneedles fabricated using the 

PDMS micromolding process are able to penetrate through human skin without fracture. 
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Figure 2. Characteristic plot of force versus displacement for eShell 200 microneedle array 

obtained during axial compression testing. 

 

 

The eShell 200 microneedle arrays were successfully able to create pores in human stratum 

corneum and epidermis. An image of the pores created by microneedle insertion and removal 

is shown in Figure 3. Approximately 58 μm diameter pores were observed in the human 

stratum corneum and epidermis. The pores are irregular in shape and smaller than the 

microneedle diameter. These features were attributed to anisotropic tensile forces caused by 

the collagen and elastic fibers in the skin. These forces can contract the skin and thereby 

reduce the pore size in the stratum corneum. By adjusting the focal height of the microscope, 

we were able to verify that the needles created pores that completely passed through the 

stratum corneum layer and entered the deeper layers of the epidermis. The pores became 

smaller in size but remained open after removal of the microneedle arrays. These open pores 
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may serve as conduits for transport of pharmacologic agents after microneedle removal. Park 

and colleagues26 reported similar results in a poly(L-glycolic acid) microneedle skin 

penetration study using the human stratum corneum and epidermis model. 

 

 

Figure 3. Optical micrograph of human stratum corneum and epidermis sample after eShell 

200 microneedle array insertion and removal. 

 

Conclusions 

 

Polymer microneedles for transdermal delivery of insulin or other protein-based 

pharmacologic agents were created using a combination of 2PP microfabrication and PDMS 
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micromolding. This approach generally provides high-fidelity reproduction of microscale 

features; however,some improvement in reproduction of small scale features (e.g., 

microneedle tips) may be possible. The eShell 200 microneedle array demonstrated suitable 

compressive strength for use in transdermal drug delivery applications. Human epidermal 

keratinocyte viability on the eShell 200 polymer surfaces was similar to that on polystyrene 

control surfaces. In vitro studies demonstrated that microneedle arrays fabricated from eShell 

200 successfully produced pores in stratum corneum and epidermis. The microscale pores 

produced by microneedle–skin interaction may be used to facilitate the diffusion of 

pharmacologic agents through the skin. Our results suggest that a combination of 

micromolding and 2PP microfabrication represents a high-throughput approach that may be 

used to create microneedle structures with appropriate structural, mechanical, and biological 

properties for transdermal drug delivery of insulin and other protein-based pharmacologic 

agents. In vitro and in vivo studies are underway to examine whether microneedles prepared 

using this approach exhibit suitable biological properties for insulin delivery. In vitro 

permeation studies of various pharmacologic agents through animal and human skin models 

are also being investigated.
25,27,28

 Several medical uses for these devices are anticipated. For 

example, eShell 200 microneedles may be utilized to deliver incretin mimetics and other 

novel protein-based pharmacologic agents for treatment of diabetes, which cannot be 

administered in oral form because they may be metabolized in the gastrointestinal tract or in 

the liver before reaching systemic circulation. 
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Abstract: 

Microneedles are a rapidly developing class of drug delivery and sensing devices.  These 

devices show promise of reducing much of the pain and trauma that is associated with 

conventional hypodermic needles.  The forces required for mechanical failure and the means 

of mechanical failure as well as the forces and mechanism of penetration into skin were 

examined in this study.  Microneedles produced from the polymer e-Shell 200 were found to 

have sufficient strength to penetrate the skin, with failure forces an order of magnitude 

greater than the forces required to fully inserted into the skin.  Bending was the most 

common form of failure, with increasing aspect ratio and decreasing tip diameter resulting in 

lower failure forces.  Video captured during skin penetration revealed that microneedle 

penetration into skin occurs by a series of insertions and not a single insertion event.  

Imaging during and after skin penetration confirmed that microneedles penetrated the skin 

and were able to deliver dye.  These findings provide enlightenment into the mechanisms of 

microneedle penetration and failure, which will aid in improving the design of polymer 

microneedles and developing better models of drug delivery via microneedles. 

 

Introduction 

Microneedle-mediated drug delivery is a novel parenteral drug delivery technology that holds 

promise to provide patients with pain-free delivery of drugs to the bloodstream.  Numerous 

applications of this technology have been demonstrated, most particularly in drug delivery, 

sensing, and cosmetics. Delivery of numerous pharmaceuticals, such as insulin, antibiotics, 
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DNA, and chemotherapy agents has been demonstrated.  Over the past decade, steady 

progress has been made to bring this technology closer to widespread clinical use. 

 

Due to their exceptionally small size, failure of microneedles during insertion has been a 

major concern.  Fracture of silicon microneedles during in vivo use has been previously 

observed [1, 2].  Also silicon is a brittle material, so when failure does occur, the microneedle 

buckles or breaks [3, 4].  As a result, several groups have switched from silicon to materials 

with more favorable mechanical properties such as metals and polymers [3]. Polymer 

microneedles have remained as one of the most commonly used classes of microneedle 

materials due to their appealing properties.  Polymers can be easily molded via either hot 

embossing [5, 6], solvent casting [7, 8], or UV lithography [10-12], which enables cost-

effective mass production.  Polymers are also compatible with rapid manufacturing 

techniques, such as stereolithography and two-photon polymerization.  While polymers are 

significantly weaker than ceramics, many of them have sufficient strength to penetrate skin 

[11-14].  However, some polymer microneedles have been reported to not have sufficient 

strength to penetrate skin [8]. 

 

Several investigations of the mechanical properties of microneedles already exist in the 

literature.  Davis et al. have investigated the relationship between the fracture force of Nickel 

microneedles and wall thickness, wall angle, and tip radius [15].  In this study they also 

examined the relationship between these geometric factors and penetration force.  Aoyagi et 

al. measured the effects of tip angle and width on insertion force using PLA microneedles 
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[16].  Ovsianikov et al. investigated the effect of channel positioning on microneedle 

mechanical properties, reporting that the pointed tips in off-centered channels have a lower 

penetration force than blunt-tipped microneedles [17].  Doraiswamy et al. reported 

mechanical measurements of compressions of Ormocer® microneedles into porcine skin in a 

study that used a similar setup to the one presented in this study [18].  Park et al. examined 

the effects of microneedle tip area on the ability to penetrate the stratum corneum, reporting 

that smaller tip areas required lower penetration forces [13].  This study also examined the 

effects that several geometric factors have on the mechanical properties of microneedles, 

namely length, base diameter, and Young‘s modulus; failure forces were examined in both 

the axial and transverse directions.  Generally, smaller tip diameters and higher aspect ratios 

have been reported to have lower penetration forces [4, 19].  Larger tip diameters, lower 

aspect ratios, and thicker walls generally exhibit higher mechanical strengths [4, 19]. While 

there have been numerous studies examining the mechanical properties of microneedles, 

there are still several factors that have yet to be examined.  Since skin is viscoelastic, bending 

of the skin occurs during microneedle insertion [15, 20].  Also, the surface of skin is uneven 

which can effect measurements of penetration depth.  The mechanics of skin penetration by 

microneedles has been an area with a notable lack in research.  While several studies have 

used various techniques to measure the force required to compromise the stratum corneum. 

Detailed studies on the depth of penetration of microneedles and the mechanics of 

microneedles entering the skin beyond the stratum corneum are a necessary step for allowing 

researchers to better understand how drugs are delivered with microneedles.   
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The most common techniques for determining skin penetration are transepidermal water loss 

(TEWL) [21-24], electrical resistance [13-15], and post-penetration staining [21, 25].  In 

TEWL the rate of water loss through the skin is measured; TEWL will increase when the 

stratum corneum barrier, which prevents diffusion and evaporation of water, is compromised.  

The stratum corneum is non-conducting since it only contains dead cells and no water; the 

electrical resistance is greatly lower in the epidermis, which contains water, live cells, and 

electrolytes.  Dyes that will stain cells in the epidermis but not the stratum corneum can be 

topically applied after application of microneedles to determine stratum corneum penetration.  

If the stratum corneum has been compromised, the dyes will be able to stain the epidermis in 

the area surrounding the microneedle-generated pores.  Numerous dyes have been used 

including Trypan Blue, Methylene Blue, and Gentian Violet [8, 21, 24, 25].  These 

techniques have several shortcomings when used in evaluating microneedle penetration.  

Most importantly, these techniques verify that the stratum corneum has been passed, but not 

how deep the needle has penetrated.  In many applications, the depth of microneedle 

penetration and not simply the ability to break the SC is important.  For example, Al-Qallaf 

and Das developed a detailed model of the effects of microneedle array design on drug 

delivery [26].  In their model they assumed that the needles are completely penetrated into 

the skin and made their calculations of drug permeation based on such factors as the base 

radius and length of the needle.  If the microneedles are not fully penetrated into the skin, 

then these values will need to be adjusted to correspond to the apparent radius and apparent 

length of the needle that is actually in the epidermis.  
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When using needles for drug delivery, delivery of the drug to the blood stream is generally 

achieved by diffusion through the epidermis.  Thus, the distance from capillaries is extremely 

important for determining the pharmacokinetics of drug delivery with these devices.  Some 

microneedles may barely pierce the stratum corneum and require longer times to reach the 

bloodstream than needles that reach directly to the capillaries.  Secondly, when performing 

sensing with microneedles, such as microneedle-based glucose sensors, sampling of blood is 

required.  Therefore, these needles must reach significantly deeper in the skin than simply 

compromising the stratum corneum barrier.  In order to improve performance of microneedle 

drug delivery and sensing, the mechanics of skin penetration beyond the stratum corneum 

needs to be better understood. 

 

Indirect rapid prototyping is an ideal technique to use in investigating different microneedle 

geometries.  In indirect rapid prototyping a master structure is made by a rapid prototyping 

technique which is then used to make replicas by molding.  This technique has been used on 

several occasions to make microneedles by two photon polymerization and UV soft 

lithography [9-11].  Two-photon polymerization is a rapid prototyping technique that affords 

excellent spatial resolution and design flexibility, making it an ideal technique for producing 

microneedles of various geometries [4, 17, 27, 28]. 

 

In this study microneedles made from a commercially available stereolithography material, e-

Shell 200 (EnvisionTEC, Gladbeck, Germany), were examined.  Previous research by the 

authors had found that this material has a Young‘s modulus of 2.803 GPa [29].  This material 
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has previously been used by the authors when they demonstrated that UV soft lithography 

can be used to make e-Shell 200 microneedles [11].  In this study e-Shell 200 was found to 

have exceptional mechanical properties, being able to undergo more than 0.35 N of 

compression with no indication of failure.  However, only limited mechanical testing was 

performed and only one microneedle geometry was used.  As a result, in this paper we 

performed a more in depth mechanical study of microneedles in a variety of geometries.  The 

purpose of this study was two-fold: to better understand the mechanical properties of e-Shell 

200 microneedles and to better understand the mechanics of skin penetration by 

microneedles.  Compression of microneedles against stainless steel and into skin was 

performed while recording force, displacement, and video of the compressions.  Delivery of 

Lucifer Yellow dye from the coated needles into skin was also demonstrated using 

brightfield fluorescence, laser scanning confocal, and multiphoton microscopy. 

 

Materials and Methods 

Master structures of the needles were made using two-photon polymerization, a laser-based 

rapid prototyping process.  In two-photon polymerization microstructures are produced by 

scanning a femtosecond laser within a photosensitive resin; polymerization of the resin 

occurs along the trace of the focal point of the laser. A Ti:Sapphire femtosecond laser 

(Chameleon, Coherent, Santa Clara, CA) operating at 780 nm with 60 fs pulses, was used to 

selectively polymerize the photosensitive resin.  Polyethylene glycol diacrylate (molecular 

weight 302) (SR259, Sartomer, Paris, France) with 2% wt of the photoinitiator Irgacure 369 

(Ciba Specialty Chemicals, Basel, Switzerland) was used as the photosensitive resin.  
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Structuring was performed by focusing the laser with a 5x objective with a numerical 

aperture of 0.13 (Zeiss, Jena, Germany).  A hurrySCAN® scan head (Scanlabs, Puchheim, 

Germany) was used to control the lateral dimensions of the laser, a translational stage (C-

843, Physik Instrumente, Karlsruhe, Germany) were used to control the height of the focal 

plane of the laser within the resin.  The laser was guided using STL files; custom written 

software sliced the file into layers and rastered the laser across the contour of each layer.  

After structuring, the unpolymerized resin was removed by washing in ethanol.  Exposure to 

an ultraviolet lamp after washing ensured that the structures were completely polymerized.  

Input .stl files for the needles were produced using Solidworks Education Edition 2009 

(Dassault Systemes SA, Velizy, France).  Microneedles were produced in three different 

geometries, which are provided in Table 1. 

 

Table 1. Dimensions of the microneedle geometries 

 

 

Mass replication of the master structures was achieved by UV soft lithography as previously 

described [11].  The master structures were coated with gold by sputter coating and molded 

with a thick layer of polydimethylsiloxane (PDMS) (Sylgard® 184, Dow Corning, Midland, 
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MI).  The molds and master structures were separated using a linear translational stage.  

Replicas out the material e-Shell 200 (Envisiontec GmbH, Gladbeck, Germany) were 

produced by filling the shape in the mold via greater than 1 mbar vacuum.  Polymerization of 

the needles was achieved using a UV flash oven (Otoflash, Envisiontec GmbH, Gladbeck, 

Germany).  The replicas were manually separated from the mold. 

 

High magnification images of the replicas were obtained using a S3200 (Hitachi, Tokyo, 

Japan).  Images of the microneedles after compression and skin penetration were taken with a 

dissection scope (EZ 4, Leica, Wetzler, Germany). Videos during compressions and skin 

penetrations were captured with a CCD camera focused through a 10x objective. 

 

Compression of the needles was performed using a 20 N load cell (Electroforce 3100, Bose, 

Eden Prairie, MN) with 1 mN force resolution and 0.001 mm displacement resolution and 

WinTest® software.  Microneedles of all three geometries were compressed to loads of 0.1 

N, 0.25 N, 0.5 N, 0.75 N, and 1 N in load controlled mode at a rate of 0.001 N/sec.  Load and 

displacement were recorded during the compressions.   Full-thickness porcine skin was used 

for examining skin penetration of the needles.  Microneedles of all three geometries were 

pressed into full thickness skin using the load cell.  Penetration was performed in both 

displacement controlled mode at a rate of 0.01 mm/sec to a total displacement of at least 1.3 

mm.   
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Drug delivery studies were performed with needles in geometry A that were coated with the 

dye Lucifer Yellow (Lucifer Yellow, Thermo Fisher Scientific,Waltham, MA). Lucifer 

Yellow was chosen due to its properties that minimized diffusion in tissue; it is a hydrazine-

derivative dye that covalently combines with proteins.  Coating was performed by placing a 

0.1 mL droplet of a solution of 5% Lucifer Yellow in water onto the needle/substrate and 

evaporating the solvent by heating at 60 
o
C for 15 minutes.  The microneedles were pressed 

into porcine skin by hand for 15 minutes and then imaged.  Images of the microneedle-

produced pores at the surface of the skin were obtained by removing the array and imaging 

with widefield fluorescence microscopy (TC-5500 Epi-fluorescent, Meiji Techno America, 

Santa Clara, CA).  Confocal microscopy was used to confirm that the dye was delivered 

below the surface of the skin.  Prior to imaging, needles were pressed into the skin for 15 

minutes and removed.  A Zeiss LSM 710 was used to obtain DIC and fluorescence images of 

the pores 100 µm below the surface of the skin with excitation with a 458 nm laser and 

emission collected between 494 and 600 nm.  Microneedles in the skin were imaged with 

multiphoton microscopy via a Zeiss NLO LSM 710 with 740 nm excitation by a femtosecond 

laser (Chameleon, Coherent, Santa Clara, CA); a beam splitter was used to collect emission 

below 690 nm. For multiphoton microscopy imaging, the needles were left in the skin while 

images were obtained.  Fluorescence from the dye was imaged from the surface of the skin to 

100 µm below the surface of the skin in order to determine how much of the needle was in 

the skin.  
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Results 

Scanning electron microscopy confirmed that UV soft lithography produced accurate replicas 

of the structures. A characteristic SEM image of a replicated microneedle (geometry B) is 

provided in Figure 1.   The bodies of all microneedle geometries were smooth; the radii of 

curvature of the tips are provided in Table 1. 

 

 

Figure 1. Scanning electron microscopy image of a microneedle replica produced by indirect 

rapid prototyping using two-photon polymerization and UV soft lithography. 

 

The microneedle geometries underwent compression of forces ranging from 0.1 N to 1.0 N as 

a means of assessing their mechanical strength.  Optical microscopy images of the 

microneedles after compression to this range of forces are provided in Figure 2.  All three 
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geometries were able to sustain forces up to 0.1 N without any signs of damage.  At 0.25 N 

of force, slight deformation of the tip of geometry A (3:1 aspect ratio) was observed, while 

geometries B and C had no signs of damage.  At forces of 0.5 N and higher, permanent tip 

deformation of geometries B and C was observed.  During 10% of compressions above 0.1 

N, microneedle geometry A exhibited fracturing near the tip; the other 90% of the 

compressions resulted in bending or compressing and then bending.  Geometry B exhibited 

bending of the tip.  Microneedle geometry C underwent compression of the tip with bending 

occurring at forces greater than 0.75 N.   

 

 

Figure 2. Microneedles after compression testing.  All three geometries were able to sustain 

compressive loads up to 0.1 N without any deformation.  At higher loads the most common 

mode of failure was bending of the needle.  Failure by fracturing near the tip occurred 10% 

of the time and was observed only for geometry A. 
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Figure 3. Microneedle compression: (a) force vs. displacement plots of compressed 

microneedles at varying aspect ratios; (b) characteristic force vs. displacement plots of 

microneedle failure mechanisms. 

 

A characteristic force versus displacement plot of the three needles is provided in Figure 3a.  

Mechanical strength of the needles was inversely related to aspect ratio.  The 2:1 aspect ratio 

needles underwent less than 0.1 mm of deformation with 0.75 N of force, whereas the 2.5:1 

and 3:1 aspect ratios underwent approximately 0.25 mm and 0.33 mm of deformation at 0.75 

N, respectively.  Figure 3b contains characteristic plots of the three failure mechanisms 

occurring in the microneedles, all three of the curves are from compressions of microneedle 

geometry A.  Fracturing of the tip resulted in a sharp spike in the force versus displacement 

curve.  Compression of the tip resulted in an approximately linear relationship, whereas 

bending produced a shoulder in the force versus displacement plot.  Characteristic plots of 

force and displacement versus time in load controlled mode are provide in Figure 4.  A 

needle (geometry B) undergoing bending is represented in Figure 4a; the load curve is linear 
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with a shoulder in the displacement curve occurring at the time of bending of the needle.  

Eventually, displacement becomes linear again as the compression platen reaches a portion 

of the needle with a sufficiently larger diameter where bending no longer occurs.  A 

microneedle fracturing is presented in Figure 4b, where is shown by a sharp spike in the load 

curve with a simultaneous jump in displacement. 

 

 

Figure 4. Microneedle failure in force and displacement versus time: (a) bending and (b) 

fracturing. 

 

Figure 5. Microneedles after penetrating into skin with 1.0 N of compression. All needle 

geometries were able to penetrate into skin without damage. 
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Penetration of microneedles into full-thickness porcine skin was achieved without damage 

for all three microneedle geometries. Images of the three needle geometries after insertion 

into skin with 1.0 N of force are presented in Figure 5.  Figure 6 contains force versus 

displacement curves of the three microneedle geometries penetrating skin in displacement 

control mode.  No significant differences between the penetration forces for the three 

microneedle geometries were observed. Figure 7 provides a characteristic comparison 

(geometry B) of microneedle penetration into skin versus compression.  The microneedles 

penetrate into the skin with significantly less forces than would damage the needles. 

 

 

Figure 6. Skin Penetration: force versus displacement of microneedles penetrated into full-

thickness porcine skin in displacement control mode. 
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Figure 7. Characteristic example of penetration versus compression (Geometry B).  

Microneedle penetration into skin requires forces that have a negligible effect on the 

microneedles themselves. 

 

Video of microneedle compressions and penetration into skin was collected simultaneously 

with force and displacement measurements.  Screenshots of a microneedle compression and 

penetration, both with geometry B, were produced from these videos for easier visualization.  

Figure 8 contains screenshots of a characteristic microneedle compression (geometry B) in 

load controlled mode with the corresponding displacement and load versus time plots 

underneath.  The needle can be seen to bend at the tip and along the base, with partial 



221 

 

recovery after the force is released.  Video screenshots and the corresponding mechanical 

data for a characteristic microneedle penetration into skin (geometry B) in displacement 

controlled mode are provided in Figure 9.  The mechanical data and video footage both 

indicate that penetration of the needle into the skin consists of an incremental series of the 

skin bending and then partially rebounding upon deeper piercing of the needle.  The skin can 

be seen to rebound upward from the 24 second to the 25 second frame. 

 

 

Figure 8: Timeline of microneedle geometry B being compressed in displacement controlled 

mode.  Top: Screenshots of a video recording of the needle being compressed (video 

available online as supplemental data).  Bottom: Force and Displacement versus time during 

the compression. 
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Figure 9. Timeline of microneedle geometry B penetrating skin in displacement controlled 

mode.  Top: Screenshots of a video recording of the needle penetrating the skin (video 

available online as supplemental data).  Bottom: Force and Displacement versus time during 

the compression. 

 

Fluorescence microscopy confirmed that the coated microneedles created pores in the skin 

and delivered Lucifer yellow dye.  Brightfield fluorescence and confocal microscopy 

confirmed that pores remained at the surface and 120 µm below the surface of the skin after 

removal of the needles (Figure 10).  The pores were significantly smaller than the needles 

themselves and were anisotropic.  The pore at the surface of the skin was approximately 80 
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µm in diameter, whereas the pore at 100 µm below the surface of the skin was approximately 

80 µm in diameter.  Confocal microscopy also confirmed release of the dye into the 

surrounding area of the skin.   

 

 

Figure 10: Fluorescence microscopy of Lucifer Yellow delivery at surface of the skin and 

Confocal and DIC overlay of Lucifer yellow delivery at 120 µm depth. 

 

Figure 11: Lucifer Yellow delivery into porcine skin assessed with multiphoton microscopy. 
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Multiphoton microscopy data was collected from the surface of the skin to 100 µm deep in 

the skin in order to determine the degree of ―tenting‖ of the skin (Figure 11).  The pores have 

a regular circular shaped from 96 µm deep to 36 µm deep.  From 36 µm to the surface of the 

skin the pores have a more irregular shape.  The diameter of the pore at 36 µm from the 

surface of the skin is 221 µm; the base diameter of the needle was 250 µm. Needle geometry 

A has a diameter or 221 µm at 86 µm from the base, indicating that 664 µm or 88.5% of the 

length of the needle is residing in the skin. 

 

Discussion 

Scanning electron microscopy confirmed that UV soft lithography is an appropriate 

technique for rapidly producing replicas of fine structures, such as those produced by two-

photon polymerization.  This technique has been used to mass-produce replicas of micro-

structures that were generated by a variety of techniques, including two-photon 

polymerization [9-11], laser ablation [30], and reactive ion etching [8]. 

 

The microneedles produced from the polymer e-Shell 300 were found to be remarkably 

strong.  All three geometries were able to undergo 0.1 N of compressive force without any 

permanent deformation of the tip for an individual needle.  In comparison, 10x10 Ormocer® 

microneedle arrays experienced plastic deformation at 0.3 g and fracture at 0.4 g, which 

corresponds to 0.0294 N and 0.0376 N per needle in the array for plastic deformation and 

fracture, respectively [18]. Park et al. reported failure of PLGA microneedles in similar 

geometries with failure forces from 0.06 N to 0.25 N [13]. The primary form of failure for 
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the needles was compression follow by bending.  Initially, elastic bending occurred, followed 

by plastic bending.  As aspect ratio increased, the force required for elastic and plastic 

bending decreased.  Tip diameter of the needles increased as aspect ratio decreased.  

Therefore it is not possible to differentiate between the effects of these two geometric factors.  

Davis et al. have reported that increasing tip diameters and decreasing aspect ratio both result 

in increased mechanical strength, which is in agreement with our data [15].  Geometry A (3:1 

aspect ratio) began plastic bending beyond 0.1 N; geometry B (2.5:1 aspect ratio) exhibited 

plastic bending beyond 0.25 N; and geometry C (2:1 aspect ratio) exhibited plastic bending 

beyond 0.75 N.  Fracture of the highest aspect ratio needles (3:1) occurred 10% of the time; 

fracture always occurred after plastic bending had begun. Fracturing always occurred near 

the tip of the needles at the point where the most bending was occurring.  The failure 

mechanism of polymer needles if favorable in comparison to ceramics.  Ceramic 

microneedles, such as the widely-used material silicon, primarily fail by fracturing.    

 

All microneedle geometries were able to penetrate the skin with exceptionally low forces; all 

three geometries had displaced more than 0.5 mm into the skin before forces greater than 5 

mN were achieved.  Beyond a displacement of 0.75 mm the force for geometry C 

significantly increases, but this increase is due to compression of the skin from the substrate 

coming in contact with the skin since this needle geometry is shorter.  In comparison, blunt-

tipped microneedles, such as those investigated by Davis et al., exhibited piercing of the 

stratum corneum at approximately 0.5 N, as measured by electrical conduction [15].  These 

blunt-tipped needles also displaced the skin approximately 500 µm before stratum corneum 
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piercing was achieved.  Even though the needles were produced from metal, the failure 

mechanism of the needles was by fracturing and buckling.  Another important factor to note 

about skin penetration is that the forces applied to the needle during compression and during 

penetration do not exactly correspond.  During compression into a hard surface, the entirety 

of the applied force is on the surface of the needle.  In contrast, forces during skin penetration 

are distributed over a larger area of the needle, especially after initial penetration has 

occurred.   

 

No significant differences in the penetration properties of the three microneedle geometries 

were observed.  In comparison, the differences in geometry were found to have a significant 

effect on the mechanical strength of the needles.  Therefore, the 2:1 aspect ratio would be the 

best geometry to use, due to it having a higher strength without a significantly different 

penetration force.  While the 2:1 aspect ratio needle has the highest margin of safety, all three 

geometries are safe for use in drug delivery.  Even for the 3:1 aspect ratio geometry, the force 

required for compressing 1 mm into the skin (~0.015 N) is an order of magnitude less than 

the force at which plastic deformation occurs (~0.2 N). 

 

The most revealing information about microneedle penetration into skin was a result of the 

video footage and mechanical measurements taken during microneedle penetration.  Both the 

recorded mechanical data and video indicated that there is not a single force when 

microneedles penetrate the skin, but a series of increasing forces required to penetrate deeper 

into the skin.  Upon application of microneedles to the skin, the skin will compress until a 
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threshold where the needle will pierce through the tissue.  In our video footage, piercing can 

be observed as when the skin rebounds towards the needles. Piercing in our mechanical data 

is shown as a sharp drop in force.  In the video of skin penetration (available in online 

supplementary data), the skin can be seen to rebound frequently during the beginning of skin 

penetration.  The entire skin can be seen to rebound, with hairs aiding in visualization of 

motion of the skin.  These findings indicate that there is not a single force required for a 

microneedle to penetrate the skin, but rather a threshold force for a microneedle to pierce a 

certain depth into the skin.  Numerous studies have reported a singular force at which the 

needle is inserted into the skin.  Davis et al. and Choi et al. reported singular forces of 

insertion, which they determined via the decrease in resistance when the stratum corneum 

was compromised [14, 15].  Techniques which determine if the stratum corneum has been 

compromised, such as TEWL measurements and staining, provide only partial information 

about microneedle penetration.  In order to form accurate pharmacological models of drug 

delivery via microneedles, the depth of release of the drug must be known.  Consequently, 

TEWL and staining are not appropriate techniques for assessing drug delivery into skin.  

Alternative techniques, such as histology [15, 27, 31], laser scanning confocal [32, 33], and 

multiphoton microscopy [12], are better suited for determining the depth of penetration into 

the skin, though additional methods may still be developed. 

 

Microneedle penetration was further confirmed by both with microneedles in the skin and 

after removal of needles.  Fluorescence microscopy also confirmed that a model drug 

(Lucifer Yellow) had been delivered into the skin.  Pores were found to remain in the skin 
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after removal of the needles.  The decrease in size and the anisotropic shape of the 

microneedle-produced pores is due to tension in the skin, which is anisotropic.  Previous 

studies have reported similar pores shapes in skin after removal of microneedles [11].  

Multiphoton microscopy indicated slight tenting of the skin in the area surrounding the base 

of the needle.  Tenting is present in the upper 36 µm where the pore shape is irregular.  At 

lower depths, the pore is seen to be isotropic, indicating that no tenting has occurred at these 

depths.  By measuring the diameter of the pore at the point where tenting no longer occurs, 

the length of the needle residing in the skin can be determined.  88.5% of the length of 

microneedle geometry A (86 µm) was found to penetrate the skin.  In contrast, blunt-tipped 

needles have been observed to have tenting on the order of hundreds of microns [15]. 

 

Conclusions 

Microneedles produced from the material e-Shell 200 were shown to have excellent material 

properties for use in transdermal drug delivery.  All three of the investigated microneedle 

geometries were able to penetrate skin with forces that were at least an order of magnitude 

less than the forces where damage to the needles occurred.  Geometry had a significant effect 

on the mechanical strength of the needles, with an increase in aspect ratio corresponding to a 

decrease in mechanical strength.  Observation of skin penetration revealed that there is not a 

single event when microneedles pierce the skin, but a series of penetrations where the 

microneedles progressively pierce deeper into the skin.  Various methods of fluorescence 

microscopy confirmed that the needles could deliver a drug into the skin.  These findings 

show that indirect rapid prototyping of polymer microneedles is an effective means of mass 
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producing microneedles for drug delivery. Further, we have shown that effective means of 

determining the location of a needle within the skin is necessary since the depth of 

microneedle penetration into the skin varies depending on the applied force. 
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3.3  Assessing the antimicrobial activity of zinc oxide thin films using 

disk diffusion and biofilm reactor 

 

The following section a complete article reprinted from Applied Surface Science, Volume 

255, Gittard SD, Perfect JR, Monteiro-Riviere NA, Wei W, Jin C, Narayan RJ. 5806-5811,  

Copyright 2009, with permission from Elsevier 

 

Note: This article has been reformatted. In particular, the location of figures and spacing 

may have changed.  The references are formatted as in the original manuscript. 
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ABSTRACT 

 

The electronic and chemical properties of semiconductor materials may be useful in 

preventing growth of microorganisms. In this article, in vitro methods for assessing microbial 

growth on semiconductor materials will be presented. The structural and biological properties 

of silicon wafers coated with zinc oxide thin films were evaluated using atomic force 

microscopy, X-ray photoelectron spectroscopy, and MTT viability assay. The antimicrobial 

properties of zinc oxide thin films were established using disk diffusion and CDC Biofilm 
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Reactor studies. Our results suggest that zinc oxide and other semiconductor materials may 

play a leading role in providing antimicrobial functionality to the next-generation medical 

devices. 
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1. Introduction 

 

The growth of bacteria and other microorganisms on synthetic materials, especially materials 

used in medical devices, is a growing area of scientific inquiry. The National Institutes of 

Health has stated that microbial biofilms are a contributing factor in more than 80% of 

human infections [1]. Bacteria can be found in two states, either floating in a liquid medium 

(as planktonic bacteria) or embedded within a matrix (in a microbial biofilm). Bacteria more 

commonly exist in the sessile form than in free-floating form [2,3]. While much remains 

unknown about biofilm formation, organization, and function, it is now understood that 

bacteria within biofilms exhibit different physiological properties than planktonic bacteria.  
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They express different genes, exhibit different growth rates, demonstrate different pathogenic 

properties, and possess different antimicrobial susceptibility rates [4,5]. Infections caused by 

biofilms are commonly seen in patients with implanted devices or indwelling foreign objects, 

including catheters, pacemakers, and endoscopes [6–8]. 

 

Biofilms consist of a community of microorganisms held together by a matrix, in which the 

microorganisms cooperate and interact with one another. This matrix is comprised of an 

extracellular polymeric substance that is produced by microorganisms in the biofilm and is 

primarily made up of polysaccharides [5–9]. Microorganisms in a biofilm are found along 

solid–liquid interfaces and liquid–gas interfaces. Biofilms may contain only one organism or 

a variety of different microorganisms. The main unit of the biofilm is the microcolony, which 

contains clusters of microorganisms [3–10]. Microcolonies are located throughout the matrix, 

and contain channels for the transport of oxygen, nutrients, waste, and other particles [11–

13]. In some situations, microscale layers within a biofilm contain cells of the same species 

that exhibit dissimilar phenotypes [14,15]. Oxygen concentration gradients, pH differences, 

and other environmental variations are created by these microscale layers. 

 

Biofilm formation begins with adhesion of a microorganism to a surface. The initial 

interaction between the microbial cells and the surface is tenuous [16–18]. It is during this 

time that biofilms are the most fragile, with cells frequently attaching and detaching from the 

biofilm surface [5]. Once the cells have attached, they produce an extracellular 

polysaccharide matrix, which provides stability to the biofilm by enabling cell–surface and 
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cell–cell interactions [4,16,19]. After stable attachment, the biofilm develops into a more 

complex environment; additional planktonic cells adhere, microcolonies develop, and 

complex biofilm architecture forms [2,18,19]. 

 

Biofilms are a dynamic environment, in which cells from solution are attaching to the biofilm 

and are being released into the local environment. Microbial biofilms possess several unique 

attributes that convey resistance to antimicrobial agents. For example, the dosage of an 

antimicrobial that would eradicate a bacterium in planktonic form may have a less significant 

effect on a bacterium within a microbial biofilm. In fact, doses of antimicrobial agents that 

are thousands of times stronger than the minimum amount required to kill planktonic 

microorganisms may not be sufficient to eradicate microorganisms within a biofilm [6]. In 

addition, antibacterial metal ions such as copper and silver are highly effective against 

planktonic bacteria but are significantly less effective against bacteria in the biofilm state [6]. 

The same matrix that holds the biofilm together may also act as a diffusion barrier that slows 

the rate at which antimicrobials reach the microorganisms [20]. It is thought that cells are 

able to transfer genetic information, allowing resistance properties of one cell to spread to 

other cells within the biofilm [6]. One theory is that a small percentage of cells in a biofilm, 

called persister cells, adapt a phenotype that is highly resistant to antibiotics and is similar to 

that of fungal spores. Little is known about this phenomenon, but it is currently being 

investigated by several research groups [21,22]. 
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The environmental variations within a biofilm may allow certain regions of a microbial 

biofilm to be susceptible to a particular antibiotic, while other regions remain impervious. 

Layering within a microbial biofilm, cells can exist in a variety of metabolic states [7,23]. 

Cells can be found growing both aerobically and anaerobically in the same biofilm; as a 

result, antimicrobial agents that only act on aerobic bacteria may not completely eradicate the 

biofilm [12]. Cells may also have different growth rates depending on their position within 

the biofilm. For example, b-lactam antimicrobials that only act upon dividing cells (e.g., 

penicillin) may only kill a portion of the bacteria within a layered biofilm [4– 20]. Local 

regions within microbial biofilms may possess low pH values due to hindered acidic cell 

waste removal; as a result, the structure of antimicrobial agents may be altered and rendered 

harmless [7–24]. Several studies have examined the mechanics and kinetics of initial cell–

surface adhesion [17,18]. One unique function of microbial biofilms that makes them unique 

from their planktonic counterparts is their information-sharing capability. Studies have 

shown that not only do cells in a biofilm communicate with each other, but also cell–cell 

communication is necessary for normal biofilm development. Cells in a biofilm secrete 

chemical signals that are not produced by planktonic bacteria; without these signals, 

microorganisms within biofilms are more susceptible to antimicrobial agents [24]. Quorum 

sensing is another microbial communication phenomenon that has received much attention 

by researchers. It is believed that cells in a biofilm can obtain a census of surrounding cells 

using chemical signaling [14–24]. Genetic studies of biofilms have shown that microbial 

cells within biofilms express different genes, with some genes being up regulated and other 

genes being down regulated [15]. Finally, it has been shown that fluid shear forces have 
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significant effects on biofilm formation. Increased hydrodynamic forces have been correlated 

to higher density, higher stability, lower thickness, and increased extracellular polysaccharide 

production [16]. 

 

Developing effective methods to reduce biofilm formation is a growing area of biomaterials 

research. Several approaches have been taken to combat biofilm infections. One strategy is to 

disrupt the extracellular polysaccharide component of the microbial biofilm, thereby 

returning the microorganisms to their antibiotic- susceptible planktonic state [6]. 

Halogenated furanones are a set of compounds that inhibit quorum sensing. Researchers 

theorize that by disrupting quorum sensing they can eliminate some of the resistant behavior 

of microbial biofilms [25]. Another anti-biofilm technique involves the development of 

materials with antimicrobial properties that destroy the microorganisms on contact before 

they can develop into an organized biofilm [25].Other groups are focusing on developing 

mechanisms to prevent cell adhesion processes that are necessary for microbial biofilm 

formation [26,27].  

 

Standard methods to quantify antimicrobial efficacy are necessary in order to develop novel 

approaches for eliminating biofilms. One of the most simple and commonly administered 

studies is the Kirby-Bauer disk diffusion test [26]. The principle of this method is that when a 

biomaterial is placed on an inoculated agar plate, its antimicrobial activity will diffuse into 

the surrounding agar and produce a ‗‗zone of inhibition‘‘ in which microbial growth does not 

occur. The shake test is another method to examine antimicrobial susceptibility [28–30]. In 



244 

 

this method, the material of interest is placed in a bacterial suspension. The diffusion of 

antimicrobial agents from the material into the suspension is examined by measuring the cell 

density before and after addition of an antimicrobial agent. 

 

Bioreactors have become a frequently used tool for studying microbial biofilms. The 

common element of these devices is that they provide a controlled environment, which 

contains both (a) a growth medium and (b) an organism that is to be cultured. A variety of 

bioreactors have been developed, in which variety of experimental parameters, including 

temperature, volume, flow rate, hydrodynamic forces, and cell density, may be controlled. 

One of the first bioreactors used to study biofilm formation is the Robbins device. This 

device consists of a flow chamber with holes for removable round plugs on which the 

microbial biofilm grows [31]. Approximately 20 years ago, researchers began creating 

modifications of the Robbins device, which have been modified to meet various experimental 

needs [32,33]. Some types of modifications include alterations in the material used, plug 

type, number of plugs, plug orientation, and flow rate (Tyler Research, Edmonton, AB) 

[34,35]. Another bioreactor that was developed in the early years of biofilm research was the 

perfused biofilm fermenter [20– 36]. The advantage of this device is that by regulating the 

flow rate of media, the growth rate of the biofilm can be controlled. The perfused biofilm 

fermenter was later modified to provide more efficient examination of antimicrobial 

susceptibility; for example, a system was developed that enabled multiple biofilms to be 

exposed to different concentrations of an antimicrobial agent. A scaled-down model of the 

original perfused biofilm fermenter has been fabricated using Swinnex filter units (Millipore, 
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Billerica, MA), which allows microbial biofilm studies to be conducted with low quantities 

of material [37]. 

 

Biosurface Technologies (Bozeman, MT) carries several types of bioreactors that may be 

used to examine microbial biofilms. The annular reactor is a vessel with a rotating cylinder 

for creating fluid shear and 20 removable coupons for carrying test materials [38,39]. This 

bioreactor is intended for industrial research of water systems, electronics, and chemical 

processes. The drip flow reactor consists of channels, which contain surfaces on which the 

microbial biofilm is grown. Media is dripped onto these channels to create an environment 

for studying biofilms under low shear stress conditions [23]. For microscopic studies, 

Biosurface Technologies has prepared a device with five lines of flow cells, which are 

compatible with fluorescent and confocal imaging under a variety of flow conditions [40]. 

The rotating disc reactor consists of a continuous flow media vessel, which contains six 

removable coupons on a rotating disk that can be used to expose microbial biofilms to 

surface shear stress [41,42]. This device is meant for antimicrobial efficacy studies. Similar 

to the rotating disc reactor is the CDC Biofilm Reactor. The bioreactor consists of 24 

stationary removable coupons in a continuous flow media vessel, in which shear stress is 

provided by a rotating baffle. This reactor has been designed by the Centers for Disease 

Control and Prevention to study biocides and medical materials [43]. The Calgary Biofilm 

Device (Innovotech, Edmonton, AB) is a high-throughput bioreactor that allows for efficient 

examination of antimicrobial susceptibility. This two-part device consists of a top component 

containing pegs arranged to fit into a 96-well plate; the bottom component shaped like a 96-
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well plate, which is adapted to also serve as a media flow channel [44]. With 96 opportunities 

to examine material–biofilm interaction, a large amount of data can be collected at once. This 

device is commercially sold as the MBEC assay
TM

 (Innovotech, Edmonton, AB) [45]. 

 

In this study, we have examined microbial biofilm formation on zinc oxide thin films. 

Researchers have taken significant interest in zinc oxide (ZnO) due to its electrical, 

piezoelectric, and photocatalytic properties [46–49]. This compound is an n-type 

semiconductor with a wide direct band gap of 3.3 eV and a free excitation energy of 60 meV 

[50]. It is naturally found in the wurtzite crystal structure. In the field of nanoelectronics, zinc 

oxide is one of several semiconductor compounds being used to make nanowires [46]. Due to 

its ability to be both n-doped and pdoped, zinc oxide has been used to make blue light 

emitting diodes [47]. Doped zinc oxide has also been used in the fabrication of photovoltaic 

thin films [51,52]. When exposed to light, valence band holes can be generated in zinc oxide. 

These holes are able to react with nearby molecules to produce oxidants. The reaction of zinc 

oxide with water produces the hydroxyl radical (OH
-
). In the case of oxygen, the result is the 

superoxide molecule, O2
-
 [53]. 

 

Photocatalytic generation of radicals provides zinc oxide with antimicrobial properties, since 

the oxidizing agents disrupt microbial cell membranes [49]. Several techniques have been 

used to make zinc oxide thin films, including filtered vacuum arc deposition, chemical vapor 

deposition, and pulsed laser deposition [54–58]. The structural and biological properties of 

silicon wafers coated with zinc oxide thin films by means of pulsed laser deposition were 
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examined by atomic force microscopy, X-ray photoelectron spectroscopy, and MTT viability 

assay. In order to examine the effects of light on zinc oxide antimicrobial properties, disk 

diffusion antimicrobial susceptibility studies were conducted under fluorescent light and in 

darkness. In addition, a CDC Biofilm Reactor was used to examine the antimicrobial 

properties of zinc oxide thin films. Zinc oxide thin films and other semiconductors may be 

used to provide chemical and electronic antimicrobial functionalities to next-generation 

medical devices. 

 

2. Materials and methods 

 

A high-purity zinc oxide powder (Alfa Aesar, Ward Hill,MA) was pressed into round 2-in. 

diameter pellets. The pellets were subsequently sintered in an oxygen atmosphere at 1000 
o
C 

for 12 h. Zinc oxide thin films were grown on silicon wafers using pulsed laser deposition. A 

krypton fluoride excimer laser (λ = 248 nm, repetition rate = 10 Hz) was used to ablate the 

high-purity zinc oxide target. The thin films were grown under O2 partial pressure of 5 x 10
-5

 

Torr at room temperature for 5 min. The materials were then cut into approximately 0.5 cm x 

0.5 cm squares. The zinc oxide thin film deposition rate using a KrF excimer laser is on the 

order of 0.01 nm/pulse [59]. A Dimension 3000 AFM (Veeco, Santa Barbara, CA) with an 

AC160 tip (Olympus, Melville, NY), which was operated at a resonance frequency of 

366.304 kHz in tapping mode, was used to determine the surface topography of the zinc 

oxide-coated silicon wafer. X-ray photoelectron spectroscopy on the zinc oxide-coated 

silicon wafer was performed with a LAS-3000 spectrometer (Riber, Rueil Malmaison, 
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France), which utilized Mg Kα excitation (λ = 1254 eV) and a 1 mms pot size. The 

photoelectron energy was calibrated by referencing to adventitious carbon. In this study, the 

take off angle was 75
o
 from the surface, the X-ray incidence angle was 20

o
, and the X-ray 

source to analyzer angle was 55
o
. The base pressure of the analysis chamber was maintained 

at ~10
-10

 Torr.  

 

Viability of neonatal human epidermal keratinocytes (HEK) on zinc oxide-coated silicon 

wafers was examined using the metabolic marker MTT assay. These cryopreserved human 

epidermal keratinocytes were purchased from a commercial source (Lonza, Walkersville, 

MD) and then passed twice to propagate and then seeded in 6-well plates at a density of 

approximately 20,000 human epidermal keratinocytes in keratinocyte growth media (KGM-

2). Cells were grown in a humidified environment of 5% CO2 at 37 
o
C. Cells were 

maintained in keratinocyte growth media, consisting of serum-free keratinocyte basal media 

supplemented with human epidermal growth factor, insulin, bovine pituitary extract, 

hydrocortisone, transferrin, epinephrine and GA-1000 (gentamicin–amphotericin). Wells, 

zinc oxide-coated silicon wafers, and uncoated silicon wafers were washed with 2 ml of 

media. Prior to the experiments, zinc oxide-coated silicon wafers and uncoated silicon wafers 

were sterilized by exposure to ultraviolet B light for 4 h, flipping the sides after 2 h. During 

sterilization, the materials were rotated ninety degrees every 30 min. Upon completion of UV 

sterilization, the materials were placed in 24-well plates. A small amount of Akwa Tears 

(Akorn, Buffalo Grove, IL) was used to attach the wafers to the bottom of the plate. The 

wells were rinsed with KGM-2 and the media was changed after 24 h. Sampling was 
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conducted after the human epidermal keratinocytes were 60% confluent. MTT assay (3-[4,5- 

dimethyl-2-thiazol]-2,5-diphenyl-2H-tetrazolium bromide) was used to assess viability [60]. 

Absorbance, directly proportional to cell viability, was determined spectrophotometrically at 

l = 550 nm in a Multiskan RC ELISA plate reader (Labsystems, Helsinki, Finland). The zinc 

oxide-coated silicon wafers and uncoated silicon wafers were moved to a new plate to 

prevent cells that had grown on the plate from influencing the data. MTT viability assays 

were conducted in quadruplicate on zinc oxide-coated silicon wafers and uncoated silicon 

wafers. Human epidermal keratinocytes (normalized to media control) were statistically 

compared using ANOVA (SAS 9.1 for Windows) (SAS, Cary, NC). Multiple comparisons 

were made between different membrane types using the Student‘s t-test at p < 0.05.  

 

A CDC Biofilm Reactor (Biosurface Technologies, Bozeman, MT) was used to examine 

microbial growth on zinc oxide-coated silicon wafers and uncoated silicon wafers. 0.5 cm x 

0.5 cm wafers of the materials were glued to polycarbonate sampling coupons. These 

coupons were immobilized in the bioreactor media by coupon holder rods. Four samples 

were used for each biomaterial, with separate experiments being conducted for the uncoated 

and coated wafers. Tryptic Soy Broth (Teknova, Hollister, CA) was used as the media in the 

bioreactor. Fluid shear stress was provided by a baffled stir bar, which was rotated at a rate of 

120 rpm. A 0.5 McFarland Standard of Escherichia coli strain ATCC 25922 (American Type 

Culture Collection, Manassas, VA) in sterile H2O was prepared. The bioreactor was 

inoculated with 1 ml of the bacterial suspension (~1 x 10
8
 colony-forming units). Culturing 

occurred in the bioreactor for 48 h at room temperature under constant fluorescent light 
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exposure. At 48 h, sterile cotton tipped applicator sticks were used to transfer the biofilms 

from the surfaces of the to 10 ml vials of sterile water. Serial dilution in sterile water and 

plating on trypticase soy agar (Teknova, Hollister, CA) was used to determine the cell 

density of the E. coli biofilm on the surface of the material.  

 

Microbial growth on zinc oxide-coated silicon wafers and uncoated silicon wafers was 

examined using a disk diffusion assay. E. coli strain ATCC 25922 was used in this study 

(American Type Culture Collection, Manassas, VA). The microorganism was cultured on 

trypticase soy agar plates (Teknova, Hollister, CA). McFarland Standard suspensions made 

by visual comparison were used to measure cell density. Disk diffusion studies were used to 

examine the microbial growth properties of zinc oxide-coated silicon wafers and uncoated 

silicon wafers. A 0.5 McFarland Standard suspension of E. coli in sterile H2O was spread 

onto Mueller-Hinton II agar plates (BD Diagnostic Systems, Sparks, MD) using sterile cotton 

tipped applicator sticks. Immediately following inoculation, the zinc oxide-coated silicon 

wafers and uncoated silicon wafers were placed on the inoculated plates, with the coated side 

facing the agar. Zinc oxide-coated silicon wafers and uncoated silicon wafers were placed on 

different plates, with three samples on each plate. Two plates were prepared for each of the 

materials. One set was left in dark and the other set was constantly exposed to fluorescent 

light for the duration of the experiment. After 24 h at room temperature, microbial growth on 

the plates was examined using optical microscopy.  
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3. Results and discussion  

 

Fig. 1. (A and B) Atomic force micrograph of zinc oxide thin film grown on silicon wafer. 

 

Atomic force micrographs of the zinc oxide-coated silicon wafer are shown in Fig. 1. Root 

mean squared surface roughness was derived from tapping mode measurements taken over a 

1 mm
2
 area. The root mean squared value was shown to be 0.4 nm, indicating that splashing 

is not significant [61]. The average grain size was ~25 nm. These surface properties were 

similar to those for zinc oxide materials using filtered vacuum arc deposition [55]. The X-ray 

photoelectron spectrum for the zinc oxide-coated silicon wafer revealed the presence of 

carbon, oxygen, silicon, and zinc (Fig. 2). A large amount of the oxygen in this spectrum can 

be attributed to oxygen atoms located in adventitious oxidized carbon on the film surface and 

in silicon oxide on the substrate. The MTT viability assays after 24 h for both zinc oxide-

coated silicon and uncoated silicon are shown in Fig. 3. These results indicate that human 

epidermal keratinocyte growth on the zinc oxide-coated silicon wafer was similar to that on 

the uncoated silicon wafer and that zinc oxide thin films processed using pulsed laser 

deposition do not cause a significant difference in human cell viability or cell growth.  
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Fig. 2. X-ray photoelectron spectrum of zinc oxide-coated silicon wafer. 
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Fig. 3. Twenty-four hours MTT viability assays for zinc oxide-coated silicon wafers and 

uncoated silicon wafers. 

 

E. coli were able to grow on both zinc oxide-coated silicon wafers and uncoated silicon 

wafers in the CDC Biofilm Reactor. The cell density on the uncoated silicon was 13.16 ± 

9.44 x 10
6
 colony forming units/cm

2
 and the cell density on the zinc oxide-coated silicon was 

6.28 ± 3.52 x 10
6
 colony-forming units/cm

2
. While bacteria were able to grow on both 

materials, a greater than 50% reduction in cell density was observed from the zinc oxide to 

the uncoated silicon. Images of disk diffusion results for uncoated silicon wafers and zinc 

oxide-coated silicon wafers at 24 h can be seen in Fig. 4. After 24 h, the bacteria on the 

uncoated silicon wafers had grown over the entire plate. No indication of inhibited microbial 

growth was observed for the uncoated silicon either under constant fluorescent light or in 

darkness. On the other hand, the zinc oxide-coated wafers exhibited zones of inhibition both 

under constant fluorescent light and in darkness. Bacteria were inhibited from growing in a 

region ~1 mm from each edge of the square wafers. Colonies were observed within the zones 
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of inhibition, but cell density in within the zones was greatly reduced in comparison to areas 

outside of these zones. Degradation of the zinc oxide thin films was observed in both disk 

diffusion (Fig. 4) and CDC Biofilm Reactor studies. The results of this study confirm 

previous findings that zinc oxide does have antimicrobial properties [49,53,54]. The results 

also indicate that exposure to light is not necessary for zinc oxide thin films to exhibit 

antibacterial activity. The valence band holes created by the photocatalytic effect of zinc 

oxide cause the formation of hydroxide and superoxide molecules, both of which are 

antimicrobial [49]. In addition, the oxidized zinc ion itself may exhibit antimicrobial 

properties; the observed antibacterial activity may also be caused by the leaching of Zn
2+

 ions 

from the zinc oxide thin film [62]. 
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Fig. 4. Light microscopy images of (A) disk diffusion studies of uncoated silicon wafer 

without light exposure, (B) zinc oxide-coated silicon wafer without light exposure, (C) 

uncoated silicon wafer with fluorescent light exposure, and (D) zinc oxide-coated silicon 

wafer with fluorescent light exposure. Both zinc oxide-coated silicon wafers (with 

fluorescent light and without light exposure) had zones of inhibition that indicate 

antimicrobial activity. Neither uncoated material inhibited cell growth. 
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4. Conclusions 

 

Assessing the growth of microbial biofilms on synthetic materials is a growing area of 

scientific inquiry. In this study, exposure to fluorescent light was shown to be unnecessary 

for zinc oxide coated silicon wafers to exhibit antimicrobial properties against E. coli. Our 

results indicate that zinc oxide thin films prepared using pulsed laser deposition significantly 

reduce bacterial growth but do not completely inhibit the growth of E. coli. The zinc oxide 

thin films were also found to degrade upon introduction into an aqueous environment, which 

allows for diffusion of antimicrobial Zn
2+

 ions into the surrounding environment. Zinc oxide 

and other semiconductor materials may provide unusual electronic and chemical mechanisms 

for inhibiting the growth of microorganisms. 
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3.4  Antifungal Textiles Formed Using Silver Deposition in Supercritical 

Carbon Dioxide 

 

The following section a complete article reprinted from Journal of Materials Engineering 

and Performance, Volume 19, Gittard SD, Hojo D, Kyde GK, Narayan RJ, Parsons GN. 

368-373,  Copyright 2010, with permission from Springer 

 

Note: This article has been reformatted. In particular, the location of figures and spacing 

may have changed.  The references are formatted as in the original manuscript. 
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The antifungal properties of two silver-coated natural cotton fiber structures prepared 

using a supercritical carbon dioxide (scCO2) solvent were examined. Scanning electron 

microscopy confirmed that the scCO2 process may be used to produce cotton fiber 

textiles with uniform silver nanoparticle coatings. A version of the Kirby-Bauer disk 

diffusion test was used to assess the ability of these textiles to inhibit fungal growth. 

Cotton fabric samples modified with Ag(hepta) and Ag(cod)(hfac) exhibited measurable 

zones of inhibition. On the other hand, the uncoated fabric had no zone of inhibition. 

Possible applications of antifungal textiles prepared using scCO2 processing include use 

in hospital uniforms and wound dressings. 
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1. Introduction 

 

Textiles are appealing materials for use in several medical applications, including hospital 

uniforms and linens; prosthetic valves; and wound dressings (Ref 1-5). One promising 

innovation is to impart these textiles with antimicrobial properties. Noble metals such as 

copper, gold, and silver have broad-spectrum antimicrobial activity. For example, silver has 

several effects on microorganisms, including impeding the electron transport system and 

preventing DNA replication (Ref 6-8). Nanocrystalline silver provides Ag
0
 and Ag

+
 ions to 

the surrounding environment (Ref 9-12). As silver ions are depleted, an equilibrium shift 

allows additional Ag
0
 and Ag

+
 ions to be liberated from nanocrystalline silver. In previous 

studies, silver has demonstrated antimicrobial activity against a broad range of fungi, viruses, 

and bacteria (Ref 12-15).  Processes such as electroless plating (Ref 16), master batch 

impregnating (Ref 16), IBAD SPI-ARGENT (Ref 3), layer-bylayer deposition (Ref 17), RF-

plasma-mediated deposition (Ref 18), dip-pad-dry (Ref 19-21), sol-gel coating (Ref 22, 23), 
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soaking in silver nanosols (Ref 24), and sonochemical coating (Ref 25) have previously been 

used to fabricate textiles that contain antimicrobial metals. 

 

Supercritical CO2 (scCO2) is an attractive process for imparting antimicrobial functionality to 

textile materials. It is a ‗‗green‘‘ technology, which does not produce any harmful byproducts 

(Ref 26). In addition, scCO2 processing is relatively inexpensive and is amenable to scale-up 

for industrial production. Supercritical CO2 processing is widely used for industrial-scale 

extraction of chemicals, including coffee decaffeination and fragrance collection (Ref 26). 

Supercritical CO2 has also been used for disinfection of medical fabrics (Ref 27). While most 

commercial applications of scCO2 processing involve the extraction of chemicals, scCO2 

processing may also be used to modify the surface (Ref 28) and impregnate the bulk (Ref 29, 

30). 

 

At temperatures and pressures above 31.1 
o
C and 73.8 bar, carbon dioxide exhibits properties 

of both liquid and gas (Ref 31-34). Supercritical fluids exhibit low viscosity and high 

diffusivity values similar to gases, but exhibit density values comparable to liquids. 

Supercritical CO2 has recently been utilized for producing silver nanoparticle suspensions 

(Ref 35-37). It is also known that scCO2 can be used as a solvent to dissolve metal-organic 

precursors to form thin films of metals and metal oxides (Ref 31-34). In previous studies, 

scCO2 processing has been used to impart polymers (Ref 29) and porous structures (Ref 30) 

with antimicrobial functionality by impregnating these materials with silver nanoparticles. 
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The use of scCO2 processing to impregnate textiles with antimicrobial materials has not been 

previously investigated. 

 

Candida albicans is a pathogenic yeast that may infect the skin, mucous membranes, nails, 

and gastrointestinal tract. The incidence of candidal infection is rising due to the growing 

number of individuals with suppressed immune function caused by malignancy, HIV 

infection, antibiotic use, steroid use, or chemotherapy (Ref 38). In addition, common health 

problems, including diabetes mellitus and obesity, can also predispose an individual to 

candidal skin infection (Ref 38). Candida albicans is major cause of nosocomial infections 

(infections acquired during medical care); contaminated health care workers and biomaterials 

are common sources of these infections (Ref 39). For example, C. albicans is the most 

common fungus isolated from surgical wounds; Giandoni et al. demonstrated that 

asymptomatic candidal infection may delay wound healing (Ref 40, 41). In addition, C. 

albicans is the most commonly isolated fungal species in intensive care unit (ICU) patients; 

candidal infection is associated with ICU patient mortality (Ref 42). It is interesting to note 

that C. albicans may also cause enzymatic degradation of common textile dyes (Ref 43). For 

example, Vitor et al. demonstrated degradation of Direct Violet 51 azo dye by C. albicans, 

which resulted in removal of color (Ref 43). 

 

In this study, we examined the antifungal properties of two silver-coated cotton fiber 

structures that were prepared using silver precursors dissolved in scCO2. Two different silver 

precursor materials, Ag(hepta) and Ag(cod)(hfac), were investigated. A variation of the 
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Kirby-Bauer disk diffusion test was utilized to assess the ability of these textiles to inhibit 

growth of C. albicans. The Kirby-Bauer disk diffusion test is a National Committee on 

Clinical Laboratory Standards (Wayne, PA) procedure for assessing antimicrobial activity of 

materials (Ref 44), which has previously been used to assess the antimicrobial performance 

of textile materials (Ref 45). The prescribed method of the Kirby-Bauer assay was followed 

with the exception that silver-coated fabric was used instead of disks containing antibiotic 

agents. The results of this study suggest that scCO2 process may be used to coat textiles with 

antifungal silver for a variety of medical applications. 

 

2. Experimental Procedure 

 

In this work, modification of cotton fabrics using scCO2 was investigated. The silver 

precursors dissolved in scCO2 were able to diffuse into the dense fiber network of the woven 

cotton structures and react with the cotton to deposit thin films and particles of silver. The 

size and density of the deposited particles may be controlled by altering the deposition 

conditions. A schematic of the scCO2 system used for deposition of the silver nanoparticles 

can be seen in Fig. 1. Pressurized CO2 (99.99% purity) was pumped into a stainless steel 

cylindrical-shaped reactor, which was heated with heating tape. The volume of the reactor 

used in this study was ~110 mL. Hydrogen was also introduced into the reactor to reduce the 

precursor material to metal. The inside of the reactor was observed through a sapphire 

viewing window. The pressure and temperature of the scCO2 were monitored with a pressure 

gage and a thermocouple, respectively. 
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Fig. 1 Schematic of the scCO2 system 

 

The experimental procedure for the fabrication of silver-coated cotton fabrics is shown in 

Fig. 2. 2.0 cm x 2.0 cm cotton pieces and either 10 mg of Ag(hepta) or 2.1 x 10
-4

 mol/ L of 

Ag(cod)(hfac) were placed in the preheated reactor before it was filled with pressurized CO2. 

The pressure and temperature of the dissolution process were 21 MPa and 40 
o
C, 

respectively. The supercritical fluid color remained clear after dissolution of the precursor. 

The cotton fabric samples were left in the chamber with the dissolved precursor for between 

10 and 15 h, allowing the dissolved precursor to diffuse into the individual cotton fibers. 

After the diffusion process, the reaction chamber was allowed to vent. The temperature was 

then raised to 80 
o
C. Supercritical CO2 with hydrogen gas (0.7 MPa) was introduced into the 

reaction chamber for reduction of the impregnated precursor. The decomposition time was 6 

h. The decomposition pressure and temperature utilized in this study were 22 MPa and 80 
o
C, 

respectively. After the reaction chamber was vented, the scCO2 fluid was replaced with fresh 
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compressed CO2, which was used for rinsing the materials. Scanning electron microscopy of 

the silver-coated cotton fabrics was performed using a S3200 system (Hitachi, Tokyo, 

Japan), which was equipped with a Robinson backscattered electron detector and an energy-

dispersive X-ray spectrometer. 

 

 

Fig. 2 Procedure for fabrication of silver-coated cotton fabrics 

 

The antifungal properties of the Ag(hepta)- and Ag(cod)- (hfac)-coated fabrics were 

examined using C. albicans. The prescribed method of the Kirby-Bauer assay was followed 

with the exception that silver-coated fabric was used instead of disks containing antibiotic 

agents (Ref 44). Untreated cotton fabric was used as a negative control in these experiments. 

All fabrics were cut into ~0.50 cm x ~0.25 cm rectangles. 1% w/v Bacto yeast extract (BD 

Diagnostics, Sparks, MD), 2% w/v Bacto peptone (BD Diagnostics, Sparks, MD), 2% w/v 

dextrose (Mallinckrodt Chemical, St. Louis, MO), and 2% w/v granulated agar (BD 
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Diagnostics, Sparks, MD), commonly known as YPD agar, were used as growth media. The 

microorganism used in this study was C. albicans strain DUMC 117.00 (Duke University 

Medical Center, Durham, NC). A 0.5 McFarland Standard of C. albicans in sterile deionized 

water was prepared. The turbidity was verified using a Stasar II spectrophotometer (Gilford 

Instruments, Oberlin, OH). Sterile cotton-tipped applicator sticks were used to spread the cell 

suspension onto the agar plates. A different applicator stick was used for each plate. The 

fabrics were placed on the plates after inoculation. Triplicates of the same type of fabric were 

placed on each plate. Different types of fabrics were placed on separate plates. After the 

fabrics were placed on the plates, the plates were incubated at 37 
o
C for the duration of the 

study. The plates were examined at 0, 12, 24, 36, and 48 h after inoculation. Examination 

consisted of measuring zones of inhibition of cell growth on the agar and obtaining images of 

the fabrics to detect growth on the fabrics. An EZ4 D dissection stereo-microscope (Leica 

Microsystems, Bannockburn, IL) was used for imaging of the samples. 

 

3. Results and Discussion 

 

Scanning electron microscopy images of the three fabrics can be seen in Fig. 3. The silver-

coated fabrics demonstrated both (a) a thin layer of silver over the entire fabric surface and 

(b) a scattering of silver aggregates on regions of the fabric surface. The appearance of 

streaks on the fibers was caused by electron beam-initiated swelling of the cotton fibers. A 

increase in volume of the cotton fiber caused fissures to form in the silver film; these features 

appear as streaks in the electron micrographs.  
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Fig. 3 Scanning electron micrographs of Ag(hepta)-modified fabric (top), Ag(cod)(hfac)-

modified fabric (middle), and uncoated fabric (bottom) 
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Additional scanning electron microscopy images of the silver-coated fabrics showing both 

silver aggregates and electron beam-induced fissures are provided in Fig. 4. In this figure, the 

Ag(hepta)-modified fabric exhibited a greater number of silver crystals on its surface than the 

Ag(cod)- (hfac)-modified fabric. The energy dispersive X-ray spectra for Ag(hepta)-modified 

fabric, Ag(cod)(hfac)-modified fabric, and uncoated fabric can be seen in Fig. 5. All three 

fabrics exhibited trace amounts of copper and aluminum. The energy dispersive X-ray 

spectra of the uncoated cotton demonstrated that the material contained no silver. Energy 

dispersive X-ray spectra also indicated that the Ag(hepta)-modified fabric and 

Ag(cod)(hfac)-modified fabric contain similar amounts of silver. The cotton is primarily 

made up of cellulosic polymer, which contains a significant amount of hydroxyl groups on 

the surface. In the presence of hydrogen, it is likely that the silver precursors reacted at the 

surface to reduce the metal to Ag0 and oxidize the functional ligands. This mechanism is 

often found in other deposition techniques, including chemical vapor deposition and atomic 

layer deposition. The oxidized ligands were subsequently dissolved in the scCO2 and 

removed from the system, resulting in silver coatings on the fibers (Ref 24-27). The 

formation of particles could result from either (a) surface diffusion of silver atoms or small 

clusters or (b) preferred oxidation/reduction of the precursors at deposited silver sites, which 

promoted formation of clusters and nanoparticles. 
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Fig. 4 Scanning electron micrographs of Ag(hepta)-modified fabric (top) and Ag(cod)(hfac)-

modified fabric (bottom). The lighter-colored regions on the silver-modified fibers represent 

silver aggregates. 
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Fig. 5 Energy dispersive X-ray spectra overlay of Ag(hepta)-modified fabric (top) and 

Ag(cod)(hfac)-modified fabric (bottom). The spectra of the coated fabrics are in gray, and 

spectrum of the uncoated fabric is in black. 

 



278 

 

 

Images were obtained at 0, 12, 24, 36, and 48 h after initiation of the antimicrobial 

susceptibility assay. Images of the silver-coated and uncoated fabrics at these times are 

shown in Fig. 6. At 12 h, a confluent layer of small colonies formed on the agar. Zones of 

inhibition of fungal growth were observed in Ag(hepta)-modified and Ag(cod)(hfac)-

modified fabrics. Enlarged images of the zones of inhibition of the three fabrics at 12 h are 

shown in Fig. 7. Zones of inhibition were measured from the edge of the fabric to the first 

sign of growth. The average radius of inhibited growth was 1.2 mm for both Ag(hepta)-

modified and Ag(cod)(hfac)-modified fabrics. The uncoated cotton had no observed zone of 

inhibition. At 24 h, some fungal cells began to appear within the zones of inhibition for 

Ag(hepta)-modified and Ag(cod)(hfac)-modified fabric samples. The Ag(hepta)-modified 

surface exhibited a smaller number of colonies than the Ag(cod)(hfac)-modified surface; this 

result may be attributed to the arrangement of silver crystals on the fabric surface.  
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Fig. 6 Ag(hepta)-modified fabric (top), Ag(cod)(hfac)-modified fabric (center), and uncoated 

fabric (bottom). Images obtained at 0, 12, 24, 36, and 48 h after initiation of the experiment 

are shown from left to right. Scale bar = 1 mm 

 

 

Fig. 7 Optical micrographs showing zones of inhibition for Ag(hepta)-modified fabric (left) 

and Ag(cod)(hfac)-modified fabric (center) at 12 h. An optical micrograph of the uncoated 

fabric at 12 h (right) is provided for comparison purposes. Scale bar = 1 mm 
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4. Summary 

 

In this study, scCO2 processing was shown to be a viable technique for producing antifungal 

textiles that may be used in medical applications. While the samples examined in this study 

were small in size, scCO2 processing can easily be scaled up for commercial production of 

silver-coated textiles. After exposure to C. albicans, fabrics modified with Ag(hepta) and 

Ag(cod) (hfac) demonstrated measurable zones of inhibition. On the other hand, the uncoated 

fabric exhibited no zone of inhibition. Use of scCO2 for imparting antimicrobial functionality 

to materials has several advantages, including relatively low processing temperatures, 

nonflammable processing materials, and nontoxic reactants. Supercritical CO2 processing 

may be used to impart antifungal functionality to textiles used in wound dressings. Hospital 

uniforms containing antifungal textiles may be used to prevent the spread of fungal infections 

in hospitals, nursing homes, and other healthcare settings. 
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3.5  Pulsed laser deposition of antimicrobial silver coating on Ormocer® 

microneedles 

 

The following section a complete article reprinted from Biofabrication, Volume 1, Gittard 

SD, Narayan RJ, Jin C, Ovsianikov A, Chichkov BN, Monteiro-Riviere NA, Staflien S, 

Chisholm B.041001, Copyright 2009, with permission from IOP Publishing 

 

Note: This article has been reformatted. In particular, the location of figures and spacing 

may have changed.  The references are formatted as in the original manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 



290 

 

IOP Publishing 

doi:10.1088/1758-5082/1/4/041001 

Biofabrication 1 (2009) 041001 (5pp) 

 

COMMUNICATION 

Pulsed laser deposition of antimicrobial silver coating on Ormocer® microneedles  

 

S D Gittard
1
, R J Narayan

1,5
, C Jin

1
, A Ovsianikov

2
, B N Chichkov

2
, N A Monteiro-

Riviere
1,3

, S Stafslien
4
 and B Chisholm

4
 

 

1
 Joint Department of Biomedical Engineering, North Carolina State University, Raleigh, NC 

27695,USA 

2
 Laser Zentrum Hannover, Hollerithallee 8, 30419 Hannover, Germany 

3
 Center for Chemical Toxicology Research and Pharmacokinetics, North Carolina State 

University, Raleigh, NC 27695, USA 

4
 Center for Nanoscale Science and Engineering, North Dakota State University, 1805 

Research Park Drive, Fargo, ND 58102, USA 

5
 Author to whom any correspondence should be addressed 

E-mail: roger narayan@msn.com 

 

Received 29 July 2009 

Accepted for publication 12 November 2009 



291 

 

Published 30 November 2009 

Online at stacks.iop.org/BF/1/041001 

© 2009 IOP Publishing Ltd Printed in the UK 

 

Abstract 

One promising option for transdermal delivery of protein- and nucleic acid-based 

pharmacologic agents involves the use of microneedles. However, microneedle-generated 

pores may allow microorganisms to penetrate the stratum corneum layer of the epidermis and 

cause local or systemic infection. In this study, microneedles with antimicrobial functionality 

were fabricated using two-photon polymerization–micromolding and pulsed laser deposition. 

The antibacterial activity of the silver-coated organically modified ceramic (Ormocer®) 

microneedles was demonstrated using an agar diffusion assay. Human epidermal 

keratinocyte viability on the Ormocer R® surfaces coated with silver was similar to that on 

uncoated Ormocer® surfaces. This study indicates that coating microneedles with silver thin 

films using pulsed laser deposition is a useful and novel approach for creating microneedles 

with antimicrobial functionality.  
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Microneedles are small-scale medical devices (<1 mm in length) used for delivery of 

protein-based pharmacologic agents, nucleic acid-based pharmacologic agents and other 

pharmacologic agents that are unable to be administered in oral form [1]. These devices 

create small pores in the stratum corneum layer of the epidermis of the skin that enable the 

delivery of pharmacologic agents into deeper layers of the skin and into the bloodstream [2]. 

Unlike conventional hypodermic needles, microneedle administration of a pharmacologic 

agent does not require medical training. Due to their smaller dimensions, microneedles are 

associated with less injection site damage and less patient pain than conventional hypodermic 

needles [1]. One concern that limits microneedle usage is the risk of infection associated with 

a compromised stratum corneum [3–5]. 

 

The stratum corneum layer serves as the outermost limiting barrier that prevents foreign 

objects, including microorganisms, from entering the body. Pathogenic microorganisms such 

as Staphylococcus aureus may be transferred through the stratum corneum by microneedles. 

One approach to reduce the risk of infection associated with microneedles is to fabricate 

microneedles that have antimicrobial properties. For example, antimicrobial microneedles 

may be fabricated by coating microneedles with thin films of antimicrobial materials such as 

silver. Silver exhibits broad-spectrum antimicrobial properties against viruses, fungi and 

bacteria, including S. aureus. These properties have been attributed to interruption of DNA 

replication and disruption of electron transport [3–10]. Silver also serves to reduce local 

matrix metalloproteinase levels, reduce inflammatory activity in wounds and facilitate 
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healing in wounds [11–13]. Recent work by Demling et al suggests that silver acts to 

increase re-epithelialization compared to a conventional antimicrobial solution [13]. 

 

Antimicrobial coatings may be applied to microneedle surfaces using a physical vapor 

deposition technique known as pulsed laser deposition [14]. Pulsed laser deposition involves 

vaporization of a solid target using a high energy laser; the average kinetic energy of atomic 

and molecular species generated by excimer laser ablation is between 100 kT and 1000 kT. 

In comparison, the equilibrium energy of species generated in thermal deposition techniques 

is on the order of kT [15, 16]. The high energy of laser-ablated species enhances film 

adhesion and promotes chemical reactions between the substrate and the film [17]. Pulsed 

laser deposition is ideally suited for deposition on biomedical polymeric substrates since 

deposition of many coating materials can take place at room temperature; other methods may 

involve deposition temperatures close to or above the glass transition temperatures of many 

biomedical polymers. Thin films prepared using pulsed laser deposition exhibit useful 

properties for many biomedical applications due to the high adhesion strength and the high-

density/low-porosity nature of deposited films.  

 

In this study, microneedle arrays were created from organically modified ceramic 

(Ormocer®) materials using a two-photon polymerization–micromolding technique. 

Ormocer® materials are organic–inorganic hybrid materials originally developed by 

Fraunhofer Institut für Silicatforschung, which contain organically modified silicon alkoxides 

and organic monomers [1]. Interactions between organic methacrylate groups and inorganic 



294 

 

silicon– oxygen–silicon networks create a three-dimensional network. These interactions 

between the ceramic and polymer components provide Ormocer® materials with chemical 

and thermal stability as well as prevent separation of Ormocer® material into separate 

phases. In previous work, Ormocer® surfaces fabricated using two-photon polymerization 

exhibited acceptable cell viability and cell growth profiles against neuroblast-like cells and 

epithelial cells [18]. In this study, pulsed laser deposition was used to deposit silver thin films 

on Ormocer® microneedle arrays. An agar diffusion assay was used to determine the 

antimicrobial activity of silver-coated Ormocer® microneedles.  

 

Five-by-five arrays of out-of-plane microneedles were fabricated with Ormocer® materials 

using a two-photon polymerization–micromolding technique. In the first step, two-photon 

polymerization was used to fabricate a master structure of the microneedle array on a 

silanized glass coverslip (figure 1). The microneedle array was fabricated using SR 259 

polyethylene glycol dimethacrylate (Sartomer, Paris, France) with 2% weight Irgacure® 369 

initiator (Ciba Specialty Chemicals, Basel, Switzerland). Femtosecond laser pulses (60 fs, 

300 mW, 780 nm) from a titanium:sapphire laser (Kapteyn-Murnane, Boulder, CO) were 

focused using a 5× microscope objective. Three C-843 linear translational stages (Physik 

Instrumente, Karlsruhe, Germany) were used to direct the laser focus position in three 

dimensions. A HurrySCAN galvo-scanner (Scanlab AG, Puchheim, Germany) was used to 

control polymerization of the photosensitive resin in the X–Y plane. Control of the laser was 

determined by an .STL format drawing of the microneedle. The .STL format drawing that 

was used to fabricate the microneedle arrays contained microneedles with a base diameter 
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value of 200 μm and length of 500 μm. In addition, the microneedles demonstrated 500 μm 

microneedle center-to-microneedle center spacing. Arrays of microneedles enable delivery of 

pharmacologic agents to be provided over a wider area and at higher rates than solitary 

needles [19]. 

 

In the second step, replication of the microneedle array was performed by means of a 

micromolding process. The master structure was sputter–coated with gold in order to 

improve separation of the mold from the master structure. Sylgard® 184 silicone elastomer 

and curing agent (Dow Corning, Midland, MI) were mixed in a 10:1 weight ratio. This 

silicone elastomer–curing agent mixture was degassed in vacuum and poured into an 

aluminum seal, which had been placed over the master microneedle array. The 

unpolymerized mold was placed under vacuum in order to eliminate residual air pockets in 

the mold. After degassing, the liquid mold was placed on a hotplate in order to initiate 

polymerization of the silicone elastomer. The hotplate temperature was increased from 25 
◦
C 

to 100 
◦
C over 30 min. The hotplate temperature was subsequently maintained at 100 

◦
C for 

an additional 30 min. The master structure substrate was then clamped to a table. The 

silicone moldwas attached to a vertical actuator. By raising the vertical actuator, the silicone 

mold was separated from the polyethylene glycol master structure.     

 

In the third step, Ormocer® microneedle arrays were photopolymerized within the silicone 

mold. Ormocore® (Ormocer b59) (Microresist Technology, Berlin, Germany) is a 

commercially available Ormocer® material with 1.8% Irgacure 369 photoinitiator (Ciba 
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Specialty Chemicals, Basel, Switzerland). 50 μL of liquid Ormocer® material was placed in 

the silicone mold. The silicone mold containing the liquid Ormocer® was placed under 

vacuum in order to remove air pockets and completely fill all mold parts with Ormocer® 

material. The mold with Ormocer® material was subsequently pressed against a glass slide 

and attached to the vertical actuator. The construct was subsequently exposed for 2 min to a 

curing lamp that provides visible and ultraviolet light emission (Thorlabs, Newton, NJ) in 

order to polymerize the Ormocer® material. The silicone mold and the Ormocer® 

microneedle array were then separated from one another using the vertical actuator. In 

addition, silicone culture wells were utilized as molds in order to fabricate cylindrical (6 mm 

diameter × 1 mm thick) Ormocer® wafers for use in the MTT assay. 

 

 Lastly, silver thin films were grown on Ormocer® microneedle arrays and Ormocer® wafers 

using pulsed laser deposition. A high-purity silver target was obtained from a commercial 

source (Alfa Aesar, Ward Hill, MA). A krypton fluoride (KrF) excimer laser (λ = 248 nm, 

repetition rate = 10 Hz) was used to ablate the high-purity silver target. The thin films were 

grown under a background pressure of 5 × 10
−6

 Torr at room temperature for 2 min. Recent 

work by Warrender et al indicates that the deposition rate for silver thin films using a KrF 

laser under similar conditions is ∼0.06 nm s
−1

 [15]. 
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Figure 1. (a) Scanning electron micrograph of a SR 259 polyethylene glycol dimethacrylate 

microneedle array, which served as a master structure in the two-photon polymerization–

micromolding process. (b) Scanning electron micrograph of a silver-coated Ormocer® 

microneedle array fabricated using two-photon polymerization–micromolding and pulsed 

laser deposition. 

 

Cell proliferation on silver-coated and uncoated Ormocer® materials was examined using 

neonatal human epidermal keratinocytes (HEKs). The MTT assay (3-(4,5- dimethylthiazol-2-

yl)2,5-diphenyl tetrazolium bromide) test was used to assess cell viability [20]. In the MTT 

assay, reduction of a yellow tetrazolium salt (MTT) to a purple formazan dye by 

mitochondrial succinic dehydrogenase is observed. Four silver-coated Ormocer® wafers and 

four uncoated Ormocer® wafers were placed in a 96-well plate and exposed to ultraviolet-B 

light for 3 h in order to sterilize the surfaces prior to seeding with HEKs. The wafers were 

rinsed with 200 μl of keratinocyte growth media (KGM-2). The HEKs (Lonza, Walkersville, 

MD) were seeded onto the wafers and grown to 80% confluency in a humidified environment 
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containing 5% CO2 at 37 ◦C. Twenty-four hours later, the HEKs were incubated in the MTT 

medium (0.5 mg ml−1 KGM-2) for 3 h, the formazan dye was extracted with isopropyl 

alcohol and the extracted solution in each well was transferred to a new plate in order to 

prevent the physical presence of the wafers from influencing the data. The absorbance of the 

solutions was quantified on a Multiskan RC ELISA plate reader (Labsystems, Helsinki, 

Finland) at λ=550 nm. The silver-coated Ormocer® data was normalized to the uncoated 

Ormocer® (control) data. Mean values for percent viability were calculated and significant 

differences (p < 0.05) were determined using the PROC GLM Procedure (SAS 9.1 for 

Windows) (SAS Institute, Cary, NC). When significant differences were found, multiple 

comparisons were performed using Tukey‘s Studentized Range (HSD) test at p < 0.05 level 

of significance. 

 

An agar plating method was used to assess microbial growth on the silver-coated 

microneedle array as well as the uncoated microneedle array. S. aureus ATCC 25923 

(American Type Culture Collection, Manassas, VA) was cultured overnight in tryptic soy 

broth (VWR International, West Chester, PA). The cell suspensions were then centrifuged at 

4500 rpm for 10 min. The cell pellet was then resuspended in 1X phosphate-buffered saline 

(VWR International, West Chester, PA) in order to obtain a cell density of ∼108 CFU ml−1. 

Tryptic soy agar plates (VWR International, West Chester, PA) were inoculated with a lawn 

of S. aureus suspension using a sterile swab. Glass cover slips with uncoated and silver-

coated microneedle arrays were placed on the inoculated plates with the needles projecting 

into the agar. The plates were then incubated at 37 ◦C for 24 h. The microneedle arrays were 
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subsequently removed. Optical microscopy was performed in order to determine the extent of 

microbial growth. 

 

Silver-coated microneedles within the arrays demonstrated sharp (<10 μm diameter) tips, tip 

angle values of 45◦ and good microneedle-to-microneedle uniformity (figure 1(b)). A few 

deviations from the dimensions specified in the STL file were observed. For example, the 

base diameter of the microneedles (181.3 ± 4.7 μm) was slightly smaller than the base 

diameter that was specified in the .STL format drawing. This decrease in diameter is due to 

shrinkage of the Ormocer® material during polymerization [21]. Shrinkage of the Ormocer® 

material is beneficial in the micromolding component of the two-photon polymerization–

micromolding process since it enhances separation between the mold and the fabricated 

device. Iteration of microneedle materials and processing parameters may enable the 

development of microneedle arrays with more uniform features. In general, these images 

indicate that the features observed in the microneedles were consistent with the dimensions 

specified in the .STL format drawing. No pinholes, pores or nonuniformities in the silver thin 

film were noted in the scanning electron micrograph of the individual silver-coated 

microneedle (figure 2). Energy-dispersive x-ray spectra indicated that silver was present on 

the microneedles and the glass substrate. Silicon and carbon were also identified in the 

spectra; these elements were attributed to the glass substrate and the Ormocer® microneedle. 

No trace amounts of other elements were observed. 
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Figure 2. (a) Scanning electron micrograph of an uncoated Ormocer® microneedle array. 

(b) Scanning electron micrograph of a silver-coated Ormocer® microneedle array. (c) 

Scanning electron micrograph of an individual uncoated Ormocer® microneedle. (d) 

Scanning electron micrograph of an individual silver-coated Ormocer® microneedle. 

 

The 24 h MTT assay (figure 3(a)) indicated that the silver-coated Ormocer® and uncoated 

Ormocer® wafers supported HEK growth. No significant differences were noted between 

HEK growth on the test surfaces. These results suggest that silver-coated Ormocer® 

processed using two-photon polymerization–micromolding and pulsed laser deposition does 

not impair cell growth or decrease cell viability. Previous studies have indicated that cell 
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growth on Ormocer® surfaces is similar to that on polystyrene control surfaces [22]. The 

agar plating method provides qualitative data regarding susceptibility of microorganisms to a 

given antimicrobial agent. This protocol is similar to one that is outlined by the National 

Committee for Clinical Laboratory Standards [23]. Results of the agar plating study for the 

uncoated microneedle array and the silver-coated microneedle array are shown in figures 

3(b)–(e). On the plate containing the uncoated Ormocer® microneedle array, S. aureus 

growth was present directly under the microneedle array; no zone of growth inhibition was 

observed (figure 3(c)). The plate containing the silver-coated Ormocer® microneedle array 

exhibited an absence of S. aureus growth under the array. In addition, inhibited growth 

surrounding the microneedle array was noted (figure 3(e)). The presence of a zone of 

inhibition suggests that silver was released into agar adjacent to the microneedle array. 
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Figure 3. (a) MTT viability of human epithelial keratinocytes on uncoated Ormocer and 

silver-coated Ormocer wafers. (b) Low magnification and (c) high magnification agar 

diffusion assay results for the uncoated Ormocer® microneedle array. (d) Low magnification 

and (e) high magnification agar diffusion assay results for the silver-coated Ormocer® 

microneedle array. The arrow indicates an absence of growth under the microneedle array as 

well as inhibited growth surrounding the microneedle array. (This figure is in colour only in 

the electronic version) 
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The results of this study indicate that coating microneedles with silver thin films using pulsed 

laser deposition is a useful approach for creating microneedles with antimicrobial 

functionality. Two-photon polymerization–micromolding is an indirect rapid prototyping 

technique that is compatible with high throughput production of microscale medical devices. 

Pulsed laser deposition produced a pinhole-free, pore-free silver film on an Ormocer® 

microneedle array. Microneedles fabricated using two-photon polymerization– micromolding 

and pulsed laser deposition were shown to inhibit growth of S. aureus. It is anticipated that 

microneedles with antimicrobial functionality may find wider uses than conventional 

microneedles for transdermal delivery of protein and nucleic-acid-based pharmacologic 

agents. 
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3.6  Two Photon Polymerization-Micromolding of Polyethylene Glycol-

Gentamicin Sulfate Microneedles 

The following section is a pre-peer reviewed version of an article from Advanced 

Engineering Materials, Volume 12, Gittard SD, Ovsianikov A, Akar H, Chichkov B, 

Monteiro-Riviere NA, Stafslien S, Chisholm B, Shin CC, Shih CM, Lin SJ, Su YY, Narayan 

RJ.B77-B82, Copyright 2010, with permission from Wiley-VCH Verlag BmhH & Co. KGaA 
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Two Photon Polymerization-Micromolding of Polyethylene 

Glycol-Gentamicin Sulfate Microneedles 

 

By Shaun D. Gittard, Aleksandr Ovsianikov, Hasan Akar, Boris Chichkov, Nancy A. 

Monteiro-Riviere, Shane Stafslien, Bret Chisholm, Chun-Che Shin, Chun-Ming Shih, Shing-

Jong Lin, Yea-Yang Su and Roger J. Narayan* 

 

The use of microneedles for transdermal drug delivery is limited due to the risk of infection 

associated with formation of channels through the stratum corneum layer of the epidermis. 

The risk of infection associated with use of microneedles may be reduced by imparting these 

devices with antimicrobial properties. In this study, a photopolymerization-micromolding 

technique was used to fabricate microneedle arrays from a photosensitive material containing 

polyethylene glycol 600 diacrylate, gentamicin sulfate, and a photoinitiator. Scanning 

electron microscopy indicated that the photopolymerization-micromolding process produced 

microneedle arrays that exhibited good microneedle-to-microneedle uniformity. An agar 

plating assay revealed that microneedles fabricated with polyethylene glycol 600 diacrylate 

containing 2 mg mL
-1

 gentamicin sulfate inhibited growth of Staphylococcus aureus bacteria. 

Scanning electron microscopy revealed no platelet aggregation on the surfaces of platelet rich 

plasma-exposed undoped polyethylene glycol 600 diacrylate microneedles and gentamicin-

doped polyethylene glycol 600 diacrylate microneedles. These efforts will enable wider 

adoption of microneedles for transdermal delivery of pharmacologic agents. 
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One novel mechanism for transdermal delivery of pharmacologic agents involves the use of 

microneedles.
[1] 

Microneedles are structures that are similar in shape to hypodermic needles 

or lancets; these devices exhibit at least one dimension that is less than 1 mm in length. Bal et 

al. recently demonstrated that hollow and solid metal microneedles were able to penetrate 

ventral forearm skin in human volunteers; these devices were shown to disrupt the stratum 

corneum layer of the epidermis with minimal irritation and absence of pain.
[2] 

Bacteria such 

as Staphylococcus aureus reside on the skin surface; a pore in the stratum corneum created 

by a microneedle could enable microorganisms to enter the circulatory system and cause 

systemic infection.
[3] 

Sato et al. demonstrated that pathogenic microorganisms may be 

transferred from the surface of the skin to deeper regions of the skin with conventional 
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hypodermic needles.
[4]

 Birchall described the risk of infection associated with penetration of 

the stratum corneum by a microneedle.
[5] 

He suggested that damage to the stratum corneum is 

transient and is relatively minor in nature; however, he also noted that mechanisms of skin 

repair in response to microneedle insertion are not completely understood. 

 

Antimicrobial microneedles may be fabricated by combining biocompatible polymers such as 

polyethylene glycol with conventional antimicrobial agents such as gentamicin sulfate. 

One common method for fabricating polyethylene glycol structures involves free-radical 

photopolymerization of polyethylene glycol diacrylate macromers using ultraviolet light or 

visible light photoinitiators.
[6] 

Miyano et al. demonstrated that polyethylene glycol 

microneedles penetrated a living human skin model, which suggested that the needles 

exhibited sufficient mechanical strength to form conduits through the stratum corneum.
[7] 

Takano et al. recently demonstrated insertion of polyethylene glycol microneedles into a wet 

cultured human skin model that was placed under biaxial tension; in their study, shortening 

of inserted microneedles due to hydrolysis was observed.
[8] 

 

 

Gentamicin sulfate is utilized as a broad spectrum antimicrobial agent for treatment of 

pyodermas and other skin infections due to its efficacy against Gram negative organisms as 

well as some Gram positive organisms. For example, Changez et al. demonstrated that 

gentamicin is active against Staphylococcus, a pathogenic organism that is commonly found 

on the skin.
[9] 

They demonstrated that the minimum inhibitory concentration, the lowest 

concentration showing no visible growth after incubation at 37 8C for 18 h, of gentamicin for 
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S. aureus (ATCC 259523) was 0.4 mg ml
-1

; they also determined that the minimum 

bactericidal concentration (MBC) and the break point sensitivity of gentamicin for S. aureus 

were 0.6 and 1 mg ml
-1

, respectively. Several biomedical polymers, including poly (methyl 

methacrylate), polylactic acid, polyglycolic acid, and polyethylene glycol, have been 

combined with gentamicin sulfate.
[10,11] 

Gentamicin is extremely hydrophilic, which enables 

aqueous suspensions containing polyethylene glycol and gentamicin to be readily 

produced.
[12]

 

 

Gentamicin-doped polyethylene glycol was made by mixing SR 610 polyethylene glycol 600 

diacrylate (Sartomer, Paris, France) with 2 wt% Irgacure 369 photoinitiator (Ciba Specialty 

Chemicals, Basel,Switzerland). Aqueous 10 mg mL
-1

 gentamicin sulfate (MP Biomedicals, 

Solon, OH) was subsequently added to this mixture in order to obtain a 2 mg mL
-1

 

concentration. A mixture containing only polyethylene glycol and 2 wt% Irgacure 369 

photoinitiator was also prepared for comparison purposes. A photopolymerization-

micromolding process was used to fabricate microneedle arrays from undoped polyethylene 

glycol 600 diacrylate and gentamicin-doped polyethylene glycol 600 diacrylate.  

 

Details on the photopolymerization-micromolding process have been previously reported in 

ref.
[13,14] 

A microneedle array master structure was fabricated with SR 259 polyethylene 

glycol dimethacrylate (Sartomer, Paris, France) containing 2 wt% Irgacure 369 photoinitiator 

on a silanized glass cover slip substrate using two photon polymerization. In two photon 

polymerization, temporal and spatial overlap of photons enables polymerization and material 
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hardening within well-defined and highly localized volumes. Femtosecond laser pulses (60 

fs, 94 MHz, <450mW, 780 nm) from a titanium: sapphire laser (Kapteyn-Murnane, Boulder, 

CO) were focused using a 5x microscope objective. The position of the laser focus was 

moved using a galvanoscanner and three translational stages. A HurrySCAN galvo-scanner 

(Scanlab AG, Puchheim, Germany) was used to control the laser focus position in the X-Y 

plane and three C-843 linear translational stages (Physik Instrumente, Karlsruhe, Germany) 

were utilized to control the laser focus position in three dimensions. A computer-aided design 

program was used in order to create stereolithography (STL) files, which guided the two 

photon polymerization process. The master structure was a fiveby- five array of solid 

microneedles, in which the microneedles were separated by a 500 µm needle center-to-needle 

center spacing. Each microneedle in the array was designed with a length of 500 µm, a base 

diameter of 150 µm, and a tip angle of 45
o
. Due to their larger surfaces, arrays of 

microneedles provide drug delivery in higher amounts and over larger regions than solitary 

needles.
[15] 

Microneedle arrays may be designed with redundant structures in case some of 

the microneedles are fractured or obstructed during insertion into the skin. The microneedle 

array was sputtered with a gold coating (sputter time = 245 s, sputter current = 10mA) in 

order to enhance separation of the mold from the master structure. It was subsequently 

attached to a glass microscope slide with double-sided tape.  

 

This master structure was subsequently used to fabricate polydimethylsiloxane (PDMS) 

mold. Sylgard1 184 silicone elastomer and curing agent (Dow Corning, Midland, MI) were 

mixed in a 10:1 weight ratio. This mixture was degassed under vacuum. A 20 mm diameter 
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aluminum seal (Sigma Aldrich, St. Louis, MO) was positioned over the master structure. The 

mixture was poured over the array until the seal was completely filled. 100 mbar vacuum was 

applied to the glass slide containing the master structure, aluminum seal, and unpolymerized 

PDMS mixture. The glass slide was subsequently placed on a heat plate. Thermal curing of 

the PDMS mixture was obtained by increasing the heat plate temperature from room 

temperature to 100 8C over 30 min and then maintaining the heat plate temperature at 100 8C 

for 30 min. After the polymerized PDMS mold had cooled, the glass slide clamped to a table 

using two metal restraining bars. The aluminum seal was attached to a vertical actuator using 

screws. The PDMS mold and aluminum seal were separated from the master structure by 

lifting the PDMS mold away from the table using the vertical actuator. The 

polymethylsiloxane mold was ultrasonically cleaned in ethanol for 15 min. 

 

Microneedle arrays were fabricated from the PDMS mold using a micromolding process. ~50 

mL of either gentamicin-doped polyethylene glycol 600 diacrylate or undoped polyethylene 

glycol 600 diacrylate was placed on the surface of the PDMS mold. The PDMS mold 

containing the unpolymerized polymer mixture was placed under 100 mbar vacuum for ~5 

min. The mold containing the unpolymerized polymer mixture was degassed under vacuum 

in order to enable the mixture to completely fill the mold. This degassing step removed air 

from the unpolymerized polymer mixture in the PDMS mold; trapped air may result in the 

formation of incomplete microneedles, missing microneedle tips, and other microneedle 

defects. The PDMS mold containing the unpolymerized polymer mixture was then pressed 

against a glass cover slip, which in turn was attached to a microscope slide using double-
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sided tape. The mold and the slide were fitted into a vertical actuator. The unpolymerized 

polymer mixture was then exposed to an ultraviolet curing lamp, which provided visible and 

ultraviolet light emission (Thorlabs, Newton, NJ). ATR-FTIR studies by Witte et al. have 

shown that complete photopolymerization of polyethylene glycol 600 diacrylate occurs with 

less than 3 min of ultraviolet light exposure.
[16] 

After ultraviolet curing was complete, the 

microneedle array was separated from the PDMS mold using the vertical actuator.  

 

A S3200 scanning electron microscope (Hitachi, Tokyo, Japan) equipped with a Robinson 

back scattered electron detector was used to examine microneedle arrays fabricated with 

gentamicin-doped polyethylene glycol 600 diacrylate and undoped polyethylene glycol 600 

diacrylate. Fourier transform infrared spectroscopy (FTIR) was performed on cylindrical 

wafers of gentamicin-doped polyethylene glycol 600 diacrylate or undoped polyethylene 

glycol 600 diacrylate using a Nexus 470 system equipped with an OMNI sampler and a 

continuum microscope (Thermo Fisher, Waltham, MA). Analysis of the absorption spectra 

was performed using OMNICTM software (Thermo Fisher, Waltham, MA). Platelet 

adhesion testing is an in vitro technique that is commonly used for examining adsorption of 

platelets, proteins, and other blood components to the surface of a biomaterial.
[17] 

Fresh 

whole blood was obtained from a healthy adult volunteer. The blood was evaluated for the 

presence of anticoagulants and other pharmacologic agents that could affect 

proteinbiomaterial or platelet-biomaterial interaction using platelet function, prothrombin 

time, and partial thromboplastic time studies. Sodium citrate was added to the fresh whole 

blood in order to prevent coagulation. The blood was centrifuged using a Plasma Saver 
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system (Hemonetics, Braintree, MA) at 25 
o
C for 10 min, 25 

o
C for 10 min, and then at 4 

o
C 

for 1 h (operating speed¼3500 rpm). In this multiple-step centrifugation process, the first 

spin process served to separate low-platelet concentrated plasma from platelet rich plasma 

and red blood cells.
[18] 

The mixture of platelet rich plasma and red blood cells was separated, 

and the platelet rich plasma was subsequently collected at the bottom of the test tube because 

of its high specific gravity. The platelet rich plasma was incubated at 37 
o
C for 10 min and 

then frozen until testing. Microneedle arrays fabricated with gentamicin-doped polyethylene 

glycol 600 diacrylate or undoped polyethylene glycol 600 diacrylate were immersed in the 

platelet rich plasma solution and incubated at 37 
o
C for 10 min. Weakly adherent platelets 

were removed by rinsing the microneedle arrays with 0.9% saline solution. The platelet rich 

plasma-exposed microneedle arrays were subsequently fixed in 4% glutaraldehyde and 

critical point dried. Scanning electron microscopy and energy dispersive X-ray spectroscopy 

were performed to examine protein and platelet adhesion on the platelet rich plasma-exposed 

microneedle arrays. 

 

The antimicrobial properties of microneedle arrays fabricated with gentamicin-doped 

polyethylene glycol 600 diacrylate or undoped polyethylene glycol 600 diacrylate were 

evaluated using an agar plating method. The agar plating method is similar to a method that 

was outlined by the National Committee for Clinical Laboratory Standards and is used in 

clinical laboratories across the world, in which an antimicrobial agent diffuses outward from 

a disk over 18 h and the zone of inhibition is subsequently determined.
[19] 

The agar plating 
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method is appropriate for most pathogenic bacteria and provides qualitative data regarding 

susceptibility 

of microorganisms to a given antimicrobial agent. Overnight cultures of S. aureus ATCC 

25923 (American Type Culture Collection, Manassas, VA) in tryptic soy broth (TSB) (VWR 

International, West Chester, PA) were centrifuged at 4500 rpm for 10 min. The resulting 

pellets were resuspended in 1X phosphate-buffered saline (PBS) in order to obtain a final cell 

density of ~10
8
 cells ml

-1
. 1X phosphate-buffered saline solution was prepared by diluting 

10X phosphate-buffered saline (VWR International, West Chester, PA) using deionized 

water. A sterile swab was used in order to inoculate a lawn of the bacterium on tryptic soy 

agar plates (VWR International, West Chester, PA). Microneedle arrays fabricated with 

gentamicin-doped polyethylene glycol 600 diacrylate or undoped polyethylene glycol 600 

diacrylate were then placed on the inoculated plates, in which the needles were projected into 

the agar. The plates were inverted and incubated for 24 h at 37 
o
C. The microneedle arrays 

were subsequently removed from the agar. Inhibition of microbial growth was determined 

using optical microscopy. 
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Fig. 1. Scanning electron micrographs of microneedle arrays. (a) Microneedle array 

fabricated with undoped polyethylene glycol 600 diacrylate. (b) Microneedle array 

fabricated with gentamicin-doped polyethylene glycol 600 diacrylate. 

 

Scanning electron micrographs of microneedle arrays fabricated with undoped polyethylene 

glycol 600 diacrylate and gentamicin-doped polyethylene glycol 600 diacrylate are shown in 

Figure 1(a) and 1(b), respectively. The microneedles in both arrays exhibited good 

correspondence with the CAD microneedle designs; in addition, good microneedle-to- 

microneedle uniformity was observed in both arrays. The microneedle arrays fabricated by 

photopolymerizationmicromolding also exhibited good correspondence with the master 

structure. The microneedles in both arrays demonstrated base diameters of 150 µm, lengths 

of 500 µm, tip angles of 45
o
, and >10 µm tip diameters. Voids within microneedles and 

truncated microneedle tips were observed in a small fraction of the microneedles within the 

microneedle arrays; these features were attributed to incomplete degassing of the 

unpolymerized polyethylene glycol solution. Energy dispersive X-ray spectroscopy found 
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that gentamicin-doped polyethylene glycol 600 diacrylate microneedle arrays and undoped 

polyethylene glycol 600 diacrylate microneedle arrays were comprised of carbon, oxygen, 

and hydrogen. This finding confirms that other elements were not introduced during the 

photopolymerization-micromolding process.  

 

 

 

 

Fig. 2. Fourier transform infrared spectrum of gentamicin-doped polyethylene glycol 600 

diacrylate. 

 

The FTIR spectrum of photo-initiated polymerization of polyethylene glycol 600 diacrylate 

in the presence of Irgacure 369 photoinitiator (2-benzyl-2-dimethylamino-1-(4-
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morpholinophenyl)-butanone-1) contained large sharp peaks at 2870, 1732, and 1102 cm
-1

 as 

well as a broad peak at 3519 cm
-1

; this spectrum showed good correspondence with 

absorption spectra of polyethylene glycol 600 diacrylate prepared by other methods (e.g., 

redox initiation).
[20–22] 

The addition of gentamicin sulfate to polyethylene glycol 600 

diacrylate did not significantly alter the absorption spectrum (Fig. 2). Peaks at 1740 and 1102 

cm
-1

 were attributed to stretching vibration of the aliphatic carbonyl groups and the ether 

groups, respectively.
[22,23] 

Irgacure 369 photoinitiator forms radicals by means of a Norrish 

type I mechanism, which involves homolytic alpha cleavage between the carbonyl group and 

the a carbon atom upon photoexcitation.
[24]

  

 

 

Fig. 3. Scanning electron micrographs of microneedle arrays after exposure to platelet rich 

plasma. (a) Microneedle array fabricated with undoped polyethylene glycol 600 diacrylate. 

(b) Microneedle array fabricated with gentamicin-doped polyethylene glycol 600 diacrylate. 
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Scanning electron micrographs of microneedle arrays fabricated using undoped polyethylene 

glycol 600 diacrylate and gentamicin-doped polyethylene glycol 600 diacrylate after 

exposure to platelet rich plasma are provided in Figure 3(a) and 3(b), respectively. No protein 

aggregation was observed on the gentamicin-doped polyethylene glycol 600 diacrylate 

microneedle array and the undoped polyethylene glycol 600 diacrylate microneedle array. In 

addition, no platelet aggregation was observed on the gentamicin-doped polyethylene glycol 

600 diacrylate microneedle array and the undoped polyethylene glycol 600 diacrylate 

microneedle array. Metal-containing materials exposed to platelet rich plasma under similar 

conditions demonstrated a dense fibrin network with aggregated platelets.
[17] 

Small, widely 

scattered crystals were observed on the surfaces of the gentamicindoped polyethylene glycol 

600 diacrylate microneedle array and the undoped polyethylene glycol 600 diacrylate 

microneedle array. The presence of sodium, chlorine, and phosphorus in the energy 

dispersive X-ray spectra suggests that sodium chloride crystals precipitated from the platelet 

rich plasma. Precipitation of sodium chloride crystals from platelet rich plasma appears to be 

autonomous from platelet and protein adsorption processes. Previous studies have shown that 

polyethylene glycol is resistant to adhesion of cells and adsorption of proteins; for example, 

Moon et al., Delong et al., and Nagaoka et al. demonstrated that polyethylene glycol 

diacrylate-based materials exhibit nonspecific resistance to adhesion of cells, adsorption of 

proteins, and formation of thrombi.
[25–27] 

The ability of polyethylene glycol surfaces to resist 

proteins and other biological molecules is attributed to formation of hydrogen bonds with 

water molecules and is enhanced by steric stabilization.
[28]

 Steric stabilization is a repulsive 

force that results from: (i) the loss in conformational freedom of polyethylene glycol chains 
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when proteins move closer to polyethylene glycol surfaces and (ii) osmotic interactions 

between proteins and polyethylene glycol surfaces.
[29]

 These properties are appealing for 

microneedle-based devices, since protein fouling and cell adhesion can impede transport of 

pharmacologic agents from the microneedle to the surrounding tissues. 

 

 

Fig. 4. Agar plating assay results. (a) Microneedle array fabricated with undoped 

polyethylene glycol 600 diacrylate against Staphylococcus aureus. (b) Microneedle array 

fabricated with gentamicin-doped polyethylene glycol 600 diacrylate against Staphylococcus 

aureus. The zone of inhibition for the microneedle array fabricated with gentamicin-doped 

polyethylene glycol 600 diacrylate was 26.8mm in diameter. The bubble-like structures were 

acellular and were attributed to hydrogel degradation. 

 

The agar plating assay results for microneedle arrays fabricated using undoped polyethylene 

glycol 600 diacrylate and gentamicin-doped polyethylene glycol 600 diacrylate are shown in 

Figure 4(a) and 4(b), respectively. The microneedle arrays were removed from the agar 

plates in order to facilitate imaging of microbial growth. No zone of inhibition was observed 

for the microneedle array fabricated with undoped polyethylene glycol 600 diacrylate; S. 
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aureus growth was observed over the entire agar plate, including underneath the microneedle 

array. The microneedle array fabricated with gentamicin-doped polyethylene glycol 600 

diacrylate had a circular zone of inhibition (diameter = 26.8 mm). The zone of inhibition 

indicated that gentamicin sulfate was released from polyethylene glycol 600 diacrylate 

during the agar plating assay. Acellular bubble-like structures were observed on the agar 

surface, which were attributed to hydrogel degradation. Previous work by Matsuda et al. 

demonstrated that PEG-based microneedles and other microstructures undergo degradation at 

the surface and in the bulk due to absorption of water.
[30] 

According to Miyano et al., there 

are minimal concerns regarding fracture of polyethylene glycol microneedles during insertion 

since hydrolytic degradation of polyethylene glycol microneedles may occur on the skin 

surface.
[7]

 Takano et al. describe retention of polyethylene glycol microneedles on the skin 

surface for extended periods of time; for example, hydrolysis of polyethylene glycol 

microneedles on the skin surface may allow for gradual release of antimicrobial agents as 

well as other pharmacologic agents.
[8] 

Disposal of polyethylene glycol microneedles may be 

performed by means of boiling or other low cost procedures.
[7] 

 

 

In this study, microneedle arrays with antimicrobial properties were fabricated using a 

photosensitive material containing polyethylene glycol 600 diacrylate, gentamicin sulfate, 

and a photoinitiator. The photopolymerization- micromolding process was used to produce 

microneedle arrays that exhibited good microneedle-to-microneedle uniformity. An agar 

plating assay revealed that the microneedle array fabricated using gentamicin-doped 

polyethylene glycol 600 diacrylate inhibited growth of S. aureus bacteria. A 26.8 mm 
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diameter zone of inhibition was observed, which indicated that gentamicin sulfate was 

released from the microneedle array. In addition, no platelet aggregation was observed on the 

surface of the platelet rich plasma-exposed undoped polyethylene glycol 600 diacrylate 

microneedles and gentamicin-doped polyethylene glycol 600 diacrylate microneedles. The 

results of this study suggest that gentamicin- doped polyethylene glycol 600 diacrylate may 

be used to fabricate microneedles and other medical devices that exhibit antimicrobial 

functionality. 
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Abstract 

Microneedles are small projections that are used to provide painless drug delivery via the 

parenteral or transdermal route.  One requirement for advancing the use of this drug delivery 

technique is the development of cost effective production methods.  In this study, dynamic 

mask stereolithography, a variation of the well-established rapid prototyping technique that 

utilizes digital light projection to illuminate a pattern, was used to produce microneedles 

array.  One concern associated with drug delivery via microneedles is the risk of infection.  

In addition to producing polymer microneedles via dynamic mask stereolithography, pulsed 
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laser deposition was also used to deposit antimicrobial coatings of the surface of the 

microneedle arrays.  The ability to rapidly produce microneedles with antimicrobial 

properties will advance the progress of this technology by reducing the cost and increasing 

the safety of their use.  

 

Introduction 

Microneedles are a rapidly developing parenteral drug delivery technique that shows promise 

to greatly reduce the pain associated with injections and minimize many of the safety 

concerns pertaining to injections.  Microneedles are defined as sharp projections with at least 

one lateral dimension less than 500 µm.  Also, they are generally less than 1000 µm in 

length.  Their small sizes allows them to penetrate the skin with minimal forces while only 

penetrating a few hundred µm into the skin, therefore not reaching pain sensing nerve 

bundles located in the lower dermis.  While not penetrating to a depth where pain sensations 

occur, microneedles still greatly improve transdermal delivery rates by both providing 

conduits to bypass the diffusion resistant stratum corneum layer and directly reaching 

capillary beds located in the upper dermis [1-2].  Previous studies confirmed that the pain 

associated with microneedle use is significantly less than with conventional hypodermic 

needles [3-6]. 

 

In their development, microneedles have been produced by a number of methods including 

glass, silicon, metals, and numerous polymers [1].  Production of ceramic microneedles, such 

as glass and silicon, require production processes that are high cost, have limited geometries, 
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and use hazardous chemicals, such as reactive ion etching [2].  Also, while they are 

exceptionally hard, ceramics are also brittle which can result in catastrophic failure (fracture) 

when in use [1-2].  Unlike ceramics, metals generally do not undergo catastrophic failure and 

bend rather than shatter.  However, like ceramics, production of metal microneedles is rather 

limited in geometries.  Production of metal microneedles has been limited to two techniques: 

ablating metal sheets to allow segments to be bent at 90 degrees to form a microneedle array 

and using electroplating of a conical master structure to make a thin walled hollow shell 

structure [7-12].  The first technique does not allow for hollow microneedles while the 

second technique results in weak structures due to the thin walls.  While polymers are the 

least stiff of these materials, they are the most appealing material from a commercial 

perspective due to their ease of production and flexibility in geometry. 

 

Polymer microneedles are predominantly produced by three methods: micromolding, two 

photon polymerization, and micro-stereolithography.  In micromolding, a microneedle master 

structure is used to create a negative mold from a material with a low friction coefficient, 

such as polydimethylsiloxane (PDMS).  Two methods can then be used to create replicas, 

depending on the desired material to be used.  If the material to be used is already in its solid 

state, the material can be melted to fill the shape of the mold and the cooled to allow it to 

solidify before separating [13-16].  If the material is still in some liquid precursor state, the 

mold can be filled without any modification and crosslinking is induced, such as by exciting 

photoinitiators or thermal crosslinkers, to polymerize the material [17-20].  In both methods, 
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vacuum pressure is often used to remove air from voids in the mold to allow the polymer to 

completely fill the shape of the master structure [18-21]. 

 

Both of the other two polymer microneedle fabrication techniques, two-photon 

polymerization and micro-stereolithography, are rapid prototyping techniques.  In these 

techniques, an input file, which is generally an STL file type, is used to guide the machine 

that is being used to build the part.  STL files, which are structures composed of numerous 

triangles, can be generated by CAD software, facilitating robust component design.  Most 

commonly, parts are produced in a layer by layer fashion, though this is not always the case. 

 

Two-photon polymerization is a laser based rapid prototyping technique that utilizes 

nonlinear optics to induce polymerization of photosensitive resins.  In this technique, ultra-

short laser pulses (generally femtosecond) interact with photoinitiator molecules in a process 

called multiphoton absorption which results in the release of free radicals.  This process is 

also utilized in the super-resolution fluorescence microscopy technique, multiphoton 

microscopy [22].  Due to the non-linear nature of this process, there is no diffraction limit 

and resolutions smaller than the wavelengths of light can be achieved [23-26].  Further, since 

the focusing optics are standard microscope objectives, the resolution is easily scalable to 

reduce production time if high resolution is not needed [22, 27].  Even though this technique 

is capable of exceptional resolutions while still being scalable, there are drawbacks.  In 

particular the high cost of femtosecond laser systems (several hundred thousand dollars) and 

the low throughput of production make this process prohibitive for commercial production of 
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medium to low cost devices.  Since polymerization only occurs along the trace of the laser, 

structuring must occur by rastering over the entire three-dimensional structure. 

 

In microstereolithography, guided light is used to selectively cure a layer photosensitive 

polymer in a desired pattern.  In this manner, microscale structures can be built up layer by 

layer.  Two variations of microstereolithography exist.  The first, laser scanning 

stereolithography, uses a scanning laser to polymerize the pattern [28-31].  This process uses 

single photon absorption, which is diffraction limited, and less expensive lasers (e.g. Ar, 

Nd:YAG) [28, 30].  Like 2PP this process requires rastering and is rather time consuming.  In 

the second technique, dynamic mask stereolithography, the light source is a lamp and the 

pattern is generated by selectively controlling how light passes through a mask.  One of the 

major benefits of dynamic mask stereolithography is that an entire layer is polymerized at 

once, which significantly reduces the production time.  While having a lower resolution than 

2PP, microstereolithography is a significantly faster process, making it a more appealing 

technique for direct fabrication of microneedles. 

 

The microstereolithography system used in this study was the Perfactory® SXGA+ Standard 

UV system.  This commercially available system uses digital light projection (DLP) 

technology to create the light pattern, the same technology used in DLP high definition 

televisions.  In DLP technology, created by Texas Instruments, millions of tiny mirrors are 

used to selectively reflect light from a lamp to create pixels that can not only turn on or off 

but can also be used to regulate the brightness of each pixel.  With an approximately 
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100x75mm build envelope size, multiple structures can be built in parallel to greatly reduce 

production time. 

 

DLP based microstereolithography systems have been used in several studies to make 

microscale biomedical devices.  Our research group has previously used a Perfactory® 

microstereolithography system to make replicas of human scaphoid and lunate carpal bones 

[32].  The Micro-stereolithography group at University of Warwick produced 

electrochemical flow cells and a microfluidic odor detector using a Perfactory® system [33-

34].  A research group at Pusan National University in Korea has a custom-built 

microstereolithography system that uses DLP projection and focusing optics to make high 

resolution structures including microlens arrays, tissue engineering scaffolds, and 

microneedle arrays [35-38]. 

 

The need for and benefits of transdermal delivery of antimicrobial agents has been 

thoroughly described in the patent by Lane [39].  For example, Lane et al state that 

transdermal delivery will enable easier maintenance of minimum inhibitory concentrations 

for prolonged periods of time, thus reducing the emergence of drug resistant microbes [39].  

The ability to maintain drug concentrations of greater than 100% of the MIC will also 

decrease therapy duration.  Further, transdermally delivered drugs are expected to have better 

patient compliance than intravenously or orally delivered drugs [39].  Drugs delivered via the 

transdermal or parenteral route also directly enter the bloodstream so the metabolism 

concerns associated with oral delivery are avoided [1]. 
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A study by Donnelly et al has investigated the risk of infection associated with microneedle 

mediated drug delivery [40]. They found that while microneedles had a significantly lower 

microbial permeation rate than hypodermic needles, microbes were still able to pass through 

the punctured barrier.  Also, microneedles residing in the skin resulting in a higher 

permeation rate than microneedles that were removed after puncturing [40].  After removal 

from the skin, microneedles had more organisms adhered to their surface than was the case 

with hypodermic needle use [40].  These results all indicate the while the risk of infection 

from microneedle mediated delivery is lower than with hypodermic needles, it is still a 

concern that needs to be addressed.   

 

Two previous studies by our research group have demonstrated the use of microneedles for 

delivering antimicrobial agents.  In the first study, a master structure of a microneedle array 

was produced by 2PP.  Ormocer® microneedles were then made by micromolding with a 

PDMS mold.  These microneedle arrays were then coating with Ag by pulsed laser 

deposition.  The coated needles were shown to be effective at inhibiting growth of 

Staphylococcus aureus while the uncoated needles showed no inhibition [19].  In the second 

study, micromolding was again used to produce microneedle arrays but a different material 

was used, a solution of polyethylene glycol diacrylate and 2 mg/ml of the antibiotic 

gentamicin sulfate [20].  In this case the release of the drug was from diffusion out of the 

hydrogel and not from washing off of the surface.  These microneedles were also shown to 
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be effective against Staphylococcus aureus while microneedles of pure polyethylene glycol 

diacrylate had no effect.  

 

One technique that can be used to produce antimicrobial coatings is pulsed laser deposition 

[19, 41-42].  In this physical vapor deposition process material from a solid target is 

vaporized using a high energy laser, most commonly excimer lasers.  The average kinetic 

energy energy of species generated by excimer laser ablation is 100-1000 kT as opposed to 

single kT for thermal deposition techniques; the higher energy of the deposited species 

improves the adhesion of the film to the substrate [43-45].  Due to the ability to perform 

depositions at room temperature, pulsed laser deposition is better suited for producing 

coatings on polymer substrates than thermal deposition techniques since thermal techniques 

may exceed the glass transition temperature of the polymer.  Thin films deposited by pulsed 

laser deposition also have high density and low porosity. 

 

As previously mentioned, pulsed laser deposition has been used to produce Ag coatings on 

microneedles that were produced by the two step process of two-photon polymerization and 

micromolding [19].  In another previous study, pulsed laser deposition was used to produce 

thin film coatings on silicon wafers.  These coatings were found to be effective against 

Escherichia coli with exposure to light increasing the antimicrobial performance [42].  Silver 

is a broad-spectrum antimicrobial agent that has been shown to be effective against bacteria, 

fungi, and viruses [46-54].  Silver has also been shown to reduce inflammation in wounds by 

lowering the local levels of matrix metalloproteinases [55-57].  Zinc oxide is another widely 
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used antimicrobial agent, particularly as used as component of endodontic sealants [58].  In 

addition to zinc oxide molecules having intrinsic antimicrobial properties from generation of 

reactive oxygen species on their surface, studies have shown that the exposure to light 

enhances the antimicrobial properties of zinc oxide [42, 59-60].  The exposure of this 

photovoltaic semiconductor compound to light produces valence band holes which react with 

neighboring molecules to produce radicals such as hydroxyl (OH
-
) and superoxide (O2

-
) [61].  

These radicals enhance the antimicrobial activity by disrupting the cell membranes of 

microbes [62].  ZnO has also been found to have stronger antibacterial activity against Gram-

positive than Gram-negative bacteria [63]. 

 

In the present study, the use of microstereolithography combined with pulsed laser deposition 

to make antimicrobial microneedles was investigated.  First, tests were performed to 

determine the resolution of the microstereolithography system.  Next, solid microneedles of 

four different geometries were produced, of which one of them was selected for mass 

production.  In addition to square arrays, needles in a cross shape, which may be used for 

wound closure, were created.  Pulsed laser deposition was then used to coat four microneedle 

arrays at a time with a layer of silver or zinc oxide.  Scanning electron microscopy, atomic 

force microscopy, and profilometry were used to analyze the microneedles and coatings.  

Penetration of the needles into porcine skin was confirmed by Trypan blue staining.  Lastly, 

agar diffusion assays were performed with Escherichia coli, Staphylococcus epidermidis, and 

Staphylococcus aureus to test the effectiveness of the coatings on microneedle arrays and 

cylindrical wafers.  Our findings show that dynamic mask microstereolithography combined 
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with pulsed laser deposition is a fast and effective way to make microneedle arrays with 

antimicrobial properties. 

 

Methods: 

 

Stereolithography 

An Envisiontec Perfactory® SXGA Standard UV stereolithography system was used to 

produce structures from a commercially available photosensitive acrylate polymer, eShell 

200 (Envisiontec GmbH, Ferndale, MI).  The Perfactory® system was equipped with a 

halogen bulb and a filter for visible light exposure.  Building of structures was performed at 

550 mW with a 3.5 second exposure time and a z-direction step size of 30 µm.  eShell 200 

was used as received per manufacturer specifications.  The build area of the system was 

96.54 mm x 72.41 mm.  Perfactory® RP software (Envisiontec GmbH, Ferndale, MI) was 

used to specify the layout of the parts in the build area, an example of a batch of input STL 

files is presented in Figure 1a. Structures are produced in a layer by layer fashion on the build 

platform in the layout specified in Perfactory® RP.  After building, the build platform with 

structures attached is removed from the basin of resin.  An image of the resulting structures 

attached to the build platform after production which correspond to the input batch is 

provided in Figure 1b.  After removal from the basement, the substrates were removed from 

the build platform and the parts were separated from their support structures.  Next, 

polymerized resin was washed off of the structures using a rinse in isopropanol (Fisher 

Scientific, Waltham, MA), followed by a second rinse in acetone (Fisher Scientific, 
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Waltham, MA).  After rinsing, the samples were placed in a UV flash oven (Otoflash, 

Envisiontec GmbH, Ferndale, MI) for 50 seconds to ensure complete polymerization. 

 

 

 

 

Figure 1: a) layout of input STL files that are sent to the Perfactory® machine to produce, b) 

image of the resulting structures on the build platform, and c) STL drawing of the input STL 

file for making microneedles which consists of four microneedle arrays held onto a substrate 

by support structures. 

 

Stereolithography Resolution 

Five different types of structures were produced to measure the resolution of the Perfactory® 

system.  Two different structures were produced to determine the hole resolution, which we 

will define as resolution of a hole produced in a 2 mm thick flat substrate.  The first hole 

resolution structure, shown in Figure 2a, is an array of circular holes having 5 replicates in 

the y-direction and in the x-direction having descending diameters of 800 µm, 700 µm, 600 

µm, 550 µm, 500 µm, 450 µm, and 400 µm.  The second hole resolution structure, shown in 

Fig 2b, is an array of square holes having 5 replicates in the y-direction and in the x-direction 
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having descending hole side-lengths of 800 µm, 700 µm, 600 µm, 550 µm, 500 µm, 450 µm, 

and 400 µm.  A third structure was produced to determine the line resolution of the 

Perfactory® system; this structure is shown in Fig 2c. This structure consisted of lines of 

input widths ranging from 140 µm to 30 µm in 10 µm increments spanning gaps of 500, 300, 

250, 200, and 150 µm.  After production, the structures were imaged with a Leica EZ4 

optical microscope and LAS EZ software (Leica Microsystems, Wetzlar, Germany) to 

determine the resolution of the features. 

 

 

 

Figure 2: Drawings of input files for testing resolution of making circular holes (a), 

square holes (b), and line width (c) and the resulting structures that were produced by 

the Perfactory® system (d-f). 
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Microneedle Production 

Microneedle arrays of four different geometries were produced using the Perfactory® 

system, consisting of two different heights and two different base geometries as shown in 

Table 1.  The microneedles were in a rectangular pyramid shape.  Two different input 

pyramid heights were produced, 1000 µm and 1250 µm tall.  The two different base 

geometries were 500 x 250 µm and 750 x 250 µm.  The tips of all four geometries were 90 x 

30 µm.  The input files for the stereolithography system consisted of a 1.0 mm thick and 18 x 

18 mm substrate upon which four replicas of the 3 x 3 microneedle arrays were attached by 

support structures (Fig 1c).All of the input STL structures were designed using Solidworks 

(Dassualt Systemes S.A., Velizy, France) and support structures for the structures were 

produced using Magics RP 13 (Materialise NV, Leuven, Belgium). 8 substrates, for a total of 

32 arrays, were produced in a single batch. Microneedles with 1000 µm height and a 750 x 

250 µm base were also produced on a cross-shaped substrate (Figure 6b).  

 

Table 1: Microneedle Input and Actual Geometries 

Geometry 

Input 

Height 

(µm) 

Actual Height 

(µm) 

Input  

Width 

(µm) 

Actual 

Width 

(µm) 

Input 

Depth 

(µm) 

Actual 

Depth 

(µm) 

A 1000 828 +/- 19 750 805 +/- 24 250 311 +/- 17 

B 1000 665 +/- 40 500 510 +/- 9 250 285 +/- 15 

C 1250 831 +/- 9 750 817 +/- 6 250 332 +/- 21 

D 1250 748 +/- 31 500 571 +/- 25 250 347 +/- 11 
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Skin Penetration 

The ability of the microneedle devices to penetrate skin was tested via dyes and optical 

microscopy.  The microneedle arrays were manually pressed against full-thickness porcine 

skin.  Immediately after removal of the needles, Trypan blue was applied to the surface of the 

skin at the insertion site.  The dye was then wiped away with isopropanol swabs.  Needles 

were examined before and after penetration with a Leica EZ4 to confirm that the needles 

were not damaged during application to the skin. Optical microscopy was also used to 

examine the dyed, micro-needle produced pores in the skin. 

 

Pulsed Laser Deposition 

Pulsed laser deposition was performed using a KrF excimer laser operating at a wavelength 

of 248 nm with 450 mJ energy, 25 ns pulse duration, and 10 Hz repetition rate.  The spot size 

of the laser was a 1 x 3 mm rectangle, resulting in a fluence of 0.0015 J/cm
2
. The coatings 

were deposited at room temperature and 10
-5

 Torr for 5 minutes.  Two coatings, Ag and ZnO, 

were deposited via PLD using these settings.  For the silver deposition, a 99.99% purity 

target was obtained from a commercial source (Alfa Aesar, Ward Hill, MA).  For the zinc 

oxide deposition target, 99.99% purity ZnO powder (Alfa Aesar, Ward Hill, MA) was 

pressed into round 2 inch diameter pellets and then sintered at 900 
o
C in an oxygen 

atmosphere for 12 hours. 

 

Two substrates (8 arrays) of the 250 x 500 µm base, 1250 µm height microneedle geometries 

were coated for each of the two coating materials.  Also, four of the cylindrical wafers (one 
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substrate) were coated for each coating material using the same conditions.  In order to 

measure coating thickness and roughness, silicon wafers were masked on one half of the 

surface and coatings were applied using the same settings for the two coating materials. 

 

Scanning Electron Microscopy 

A Hitachi S-3200 (Hitachi, Tokyo, Japan) scanning electron microscope operating in vacuum 

mode was used to image the microneedle devices.  The PLD coated samples were imaged as 

is; the uncoated samples were sputter coated with gold-palladium to enable imaging in the 

SEM. 

 

Atomic Force Microscopy and Stylus Profilometry 

Atomic force microscopy was performed to determine the surface topography and roughness 

of the PLD deposited coatings on silicon.  A Dimension 3000 AFM with NanoScope analysis 

software (Veeco, Santa Barbara, CA) and an AC160 tip (Olympus, Melville, NY) operating 

in tapping mode with a resonance frequency of 366.304 kHz was used.  A Tencor Alpha Step 

200 stylus profilometer (PLA-Tencor, Milpitas, CA) was used to measure the thicknesses of 

the PLD deposited coatings on silicon wafers.  For each coating, scans were performed in 

triplicate over a 400 µm range containing both the coated and uncoated surface with a 20mg 

stylus scanning at 10 µm/second. 
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Agar Diffusion Assay 

Antimicrobial activity of the PLD deposited coatings was assessed using an agar diffusion 

assay.  Escherichia coli ATCC 12435, Staphylococcus aureus ATCC 6548, and 

Staphylococcus epidermidis ATCC 35984 (American Type Culture Collection, Manassas, 

VA) were cultured overnight in tryptic soy broth (VWR International, West Chester, PA).  

The cell suspensions were then centrifuged at 4500 rpm for 10 min.  A cell suspension with a 

density of ~10
8
 CFU/ml was then made by resuspending the pellet in 1x phosphate-buffered 

saline (VWR International, West Chester, PA).  Mueller Hinton agar plates (VWR 

International, West Chester, PA) were inoculated with a lawn of the respective bacteria using 

a sterile swab.  Microneedle arrays and cylindrical wafers were placed on the inoculated 

plates with the coated side facing the agar (microneedles projecting into the agar).  After 

incubating at 37 
o
C for 24 hours, the surfaces of the plates were imaged with optical 

microscopy to determine the extent of microbial growth. 

 

Results 

 

Stereolithography Resolution 

Optical microscopy images of the structures produced by the Perfactory® system to 

determine the resolution are provided in Figure 2D-F. In these images, the largest input holes 

(800 µm) are on the left for the hole resolution images and the widest input line width (140 

µm) is at the bottom for the line width image.  As can be seen in these images, the lateral 

resolutions of the actual structures are significantly larger than dimensions in the input files.  
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Also, the system was better at producing holes that were a square input as opposed to a 

circular input, though the holes produced by the square input file has rounded corners, 

making the holes look nearly circular.  While the square input file was able to consistently 

produce holes for the 800 µm and 700 µm input holes, the circular input file produced no 

open holes.  While some holes were able to be produced for smaller input sizes, these holes 

were not consistently produced. The actual and input values for the square and circular holes 

are provided in Table 2.  All holes were more than 140 µm smaller than their input 

dimensions, with the hole size error ranging from 144-354 µm.  As can be seen from the line 

width resolution test image, only input trench widths 500 µm or greater resulted in trenches 

being produced.  A plot of the actual line width values and input values across the largest gap 

(500 µm) for the line width resolution structure is provided in Figure 3a; the actual values 

were determined by averaging the actual line widths of 4 different structures with the error 

bars indicating the standard deviation.  While the actual line widths followed the general 

trend of the input dimensions, the actual line widths were more than twice the input 

dimensions with the size discrepancy increasing with increasing input width.  It is interesting 

to note that the 60 µm wide input line resulted in the projector producing a line, indicating 

that a pixel does not need to be completely filled to result in the software selecting to 

illuminate that pixel.  However, the lines less than 60 µm wide did not result in illumination 

of pixels.   
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Table 2: Hole Resolution Results 

Hole Resolution 

Square Circle 

Input 

(µm) Actual (µm) 

% Holes 

Open 

Input 

(µm) Actual (µm) 

% Holes 

Open 

800 

656.25 +/- 

15.83 100% 800 

No Open 

Holes 0% 

700 429.2 +/- 42.5 100% 700 

No Open 

Holes 0% 

600 245.9 +/- 94.3 40% 600 

No Open 

Holes 0% 

550 245.5 20% 550 

No Open 

Holes 0% 

500 219.4 20% 500 

No Open 

Holes 0% 

450 199.6 20% 450 

No Open 

Holes 0% 

400 

No Open 

Holes 0% 400 

No Open 

Holes 0% 
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Figure 3: Input line width and average actual line width dimensions for the line width 

resolution test (a).  Error bars are standard deviation.  Image of diffusion driven 

polymerization on a line resolution test structure (b). 

 

Stereolithography-produced Microneedles 

Scanning electron micrographs of the uncoated four different geometries are shown in Figure 

4.  The microneedles were imaged from three views: facing the thin face, facing the wide 
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face, and at a perspective view; all images of the uncoated samples are at a 60
o
 tilt.  

Quantitative analysis of the input and actual dimensions of the needles are provided in Table 

1.  For all of the microneedle geometries, the actual lateral dimensions (width and depth) 

were larger than the input dimensions.  In contrast, the actual vertical dimensions were 

shorter than the input dimensions.  Additionally the 750 µm wide structures were taller than 

their 500 µm wide structures with the same input heights.   
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Figure 4: Scanning electron microscopy images of eShell 200 microneedles produced in 

varying geometries by stereolithography.  The geometries of the input STL file were  A) 

750x250 µm base and 1000 µm height, B) 500x250 µm base and 1000 µm height, C) 

750x250 µm base and 1250 µm height, D) 500x250 µm base and 1250 µm height.  Views 

from left to right are facing the 250 µm wide side, facing the wider side, and a perspective 

view.  All images are taken at a 60
o
 tilt. 
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The z-direction build layers and also the lateral pixel array can clearly be seen in the 

scanning microscopy images of the microneedles.  Higher magnification top-down and side 

views were used to measure the z-step size, tip radius of curvature, and aspect ratio (Figure 

5).  The z-direction step size was measured to be 29.89 +/- 0.61 µm.  The radius of curvature 

was measured to be 18 µm.  The aspect ratio of wide face of the D geometry for each layer 

was measured by dividing the average z-step size by twice the x and y step distance from 

layer to layer (via the top-down image) over the entire length of the needle.  The average 

aspect ratio measured layer by layer along the entire length of the needle was 2.4 +/-.3 to 1 

whereas the net aspect ratio (total height divided by width) was measured to be 2.2 to 1. 

 

 

 

Figure 5: SEM images of geometry D (input dimensions 250 x 500 µm base and 1250 µm 

height) from top down view at 200x magnification (left) and at a 90 degree tilt facing the 250 

µm wide side at 100x magnification.  In the side view image the radius of curvature of the tip 

is marked. 
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Figure 6: a) SEM image of microneedles on a cross-shaped substrate produced by SLA; b) 

CAD drawing of the input file used to produce the device by SLA. 

 

Cross-shaped microneedle devices were also able to be produced with the dynamic mask 

SLA process.  A scanning electron microscopy image showing two arms of the cross-shaped 

device is provided in Figure 6b.  The STL file used to make this device is shown in Figure 

6a.  Trypan blue staining confirmed that the SLA-produced microneedles were capable of 

penetrating the stratum corneum.  This blue dye is absorbed by epidermal tissue but not by 

the stratum corneum; this dye has previously been used to confirm microneedle penetration 

beyond the stratum corneum [64].  Figure 7c shows Trypan blue staining of the pores 

produced in the skin by the cross-shaped microneedle device.  A higher magnification image 

of the pores produced in the skin is shown in Figure 7d.  The pores are larger in one direction 

than the other, in accordance with the cross-sectional shape of the needles.  Optical 

microscopy images of the needles before (Figure 7a) and after (Figure 7b) confirmed that the 

needles were able to penetrate the sin without damage. 
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Figure 7. Trypan blue staining of pores in skin produced by application of SLA-produced 

microneedles: a) microneedles before skin penetration, b) microneedles after skin 

penetration, c) pattern of entire cross shape, d) close up view of pores. 

 

Pulsed Laser Deposition-coated Microneedles 

Optical microscopy images of the coated samples show the distinct color changes that occur 

from the PLD deposited coatings (Figure 8a,b).  The Ag coating resulted in a metallic grey 

finish and the ZnO coating resulted in metallic brown finish as opposed to the opaque pink of 

the eShell 200 polymer. High magnification (500x) images of the needles at an angle 
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perpendicular to the substrate show the differences in surface morphology after coating by 

pulsed laser deposition was performed (Figure 8c,d).  The ZnO coating is visibly rougher 

than the Ag coating.  

 

 

 

Figure 8: Optical microscopy images (a-c) and high magnification SEM images (d-f) of 

uncoated (a,d), zinc oxide coated (b,e), and silver coated microneedle arrays (c,f). 

 

AFM topographical data of the two coatings on silicon wafers are shown in Figure 9.  AFM 

revealed that the Ag and ZnO surfaces had Ra roughness values of 1.401 nm and 1.338 nm, 

respectively.  The grain sizes of the coatings were approximately 26.2 +/-4.6 nm and 111.3 
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+/- 13.4 nm for Ag and ZnO, respectively.  The thicknesses of the coatings were measured by 

profilometry to be 53.5 +/- 8.8 nm for Ag and 287.2 +/- 30.3 nm for ZnO.  With the coating 

thickness, pulse rate, and deposition time known, the deposition rate can be calculated.  The 

deposition rate is 0.018 nm/pulse for Ag and 0.10 nm/pulse for ZnO.   

 

 

Figure 9: AFM height data of ZnO (left) and Ag (right) PLD-deposited coatings on silicon 

over a 10 µm scan range. 

 

Agar Diffusion Antibacterial Assay 

Images of the agar diffusion assay against microneedle arrays are presented in Figure 10.  

The agar diffusion assay indicated that both the Ag and ZnO coatings provided the arrays 

with antibacterial properties.  Both coatings had noticeable affects against S. epidermidis and 

S. aureus but not significant effects against E. coli.  The Ag coated microneedle arrays 

produced a zone void of growth while the ZnO coated samples produced a zone of inhibited 
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or reduced growth.  Some of the coating was still remaining on both the Ag and ZnO coated 

arrays after 24 hours of contacting the agar.   

 

 

Figure 10: Agar diffusion results of uncoated (left), Ag coated (center), and ZnO (right) 

coated D geometry microneedles against E. coli (top), S. epidermidis (center), and S. aureus 

(bottom).  Microneedle arrays are 18 x 18 mm wide. 

 

 

 



356 

 

Discussion 

Stereolithography Resolution 

The discrepancy between lateral input and actual dimensions can be attributed to three 

factors: projector resolution limits, voxel size, and layer blending.  As indicated by the 

production of the 60 µm input width line, projector controlling software may select to 

illuminate a pixel even though the pixel is only partially containing a structure.  Therefore, a 

feature of the size of one pixel, but lying between four pixels, can result in the illumination of 

four pixels, greatly increasing the actual size of the feature.  For example, a 120 x 120 µm 

sized input feature may illumination four pixels, resulting in a 140 x 140 µm illumination 

area.  Since the actual voxel size (measured to be 155 µm wide) is larger than the pixel size 

(70 µm), the resulting polymerized voxel is larger than the illuminated pixel.  Thus, 

structures will be larger than their input dimensions due to the larger voxel size.  Some of the 

factors that can contribute to the increased size of the voxel are diffraction, refraction, and 

photoinitiator diffusion [28, 65].  As light coming from the projector passes through the 

numerous layers of glass the light will diffract and spread the spot size [65].  Quantitative 

analysis of the spreading of the actual voxel size due to diffraction has been performed by 

Sun et al [64].   In the Perfactory® system, a lamp which emits a spectrum of light 

wavelengths (range) is used instead of a single wavelength laser. Therefore the different light 

wavelengths will refract different amounts as they pass through the various layers of material 

in the system, with low wavelengths refracting more than high wavelengths. Since a 

significant portion of the light spectrum is emitted by the lamp and the photoinitiator can be 

excited by a wavelength range, refraction is a signification factor. (Not the case if the filter 
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makes it a very narrow range)  Diffusion driven polymerization can result in fusing of nearby 

features.  In diffusion driven polymerization, excited photoinitiator molecules diffuse out of 

the voxel and produce membrane-like features between nearby features.  The membrane-like 

features of diffusion driven polymerization could be clearly seen in some of the line 

resolution structures between the larger lines as shown in Figure 3b.  This phenomenon has 

been observed in other photopolymerization processes [26].  As seen in the SEM images of 

the structures, the different layers, while visible, are not exceptionally distinct from each 

other.  This indicates that there is significant overlap between the voxels due to their height 

being greater than the step size.  Exposure of an already polymerized area to light will result 

in swelling of the polymerization voxel due to diffusion of photoinitiator.  Also, light passing 

through already polymerized material will refract differently, resulting in a localized change 

in refractive index when exposing already polymerized areas to light.  The localized 

refractive index change can disperse light and increase the voxel size further.  This change in 

voxel size has been observed and theoretically quantified in photopolymerization processes 

[66].  

 

Stereolithography-produced Microneedles 

The Perfactory® system was able to produce 32 microneedle arrays in a single, 

approximately four hour batch when using a 30-µm layer spacing.  This results in a 

production rate of approximately 7.5 minutes per microneedle array.  In comparison, the two 

photon polymerization process requires each needle to be produced individually, resulting in 

a production time of 1-20 minutes per needle (depending on resolution and writing speed).  
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Thus, a single 25 needle array would require a minimum of 25 minutes, not including the 

production time required to make the substrate.  Further, the cost of a Perfactory® system is 

in the range significantly less expensive than a two-photon polymerization system.  Both the 

lower cost and higher production rate make the Perfactory® system a more appealing method 

for commercial scale production of microneedles. 

 

As shown in Table 1, the lateral dimensions of the microneedles were larger than the input 

file while the height of the needles was shorter than the input file.  The discrepancy in lateral 

dimensions can be attributed to the lateral voxel size.  The voxel size - which was measured 

to be 155 µm by the resolution test - adds to the actual lateral dimensions, thus making them 

larger than the input dimensions.  There are two possible causes of the reduction in height in 

the actual structures.  Firstly, the pixel size in the projection mask corresponds to 

approximately 70 µm.  Therefore, a point exists where features below a certain size result in 

the projection mask software not illuminating the pixel containing the feature.  Secondly, 

small features may not have enough illumination energy to result in polymerization.  Longer 

exposure times and higher energies may improve the resolution of the small tapering 

features.  The combination of these two factors results in small vertically tapering features 

being significantly smaller than their input dimensions.   

 

The radius of curvature was measured to be 18 µm.  Microneedles produced by Choi et al via 

stereolithography had tip radii ranging from 30-80 µm [36].  They reported an insertion force 

of 0.08-3.04 N for their 12 needle array of microneedles.  E-shell 200 microneedles with 
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significantly sharper tips produced by 2PP and micromolding were able to undergo 

compressive forces of greater than 10 N for a 5 x 5 microneedle array [18].  The close 

correlation of the net aspect ratio and average layer aspect ratio as well as the low standard 

deviation value of 0.3 shows that the aspect ratio remained quite consistent over the entire 

length of the needle, which confirms that even though the actual structure is significantly 

shorter than the input file the structure still tapers to a point as opposed to having a truncation 

at the tip. 

 

Skin penetration testing confirmed that e-Shell 200 microneedles produced by 

stereolithography are capable of penetrating the stratum corneum.  Applying Trypan blue dye 

to the surface of the skin after microneedle penetration resulted in staining of pores in the 

exact locations of the microneedles.  Visual observation of the needles confirmed previous 

studies indicating the e-Shell 200 microneedles have sufficient mechanical strength to 

penetrate skin [18]. 

 

Production of microneedles on a cross-shaped as well as a square substrate illustrates one of 

the benefits of dynamic mask stereolithography.  Microneedles can be produced in a timely 

manner on substrates with complex shapes.  Devices like the cross-shaped microneedle 

device may be used as a wound healing device that assists in holding the skin together.  The 

design flexibility of stereolithography enables microneedles to be produced on substrates 

matching the contour of the wound.  Coating of the wound closure devices with antimicrobial 

agents could assist in reducing the risk of infection at the wound site. 
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Pulsed Laser Deposition-Coated Microneedles 

The low roughness values of the coatings – less than 2 nm - indicate that splashing was not 

significant ([42, 67].  While the two coatings had similar roughnesses, the grain size of the 

ZnO coating was significantly higher than the Ag coating.  Profilometry confirmed that the 

PLD-deposited coatings were thin films.  The Ag coating was significantly thinner than the 

ZnO coating, with thicknesses of 53.5 nm and 287.2 nm for Ag and ZnO, respectively.  The 

silver coating also had a more consistent coating thickness – standard deviation of 8.8nm - 

while the ZnO coating had a coating thickness with a standard deviation of 30.3 nm.  The 

deposition rates were calculated to be 0.018 nm/pulse for Ag and 0.10 nm/pulse for ZnO.  

Choi et al found had a ZnO deposition rate of 0.017-0.033 nm/pulse with a 0.5 J/cm
2
 ArF 

excimer laser, 3x10
-7

 Torr, and a temperature of 400 
o
C [68].  Warrender et al had an Ag 

deposition rate of 0.0018-0.006 nm/pulse for a 248 nm KrF excimer with fluence of 6 J/cm
2
, 

a 30 ns pulse duration, and a base pressure of 2x10
-8

 Torr [43].  Variations in deposition rate 

can be attributed to a number of factors, including but not limited to fluence, target 

temperature, and pressure [43, 68-70]. 

 

Agar Diffusion Antibacterial Assay 

The agar diffusion assay confirmed previous findings that PLD-deposited coatings of both 

Ag and ZnO provide antibacterial properties [19, 42]. In comparison, the uncoated arrays had 

no antimicrobial effect.  Both coatings had strong effects against S. epidermidis and S. aureus 

but not significant effects against E. coli.  Sawai et al have reported that ZnO has a weaker 

antimicrobial response to Gram-negative bacteria than to Gram-positive bacteria [63].  The 
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Ag coating had a stronger antibacterial response, produced a zone void of growth as opposed 

to a zone of reduced growth for the ZnO coatings.  Both coating types were only partially 

released into the agar.  Complete release of the coatings would be expected in an 

environment with a higher water content, such as the epidermis and dermis.  Release of the 

entire coating would result in higher concentration of the metal ions and a more pronounced 

antimicrobial effect. 

 

Conclusion 

In this study we have demonstrated that dynamic mask stereolithography is an appropriate 

technical for large scale production of microneedle arrays for drug delivery applications.  

Experiments to determine the resolution found that the line width of this stereolithography 

system under our conditions was approximately 150 µm.  Microneedles were produced in a 

number of geometries, highlighting the versatility of the system in modifying part design.  

An in depth analysis of the accuracy of the produced microneedles found that while the 

Perfactory® system is rather accurate in reproducing lateral dimensions, the lengths of these 

tapering structures was significantly reduced.  In addition to demonstrating large scale 

production of microneedle array, we established that by designing a substrate that holds four 

microneedle array, simultaneous pulsed-laser deposition of antimicrobial coatings could be 

performed on four arrays.  Agar diffusion assays confirmed that these inorganic coatings 

indeed have antimicrobial properties.  The combination of dynamic mask stereolithography 

with pulsed laser deposition enables rapid and cost-effective production of polymer 

microneedle arrays with antimicrobial properties.  The ability to efficiently produce 
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microneedle arrays that reduce the risk of infection is a promising step towards bringing 

microneedle technology into wider use. 
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3.8  Delivery of Radioactive Isotope Tracer in a Porcine Model via a 

Microneedle Patch System 

 

Summary 

The transdermal patch design consists of five primary components: hollow microneedle 

array, base, cap, interface pad and inlet component.  Refer to Figure 1.  An array of hollow 

microneedles was integrated into the base component.  The base component incorporates a 

means to facilitate the delivery of the agent through the hollow microneedles.  One of the 

innovative features of the base component is the protruding geometry of the base structure.  

The novel geometry of the base applies tension to the underlying skin at the location of the 

microneedle penetration, thereby enabling a more uniform penetration of the microneedle 

array into the skin. In addition, the base geometry serves to focus and sustain the micro-

structure insertion force to ensure that penetration is maintained. The cap structure is 

designed to interface with and affix to the base component, interface with and affix to an 

inlet component and provide a path for the delivery of the agent from the inlet component to 

the microneedle array.  The inlet component is designed to serve as an interface between the 

transdermal patch and a portable, adjustable drug delivery pump.  The base and cap are 

inserted into the interface pad, with the protruding geometry of the base, and by relation the 

hollow microneedle array, extending outward. The interface pad is another innovative feature 

of the transdermal patch as it functions to reduce relative motion between the base and the 

underlying skin (maintaining the micro-structure penetration and protecting the micro-
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structures from shear forces) and serves as a means to protect the underlying skin from the 

edges of the relatively ridged patch components (reducing the force concentration on the skin 

in the event that additional pressure is applied to the patch). 

 

 

Figure 1. Components of the microneedle patch. 

 

 

Mechanical evaluations of the e-Shell 200 fabricated microneedle arrays were performed via 

compression and shear tests. These tests were performed on the needles to assess the 

deformation and fracture characteristics of the devices.  The compression and shear tests 

were performed using a Bose ElectroForce® 3100.  Tests were conducted on single needles 

fabricated with an Envisiontec Perfactory® Standard UV system. 
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For the compression testing, the goal was to determine whether the needles deformed or 

fractured, the associated forces for these events, and how the different needle designs 

behaved.  During the testing, substrates with single needles were placed onto the 

compression platens, with the needle oriented perpendicular to the platens.  Each needle was 

preloaded with 0.5 N of force to ensure that each tested needle was in contact with the platen 

prior to the test run.  The needle was compressed using a ramp function in displacement 

control at 0.05 mm/sec to half of the needle length or until the force limit (15 N) was 

reached.  Force data were recorded with respect to time.  Furthermore, video of the 

compression tests was captured using a CCD camera to visualize needle behavior during 

testing.   Needle fracture and deformation was confirmed visually and corresponded to a 

deviation in force on the output plot from the Electroforce® system. 

 

An in vivo study was performed to evaluate the functional aspects of the microneedle patch 

system in actual physiological conditions.  The objectives of the animal study with Gottingen 

miniswine (pig) were to assess the microneedle patch‘s ability to deliver a traceable drug 

proxy through the skin and into the blood stream and to determine how the microneedle 

patch interacts with live skin.  [3H]3-O-Methyl-D-glucose ([3H]OMG) was selected as the 

traceable drug proxy, based on Ceramatec‘s previous experience with using the radioactive 

isotope tracer (tracer) and the detection method. 
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In order to determine the delivery characteristics in vivo, the pharmacokinetic parameters for 

the miniswine needed to be established.  Two pharmacokinetic studies were performed where 

a bolus volume of tracer was delivered to each of the pigs in a subcutaneous injection.  Blood 

samples were then drawn in accordance with Table 1 and analyzed to determine the 

elimination rate and effective volume of distribution for the respective pigs. Three pigs were 

used in the in vivo study to provide the minimum number of test animals to achieve an 

orthogonal experimental design balance. However, due to illness, one of the pigs needed to 

be replaced and the replacement was not available for the pharmacokinetic study. 

 

 

Figure 2. Optical micrograph of a single microneedle from array 1. 
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Figure 3. Optical micrograph of a single microneedle from array 2. 

 

Figure 4. Optical micrograph of a single microneedle from array 3. 

 

Microneedle Devices 

Figure 2, Figure 3, and Figure 4 contain optical micrographs of a single microneedle from 

array 1, array 2, and array 3, respectively. Figure 5, Figure 6, and Figure 7 show scanning 

electron micrographs of microneedles from array 1, array 2, and array 3, respectively. The 

needle heights for Array types 1-3 were acquired using SEM images and the measurement 
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tool within Revolution
TM

 imaging software (4pi, Durham, NC).  Array type 1 has a measured 

needle height of approximately 1342 µm.  Array type 2 has a measured needle height of 

approximately 1398 µm.  Array type 3 has a measured needle height of approximately 1138 

µm.  Height measurements were taken from the base of the needle to the tallest peak on the 

needle prongs. The inter-needle spacing for the Array types 1 and 3 were determined using 

optical micrographs acquired using a Leica EZ4 D stereo-microscope (Leica Microsystems, 

Switzerland), with scale bars applied using LAS EZ software (Leica Microsystems, 

Switzerland).  Array types 1 and 2 have 5 needles in a 5-dice pattern, with four needles 

composing the corners of a 6 mm x 6 mm square, and a single needle at the center of the 

square.  The needle array configuration for Array type 3 has nine needles, equally spaced in 

three rows and three columns to form a 6 mm x 6 mm square pattern. 

 

 

Figure 5. Scanning electron micrographs of microneedles from array 1. (a) Image of a single 

microneedle obtained at 0
o
 tilt. (b) Image of a single microneedle obtained at 45

o
 tilt. (c) 

Image of microneedles obtained at 90
o
 tilt. 



381 

 

 

Figure 6. Scanning electron micrographs of microneedles from array 2. (a) Image of a single 

microneedle obtained at 0
o
 tilt. (b) Image of a single microneedle obtained at 45

o
 tilt. (c) 

Image of microneedles obtained at 90
o
 tilt. 

 

Figure 7. Scanning electron micrographs of microneedles from array 3. (a) Image of a single 

microneedle obtained at 0
o
 tilt. (b) Image of a single microneedle obtained at 45

o
 tilt. (c) 

Image of microneedles obtained at 90
o
 tilt. 

 

The center-to-center inter-needle spacing for Array type 1 from the needles at the corners of 

the 5-dice pattern diagonally to the needle at the center of the 5-dice pattern is ~4.24 mm. 

The center-to-center inter-needle spacing for Array type 2 from the needles at the corners of 

the 5-dice pattern diagonally to the needle at the center of the 5-dice pattern is ~3.24 mm. 
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The center-to-center inter-needle spacing for Array type 3 in the x- and y-directions is ~2.89 

mm. 

 

Microneedle Mechanical Properties 

For the compression testing, fracture force averages and standard deviations are reported for 

needles that fractured. For the purpose of these tests, fractures are defined as having occurred 

when a component of the needle breaks away from the rest of the structure.  The other 

phenomena observed were bending and splitting of the prongs of the needles.  These 

occurrences are being termed deformations to the needles.  For needles that only deformed 

without fracture, the maximum force of 15 N compression was applied (exception being one 

run for a needle from Array 1, which had deformation resulting in a maximum applied force 

of 9.60 N before the maximum displacement for the test was reached). 

 

None of the Array 1 test samples fractured.  Two of the samples withstood a force of 15 N 

before the end of the test.  However, the third needle from Array 1 deformed in a manner 

which imparted 9.6 N of force on the needle before the maximum displacement was reached 

for the test.  All 3 of the Array 2 needles fractured.  These needles fractured at an average 

force of 9.45 ± 2.55 N.  Only one of three tested needles fractured for Array 3.  This needle 

fractured at a force of 7.356 N.  The other Array 3 needles only deformed and had a 

maximum load of 15 N applied without fracture.     
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Observations during the compression testing did not indicate movement or deformation in the 

substrate.  No fracture between the needle and the substrate was observed.  There was a 

tendency for the needles to either split at the prongs or fracture at the tips, rather than break 

away from the substrates. 

 

For the shear testing, again the goal was to determine whether the needles deformed or 

fractured, the associated forces for these events, and how the different needle designs 

behaved.  During the testing, substrates with single needles were clamped into the 

Electroforce® system and shear force was applied to the needle with a metallic bracket 

oriented parallel to the substrate surface.  Each needle was preloaded with 0.5 N of force to 

ensure that each tested needle was in contact with the shearing apparatus prior to the test run.  

The needle was then subjected to shear force at 90° using a ramp function in displacement 

control at 0.05 mm/sec for a displacement distance greater than the needle diameter.  Force 

data were recorded with respect to time.  Furthermore, video of the shear testing was 

captured using a CCD camera to visualize needle behavior during testing.  Needle fracture 

and deformation was confirmed visually and corresponded to a deviation in force on the 

force output plot from the Electroforce® system. 

 

For the shear testing, fracture forces are reported for needles that fractured.  All needles that 

were tested were fractured during the shear testing.  Array 1 had an average fracture force of 

4.155 ± 1.165 N.  Array 2 had an average fracture force of 7.601 ± 1.421 N. Array 3 had an 

average fracture force of 6.412 ± 1.224 N. 
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For needles from Array types 2 and 3, needles were sheared from the substrate.  For needle 

Array 1, the needles fractured on the needle shaft as opposed to breaking away from the 

substrate. This result may have occurred from the shear apparatus having been shifted 

slightly toward the needle tip, resulting in force being applied less uniformly, and 

consequently resulting in a different fracture mechanism and lower fracture values than 

needle types 2 and 3.  Observations during the shear testing did not indicate movement or 

deformation in the needle substrate. 

 

Radiotracer Pharmacokinetics 

The results from the first pharmacokinetic study (PK1) are shown in Figure 8.  A preliminary 

analysis of the results indicated that the tracer was rapidly eliminated to a level that was 

within the background of the detection method. 
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Figure 8.  Pharmacokinetic test #1 results. 
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The volume of tracer was increased for the second pharmacokinetic study (PK2).  The tracer 

was delivered to each of the pigs in a subcutaneous injection and blood samples were drawn 

in accordance with Table 1.  The results from the PK2 are shown in Figure 9. 

 

Table 1.  Day/time associated with time points for pharmacokinetic studies. 
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Figure 9.  Pharmacokinetic test #2 results. 
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An analysis of the PK results was performed to determine the elimination rate and effective 

volume of distribution for the respective pigs.  The results are shown in Table 2. 

 

Table 2.  Summary of pharmacokinetics analysis. 

 

 

In vivo Drug Delivery via Microneedle Patch 

The microneedle patch system was then tested in vivo to determine the delivery capabilities 

and evaluate the interaction with live skin. Microneedle patch prototypes were produced with 

three different microneedle arrays.  The microneedle delivery tests were performed in 

accordance with Table 3; where three pigs were tested, such that each pig had all three arrays 

and each array had all three locations.  Each test consisted of two phases: a 7 day delivery 
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phase and a 6 day non-delivery phase.  During the delivery phase, the microneedle patch was 

placed on the ventral side of the pig in the locations shown in Figure 10.  Each microneedle 

patch was secured in place using a semi-occlusive adhesive film with a low moisture vapor 

transmission rate, as shown in Figure 11.  The microneedle patch and adhesive film was then 

covered with a jacket and elastic bellyband to further protect the test site and allow for the 

attachment of the portable pump. 

 

Table 3.  Microneedle delivery test matrix. 
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Figure 10.  Microneedle patch test sites. 

 

Figure 11.  Microneedle patch application. 

 

 

The microneedle patch was connected to a portable, adjustable drug delivery pump.  The 

pump was set to deliver the tracer solution through the microneedle patch at a rate of 0.34 

ml/day.  The tracer solution was delivered for seven days.  Blood was drawn at specific time-

points and analyzed to detect the presence of the tracer in the pig‘s blood stream. 
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Figure 12.  Image of test site during the removal of the microneedle patch. 

  

After the 7th day of the delivery phase, the microneedle patch was removed, thus ceasing the 

flow of tracer to the skin site.  The pictures in Figure 12 were taken when the patch was 

removed at the end of the Test #1 delivery phase.  Observations confirm the penetration of 

the skin by the microneedle array.  The slight depression in the skin surrounding the 

penetration site was caused by the protruding geometry of the base, which focused and 

sustained the micro-structure insertion force to ensure that the microneedle penetration was 

maintained.  In addition, only one set of marks was present for each patch, further indicating 

that the microneedles did not disengage and re-penetrate.  The microneedle arrays were 

inspected and all microneedles appeared undamaged and intact.  No signs of skin irritation 

were noted, as the interface pad protected the underlying skin from the edges of the ridged 

patch components.  The adhesive film remained adhered to skin and firmly secured patch in 

place for duration of the delivery phase. In addition, no pooling or leaking was noted during 

the study, indicating that the solution was delivered into and absorbed by the skin. 

 

Blood samples were drawn at specific time-points during each 7 day delivery phase and 6 

day non-delivery phase.   The blood samples were spun down in a centrifuge and the plasma 
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was removed from the red blood cells.  0.25 ml of plasma was then placed in a scintillation 

vial and mixed with 0.34 ml of ethyl alcohol to reduce the possibility of error resulting from 

variations in sample color.  3.4 ml of scintillation solution was then added to the vial and the 

samples were held for a 4 hour minimum stabilization period. This hold period allowed the 

samples to stabilize and helped to ensure that the samples had a consistent opaqueness prior 

to beginning the analysis. Three analysis samples were prepared from each blood draw.  The 

samples were then analyzed on a liquid scintillation analyzer and the counts were recorded.    

The counts were plotted with respect to time, as shown in Figures 13, 14 and 15. 

 

 

Figure 13.  Test #1 counts with respect to time. 
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Figure 14.  Test #2 counts with respect to time. 
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Figure 15.  Test #3 counts with respect to time. 

 

 

It should be noted that several complications were experienced during Test #3.  The first 

complication was associated with Pig 67.  The tubing that connected the microneedle patch 

to the pump was severed.  It is assumed that the incident occurred within the first 12 hours.  

Pig 69 removed its front legs from the jacket and pushed the belly band and jacket down off 

of the patch.  This incident occurred just prior to the 120th hour of the test.  The patch 

appeared to remain secured to the animal, so the jacket and belly band were resituated and 

the test was continued.  The third complication was associated with Pig 86.  Pig 86 became 
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ill and experienced an extreme decrease in appetite and did not readily drink fluids.  Pig 86 

was removed from the study following day 7 of the delivery phase. 

 

The data in Figures 13, 14, and 15 confirms that the microneedle patch is capable of 

delivering a solution into the skin, such that it can be readily absorbed into the bloodstream.  

The graphs also show that the removal of the microneedle patch resulted in a decrease in the 

level of tracer in the bloodstream. 

 

The data from Pig 67 and Pig 69 was analyzed with respect to the elimination rate and the 

effective volume of distribution, as determined during the PK studies.  Pig 86 was not 

included in the analysis, since the animal was not available for the PK study.  The results for 

Test #3 were not analyzed as a result of the complications associated with the test.  The 

expected maximum of tracer counts for each test and the expected steady state maximum of 

tracer counts were calculated using the elimination rate, effective volume, radioactive level 

of the delivered solution and the set rate of the delivery.  Graphs are shown in Figure 16 for 

Pig 67 and Figure 17 for Pig 69. 
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Figure 16.  Expected vs. actual counts for pig 67. 
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Figure 17.  Expected vs. actual counts for pig 69. 
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As shown in Figure 16 and 17, the test duration was insufficient for achieving a steady state 

plateau in the delivery phase, as observed by comparing the Expected Test Maximum curve 

with the Expected Steady State Maximum curve.  A comparison of the Actual Counts to the 

Expected Steady State Maximum curve and the Expected Test Maximum curve, as shown in 

Figure 16 and 17, illustrated that only a portion of the tracer was delivered into the blood 

stream.  Table 4 summarizes the delivery results and presents the percentage of the expected 

delivery that actually occurred. The differences in pharmacokinetics between microneedle 

patch and subcutaneous delivery may be due to the increased diffusion distance through 

tissue required for the drug delivered with microneedles to reach the bloodstream. 

 

Table 4.  Delivery results. 

 

 

Conclusions 

A pharmacokinetic study was performed in which the elimination rate and effective volume 

of distribution was determined for Pig 67 and Pig 69.  The pharmacokinetic parameters were 
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then used to determine the expected maximum for the delivery and non-delivery phases of 

the in vivo study. 

 

A microneedle patch system was designed and produced.  The functional aspects of the 

microneedle patch system were evaluated in an in vivo study. The in vivo study confirmed 

that the skin was penetrated by the microneedle array and that the microneedle patch was 

capable of sustaining the micro-structure insertion force, thereby ensuring that the 

microneedle penetration was maintained throughout the duration of use.  The microneedle 

patch system was proven capable of delivering a traceable drug proxy through the skin and 

into the blood stream.  In addition, the level of radioactive isotope tracer detected in the 

bloodstream decreased following the removal of the microneedle patch.  At the end of the in 

vivo delivery phase, the microneedle patch delivered an average of 29.7% of the radioactive 

isotope tracer, as compared to the expected maximum. 

 

The microneedle patch proved to be a minimally invasive means to continually deliver a 

solution over a prolonged period of time, as no adverse events or signs of skin irritation were 

noted and the radioactive isotope tracer was detected in the blood stream. 

 

Acknowledgments 

Jeremy Heiser, John Gordon, Curtis Jensen, Philip R Miller, Ryan D Boehm, and Roger J 

Narayan contributed to this work.



400 

 

 

3.9  Multiphoton microscopy of transdermal quantum dot delivery using 

two photon polymerization-fabricated polymer microneedles 

 

The following section a complete article reprinted from Faraday Discussions, Volume 149, 

Gittard SD, Miller PR, Boehm RD, Ovsianikov A, Chichkov BN, Heiser J, Gordon J, 

Monteiro-Riviere NA, Narayan RJ.171-185, Multiphoton microscopy of transdermal 

quantum dot delivery using two photon polymerization-fabricated polymer microneedles. 

Copyright 2010. Reproduced by permission of The Royal Society of Chemistry DOI: 

10.1039/c005374k 

 

Note: This article has been reformatted. In particular, the location of figures and spacing 

may have changed.  The references are formatted as in the original manuscript. 
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Introduction 

 

Theranostics, the combination of therapeutic and diagnostic technologies into a single 

platform, is a rapidly developing technology for treating a variety of medical conditions. For 

example, theranostics technologies may provide disease imaging and chemotherapy delivery 

for treatment of cancer, a group of conditions in which cells exhibit uncontrolled growth and 

invasion.
1–5

 Other applications of theranostics that are being investigated include use in 

diabetes, ocular disease, obesity, cardiovascular diseases, and infectious diseases.
1,3,6

 

 

Quantum dots (QD) are 2–10 nm diameter fluorescent semiconductor nanostructured 

materials that are being considered for use in several theranostics applications. Due to the 

fact that the exciton Bohr radius (average electron-hole distance) is larger than the 
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nanoparticle radius, these materials undergo quantum confinement. As a result, quantum dots 

demonstrate characteristic excitation states as well as larger bandgap values than bulk 

material. In addition, emission wavelength in these materials is size dependent; bandgap 

values for quantum dots increase as the nanoparticle radius decreases.
7–10

 Core-shell quantum 

dots are composed of a core material with a smaller bandgap than the surrounding shell 

material; zinc sulfide shells surrounding cadmium telluride cores, zinc sulfide shells 

surrounding cadmium selenide cores, and cadmium sulfide shells surrounding cadmium 

selenide cores are some examples of this type of quantum dots
.7,11–13

 

 

Quantum dots exhibit unique photoluminescence behavior; some advantages of quantum dots 

over conventional fluorophores include greater resistance to light-dependent oxidation 

(photobleaching) and higher brightness, which is attributed to high quantum yield values and 

large molar extinction coefficient values.
14

 Passive mechanisms (e.g., preferential retention 

of quantum dots within tumor cells) may be utilized. Quantum dots may also be conjugated 

with peptides, antibodies, aptamers, pharmacologic agents, and other tumor-specific 

molecules that allow for specific tumor-cell interactions.
15–20

 For example, Derfus et al. 

conjugated tumor-homing peptides and small interfering RNA molecules to PEGylated 

quantum dots. They demonstrated that the F3 tumor-homing peptide enabled tumor cell 

internalization.
16

 When F3 tumor-homing peptide/small interfering RNA-quantum dots were 

delivered to enhanced green fluorescent protein-transfected HeLa cells, knockdown of the 

enhanced green fluorescent protein signal was observed. Bagalkot et al. demonstrated 

processing of conjugates containing A10 aptamer (an RNA molecule that recognizes the 
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extracellular domain of prostate-specific membrane antigen), doxorubicin (an anthracycline 

antineoplastic agent), and fluorescent quantum dots; in vitro studies demonstrated that these 

mutifunctional nanoparticles may be used for simultaneous targeted imaging, therapy, and 

sensing of prostate cancer cells.
19

 Tada et al. conjugated trastuzumab to quantum dots coated 

with polyethylene glycol amine; these structures were subsequently labeled with monoclonal 

anti-HER2 antibody. The antibody-conjugated therapeutic nanoparticles were successfully 

demonstrated using a dorsal skinfold chamber in a murine model.
15

 Cai et al. conjugated a 

thiolated arginine-glycine-aspartic acid (RGD) peptide with polyethylene glycol-coated 

quantum dots; these structures were successfully utilized for in vivo tumor imaging in a 

murine model.
20

 

  

It should be noted that quantum dots and other nanoscale pharmacologic agents cannot be 

administered in enteral form since they may be sequestered within the intestine, kidneys, 

liver, or lungs prior to entering systemic circulation.
21,22

 Intravenous delivery is the most 

common mechanism for quantum dot administration at this time because it enables 

instantaneous delivery of the quantum dots into the bloodstream. However, use of 

hypodermic needles is associated with several shortcomings, including injection site trauma, 

patient pain, and difficulty in providing sustained administration over an extended period of 

time. One option for quantum dot delivery involves the use of microneedles, which are 

needle-, lancet-, or thorn-shaped structures in which one dimension is less than 500 µm. 

These devices penetrate the stratum corneum layer of the epidermis; this 15 µm layer 

contains keratinized dead cells and serves as a barrier against transdermal movement of 
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pharmacologic agents through the skin. Quantum dots may subsequently enter dermal blood 

vessels by passing through the lower part of the epidermis. Hollow microneedles enable 

pressure-driven or diffusion-driven delivery of quantum dots through the skin to be 

modulated over an extended period of time. In addition, microneedles may be used both for 

delivery of quantum dots as well as for withdrawal of blood and/or interstitial fluid. 

Microneedle devices commonly contain several microneedles; use of microneedle arrays is 

associated with injection at higher rates as well as injection over wider areas than use of 

solitary microneedles.
23

 Furthermore, redundant microneedles within the microneedle arrays 

may be utilized if some of the microneedles within the array are obstructed or damaged 

during use. Use of microneedles is associated with minimal tissue compression, nerve ending 

interaction, pain sensation, injection site trauma, and injection site inflammation.
24–27

 

 

Recent studies have demonstrated delivery of nanomaterials by means of microneedles. 

For example, Coulman et al. used microneedles prepared by means of wet-etch techniques 

for delivery of fluorescent nanospheres across human epidermal membranes.
28

 McAllister et 

al. demonstrated that pores in the stratum corneum layer of human cadaver abdomen or back 

skin created by a solid microneedle array enabled transport of polystyrene latex 

nanoparticles.
29

 Bal et al. recently utilized laser scanning microscopy to visualize movement 

of sodium fluorescein dye through conduits in human skin, which were created by 300 µm 

long DermaStamp
®
 microneedles.

30
 They proposed that laser scanning microscopy may be 

used to observe the dimensions of microneedle-fabricated conduits in viable human skin over 

time. 
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Microneedles with various geometries as well as microneedle arrays may be fabricated using 

a laser-based rapid prototyping process known as two photon polymerization.
31–37

  Two-

photon polymerization involves temporal and spatial overlap of photons, which enables 

highly localized polymerization of a photosensitive resin. Nearly simultaneous absorption of 

two photons creates a so-called virtual state; this electronic excitation is analogous to 

excitation by a single photon with a higher energy. A diagram of the two-photon 

polymerization process is provided in Fig. 1a. The minimum feature size obtained using two-

photon polymerization is can be altered by changing the optics (e.g., the objective used to 

focus the laser beam). Two-photon polymerization provides several advantages over 

conventional microelectronics- based techniques for fabrication of microneedles and other 

small-scale medical devices. The photosensitive materials used in two photon polymerization 

are widely available and are obtained at low cost. In contrast with cleanroom-based 

microfabrication techniques, photon polymerization can be performed in conventional 

environments. As opposed to conventional multiple-step microfabrication methods, two-

photon polymerization can create microneedles and other complex small-scale structures in a 

single-step process. Two-photon polymerization has been used to fabricate a variety of small-

scale medical devices, including scaffolds for regenerative medicine, ossicular replacement 

prostheses, and microneedles.
31–38

 For example, Doraiswamy et al. showed that organically-

modified ceramic (Ormocer
®
) microneedles did not exhibit fracture during compression load 

testing with porcine skin.
31

 Ovsianikov et al. fabricated off-center microneedles using two 

photon polymerization; these off-center microneedles were created by altering the position of 
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the bore relative to the central axis.
32

 The off-center microneedle arrays successfully 

penetrated porcine adipose tissue; no fracture was observed. Doraiswamy et al. recently 

demonstrated delivery of a quantum dot solution using microneedles fabricated using two 

photon polymerization in a porcine skin model.
25

 In this study, Ormocer
®
 microneedles were 

produced on perforated glass substrates by two photon polymerization. Quantum dot 

dispersion was observed by sectioning, differential interference contrast (Nomarski) 

microscopy, and widefield fluorescence microscopy over a period of one hour. The two 

photon polymerization-fabricated organically-modified ceramic microneedles enabled more 

rapid distribution of polyethylene glycol-amine quantum dot solution to the deep epidermis 

and the dermis of porcine skin than topical administration. 
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Fig. 1 (a) Schematic of the two-photon polymerization system. Femtosecond laser pulses 

pass through a beam expander and a filter wheel before being focused on the objective. 

Scanning mirrors control the location of the laser spot in the focal plane. Polymerization of 

the resin occurs at the focal point. A charge-coupled device camera behind a dichroic mirror 

is used for visualizing the two photon polymerization process. (b) Schematic of multiphoton 

microscopy system. Femtosecond laser pulses pass through the objective before being 

focused on the specimen, where excitation occurs at the focal point. Scanning mirrors control 

the location of the laser spot in the focal plane. Dichroic mirrors are used to separate 

excitation and emission light and to separate emitted light into two channels. 

 

Multi-photon fluorescence microscopy is a microscopy technique that may be used for 

imaging quantum dots as well as other fluorophores.
39

 Multi-photon fluorescence microscopy 

involves nearly simultaneous absorption of two long-wavelength photons from a 

femtosecond laser by a fluorophore; unlike traditional fluorescence microscopy, the 

excitation wavelength is longer than the emission wavelength. A diagram of the multi-photon 

microscopy technique is provided in Fig. 1b. This technique enables imaging with depth 

resolutions of 800 µm, three-dimensional data acquisition from differentially labelled 

fluorescent structures, as well as imaging of living structures for extended periods of time at 
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high spatial resolutions. For example, Wang et al. used multi-photon confocal microscopy to 

observe microscopic holes created by a microneedles in skin biopsy samples.
40

 Kim et al. 

used multiphoton microscopy to observe surfactant (N-lauroyl sarcosine)-mediated 

enhancement of fluorescein penetration into human cadaver skin.
41

 Choi et al. observed 

delivery of calcein into DU145 human prostate cancer cells by means of a microneedle array 

with electroporation functionality.
42

 The non-invasive nature, absence of significant 

phototoxicity, and tissue penetration depth provided by multi-photon microscopy make it an 

appealing tool for theranostics applications. For example, Maffia et al. have used 

multiphoton microscopy to examine immune cell behavior in an artery disease model.
43

 In 

their study, multiphoton microscopy was used to image fluorescently tagged lymphocyte 

migration within the adventitia of intact carotid arteries in apolipoprotein-E–deficient mice. 

Stroh et al. used quantum dots to label bone marrow-derived precursor cells; multiphoton 

intravital microscopy was used to observe movement of bone marrow-derived precursor cells 

to tumor vessels.
44 

 

Quantum dots are appealing fluorophores for use in conjunction with multiphoton 

microscopy in theranostic applications. According to Larson et al., quantum dots exhibit 

multi-photon excitation cross-sections of up to 47 000 Goeppert-Mayer units.
45

 They 

examined cadmium selenide–zinc sulfide quantum dots, which were located inside capillaries 

hundreds of micrometres deep within the skin of living mice; no fluorescence intermittency 

(‗‗blinking‘‘) over nanosecond-millisecond time scales was observed. Lee et al. examined 

infusion of COOH-coated QD and QD-PEG in isolated perfused skin by means of 
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inductively coupled plasma emission spectrometry as well as fluorescence spectroscopy.
46

 

Unlike arterial extraction of conventional pharmacologic agents (e.g., carboplatin, cisplatin, 

lidocaine, and testosterone), arterial extraction of quantum dots showed unique periodic 

behavior. 

 

In this study, hollow microneedle devices for transdermal delivery of quantum dots and other 

nanoscale pharmacologic agents were fabricated out of a commercial acrylic polymer by 

means of two-photon polymerization. Cell viability of the acrylate-based polymer was 

evaluated using neonatal human epidermal keratinocytes and human dermal fibroblasts. 

Nanoindentation was performed to obtain the hardness and Young‘s modulus of the acrylate-

based polymer. The ability to perform two-photon polymerization of this material was 

demonstrated; appropriate structuring parameters for producing microneedle devices were 

determined. Hollow microneedle arrays with several geometries were prepared using two-

photon polymerization. Finally, hollow microneedles devices were used to inject quantum 

dots into porcine skin; imaging of quantum dot delivery was performed using multiphoton 

microscopy. This study suggests that two photon polymerization may provide a unique 

approach for fabricating polymeric microneedle arrays, which may be used for transdermal 

delivery of quantum dots for theranostics and other medical applications. 
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Methods 

 

An ultraviolet light-sensitive acrylate-based polymer, e-shell 300 (EnvisionTEC, Gladbeck, 

Germany), was examined in this study. This rigid, tough, perspiration-resistant material is 

processed using single-photon polymerization for use in a variety of medical applications, 

including hearing aid shells and other Class IIa medical devices. Class IIa medical devices 

include non-invasive active medical devices for channeling and/or storing liquids for 

administration to the human body.47 Information provided by the supplier indicates that e-

shell is comprised of 10–25 wt% urethane dimethacrylate (CAS 72869-86-4) and 10–20% 

tetrahydrofurfuryl-2-methacrylate (CAS 2455-24-5).  

 

The two photon polymerization process was used to produce several types of microneedle 

structures from the acrylate-based polymer. Femtosecond pulses (60 fs, λ = 780 nm) from a 

Chameleon titanium:sapphire laser (Coherent, Santa Clara, CA) were used to polymerize the 

liquid acrylate-based polymer resin. The resin was polymerized along the trace of the laser 

focus, which was moved in three dimensions. A hurrySCAN® galvano scan head (Scanlabs, 

Puchheim, Germany) was used to control laser writing in lateral (X- and Y-) dimensions. 

Movement in the height (Z-) dimension and movement from one structure to another 

structure were achieved using three C-843 linear translation stages (Physik Instrumente, 

Karlsruhe, Germany). Fabrication of the microneedle structures was guided by input 

stererolithography (STL) files, which were prepared using Solidworks Education Edition 

2009 commercial software (Dassault Systemes SA, Velizy, France). The unpolymerized 
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acrylate-based polymer resin was placed in between two glass cover slips; the resin was 

enclosed using a 1 mm thick polydimethylsiloxane ring. The structures were washed using 

isopropanol in order to remove the unirradiated resin. The structures were subsequently 

exposed to an ELC-410 ultraviolet curing lamp (Electro- Lite, Bethel, CT). 

 

Solid microneedles were initially fabricated using several processing parameters in order to 

obtain appropriate conditions for subsequent fabrication of hollow microneedles. Above an 

upper threshold of laser intensity, burning of the resin will occur. Below a lower threshold of 

laser intensity, polymerization of the resin will not occur. Processing parameters also alter 

voxel height and voxel width; these parameters affect shape and integrity of two photon 

polymerization-fabricated structures. An array of solid microneedles was initially fabricated 

using two photon polymerization; structures were fabricated with an input file height of 750 

µm and base diameter of 125 µm. The objective, laser energy, laser wavelength, layer 

spacing, raster spacing, and mark speed were maintained at 10x, 320 mW, 780 nm, 10 µm, 

1.5 µm, and 50–250 (arbitrary units) respectively. Hollow microneedles were subsequently 

fabricated on glass cover slips by means of two photon polymerization. One set of 

microneedles was produced using an input file height of 375 µm, base diameter of 250 µm, 

and channel diameter of 30 µm. Another set of microneedles was produced using an input 

file height of 500 µm, base diameter of 250 µm, and channel diameter of 30 µm. The 

objective, laser energy, laser wavelength, layer spacing, raster spacing, and mark speed were 

maintained at 10x, 320 mW, 780 nm, 10 µm, 1.5 µm, and 100 respectively. Freestanding 

microneedle arrays, containing both the substrate and the microneedles, were then fabricated 
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using two-photon polymerization. The 5x objective was used instead of the 10x objective due 

to limitations associated with radial laser intensity degradation in the focal plane. Changing 

the objective resulted in a reduction in two photon processing resolution; however, changing 

the objective was necessary in order to fabricate the large freestanding microneedle array 

structure. Freestanding microneedle arrays were fabricated in three steps due to radial laser 

intensity degradation. The border was initially fabricated; this structure enables handling of 

the freestanding microneedle array without damage to the microneedles. The objective, laser 

energy, laser wavelength, layer spacing, raster spacing, and mark speed were maintained at 

5x, 570 mW, 780 nm, 25 µm, 2 µm, and 40 respectively. The substrate was then fabricated; it 

exhibited a three-by-three array structure with 500 µm spacing. The objective, laser energy, 

laser wavelength, layer spacing, raster spacing, and mark speed were maintained at 5x, 370 

mW, 780 nm, 25 µm, 1.4 µm, and 60 respectively. A 100 µm overlap between the border and 

the substrate was used to ensure good bonding between structures. An array of microneedles 

was subsequently fabricated on the substrate. A computer-aided design drawing of the 

microneedle structure is shown in Fig. 2a. Microneedles were produced with a conical 

opening at the base; structures were fabricated with an input file cylindrical base height of 

250 µm, cylindrical base diameter of 400 µm, needle height of 608 µm, needle base diameter 

of 200 µm, and channel diameter of 110 µm. The objective, laser energy, laser wavelength, 

layer spacing, raster spacing, and mark speed were maintained at 5x, 370 mW, 780 nm, 25 

µm, 1.4 µm, and 60 respectively. A 60 µm overlap between the substrate and the 

microneedles was used to ensure a strong bonding between structures. The structures were 

subsequently exposed to an ultraviolet curing lamp. The structures were subsequently 
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removed from the glass cover slips. The structures were washed using isopropanol in order to 

remove the unirradiated resin. Details on fabrication of freestanding microneedle arrays are 

provided in Fig. 2b. To confirm the unobstructed nature of the channels, 200 mbar vacuum 

suction was applied; isopropanol was placed on the array and pulled through the 

microneedles.  

 

 

Fig. 2 (a) Input computer-aided design drawing of hollow microneedles processed via two-

photon polymerization. (b) Diagram of hollow microneedle device fabrication by means of 

two-photon polymerization. 

 

Scanning electron microscopy imaging of the microneedle arrays was performed using an S-

3200 variable pressure instrument (Hitachi, Tokyo, Japan) with a Robinson
TM

 backscattered 

electron detector. Energy dispersive X-ray spectroscopy was used to obtain the elemental 

composition of the acrylate-based polymer microneedle arrays. Fourier transform infrared 

spectroscopy (FTIR) was performed using a Nexus 470 system with a continuum microscope 
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and an OMNI sampler (Thermo Fisher, Waltham, MA); spectral analysis was performed with 

OMNIC
TM

 software (Thermo Fisher, Waltham, MA). Material for Fourier transform infrared 

spectroscopy was prepared by sandwiching resin between two glass cover slips with a 

polydimethylsiloxane spacer (thickness = 1 mm, diameter = 5 mm); the resin was 

polymerized using an ELC-410 ultraviolet curing lamp.  

 

Elastic modulus (relative stiffness of a material against elastic deformation) and hardness 

(resistance of a material to penetration and/or plastic deformation) are critical parameters for 

materials used in fabrication of microneedle devices. Material for nanoindentation testing 

was prepared by sandwiching resin between two glass cover slips with a 

polydimethylsiloxane spacer (thickness = 1 mm, diameter = 5 mm); the resin was 

polymerized using an ELC-410 ultraviolet curing lamp. An Ultra Nano Hardness Tester 

(CSM Instruments, Needham, MA) containing an indenter tip with Berkovitch geometry was 

used to obtain elastic modulus and hardness data for the acrylate-based polymer. Ten 

indentations were performed; the indenter tip was driven into the surface of the material with 

up to 2 mN normal load, 4 mN min
-1

 loading rate, and 4 mN min
-1

 unloading rate. Partial or 

complete relaxation was achieved by reducing the load after the maximum load had been 

achieved. Indentation hardness and elastic modulus were obtained from the load-

displacement data using the Oliver and Pharr method.
48

 

 

 

 



416 

 

Proliferation of cells on the acrylate-based polymer was assessed by the MTT (3- 

(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) assay; this assay is based on 

reduction of a yellow tetrazolium salt (MTT) to a purple formazan dye by the succinic 

dehydrogenase enzyme within mitochondria.49 Glass cover slips (diameter = 12.5 mm) (n = 

4), empty wells within γ-irradiated sterile polystyrene plates (n = 4) (Sigma-Aldrich, St. 

Louis, MO), and e-shell 300 acrylate-based polymer wafers (n = 4) were evaluated. 

Cylindrical wafers (thickness = 1.5 mm, diameter = 14.0 mm) of the acrylate-based polymer 

were prepared using a Perfactory® Standard SXGA+ UV (EnvisionTEC, Gladbeck, 

Germany) stereolithography system. This system uses stereolithography (STL) files to guide 

an ultraviolet light beam over the acrylate-based polymer resin. Illumination in the X- and Y-

dimensions was regulated by directed light projection (DLP) optics (Texas Instruments, 

Dallas, TX); the chip used for wafer fabrication exhibits 1280 x 1024 pixel resolution. 

Acrylate-based polymer samples were subsequently washed in isopropanol and post-cured 

using the ELC-410 UV curing lamp. The acrylate-based polymer wafers and glass cover slips 

were rinsed twice in 70% ethanol for thirty minutes and then exposed to ultraviolet B light 

for two hours. The acrylate-based polymer wafers and glass cover slips were subsequently 

rinsed twice in Hanks‘ Balanced Salt Solution (HBSS) and once in culture medium. The 

acrylate-based polymer wafers and glass cover slips were then placed in 2 mL of medium 

and stored in an incubator until seeding. Cryopreserved neonatal human epidermal 

keratinocytes (HEK) and human dermal fibroblasts (HDF) were purchased from a 

commercial source (Lonza, Walkersville, MD). Cells were propagated in 75 cm
2
 flasks, 

grown to 75% confluency, harvested, and seeded (40 000 cells per well) on acrylate-based 
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polymer wafers, on glass cover slips, and in polystyrene well plates. Culturing was 

performed with keratinocyte growth media (KGM-2) (Lonza, Walkersville, MD) and 

fibroblast growth media (FGM-2) (Lonza, Walkersville, MD). The acrylate-based polymer 

wafers were compared to both empty polystyrene well plates and glass cover slips. Since 

aspiration of solutions was associated with detachment of cells from the test materials, all 

media changes and material rinsing were accomplished by moving the test materials from 

one solution to the other with forceps. Aspiration was performed for evaluation of cell 

proliferation within the empty wells. Test materials were placed in fresh medium after forty-

eight hours, which correlated with 80% confluency of both neonatal human epidermal 

keratinocytes and human dermal fibroblasts; cell proliferation on test materials was assessed 

twenty-four hours later. The test materials were rinsed with Hanks‘ Balanced Salt Solution, 

desorbed with isopropyl alcohol, and agitated. 100 µl of isopropyl alcohol was transferred to 

a new twenty-four well plate; absorbance was spectrophotometrically evaluated (λ = 550 nm) 

using a Multiskan RC plate reader (Labsystems Inc, Franklin, MA). 

 

Since human skin is similar to porcine skin, an ex vivo porcine skin model was used to 

evaluate quantum dot delivery.
50

 Full thickness skin was obtained from euthanized female 

weanling Yorkshire pigs. The back area of the pig was clipped; two days later, full thickness 

skin was surgically removed. The skin was refrigerated until the quantum dot injection, 

which occurred one day after surgical removal. Animal care and experimental use were 

performed according to approved guidelines by the local Animal Care and Use Committee 

(North Carolina State University, Raleigh, NC). 
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A LSM-710 multiphoton microscope (Carl Zeiss AG, Oberkochen, Germany) was used for 

imaging delivery of quantum dots into porcine skin. Qdot
®
 565 ITK

TM
 carboxyl quantum 

dots (amount 250 µL, concentration 8 µM, pH 9.0) were obtained from a commercial source 

(Invitrogen, Carlsbad, CA). Information provided by the supplier indicates that the quantum 

dots contained a CdSe core and a crystalline ZnS shell; an amphophilic carboxyl coating 

enables dispersion of quantum dots in aqueous solutions and may serve to minimize 

generation of free cadmium. 

 

The freestanding microneedle array was initially pressed into the skin. A piece of 

polydimethylsiloxane containing a hole that was larger than the microneedle array but 

smaller than the substrate was placed on the backside of the microneedle array in order to 

obtain a seal. A syringe was filled with the quantum dot solution. A piece of 

polydimethylsiloxane with a Luer-lock fitting was attached in order to completely seal the 

connection between the array and the syringe. 250 µL of 8 µM quantum dot solution was 

diluted in deionized water to a total volume of 1 mL prior to injection; 250 µl of this diluted 

solution was injected via the microneedle array prior to imaging. The microneedle array was 

kept in the skin during imaging. Quantum dot solution was topically applied to the surface of 

a separate porcine skin for comparison purposes. 

 

The microneedles and the quantum dots were simultaneously imaged since multiphoton 

excitation occurs for both the e-shell 300 acrylate based polymer and the Qdot
®
 565 ITK

TM
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carboxyl quantum dots at 1 800 nm. Multiphoton microscopy was performed with a 

femtosecond laser (λ = 800 nm) (Chameleon, Coherent, Santa Clara, CA); a pixel dwell time 

of 1.58 ms were used for imaging. A 20x plan-apochromat water immersion objective was 

utilized in this study; a droplet of water was placed on the backside of the microneedle array. 

Water was the only medium between the objective and the sample. Z-stack images were 

obtained of (a) a porcine skin section containing topically applied quantum dot solution, (b) a 

porcine skin section containing a freestanding microneedle array without injection of 

quantum dots, and (c) a porcine skin section containing a freestanding microneedle array 

immediately after quantum dot injection; image acquisition was completed less than fifteen 

minutes after quantum dot injection. Imaris 7.0 image analysis software (Bitplane AG, 

Zurich, Switzerland) was used to produce surface rendering images of the microneedles and 

maximum projection images of the quantum dots from the Z-stack data; these images provide 

enhanced visualization of quantum dot delivery.  

 

Results and discussion 

 

The Fourier transform infrared spectrum of e-shell 300 acrylate based polymer is shown in 

Fig. 3b. Sharp peaks located at 2960.8 cm
-1

, 1721.5 cm
-1

, 1509.9 cm
-1

, 1454.6 cm
-1

, 1296.6 

cm
-1

, 1248.8 cm
-1

, 1160.8 cm
-1

, 1135.8 cm
-1

, 1065.3 cm
-1

, and 831.7 cm
-1

 were observed. The 

peak at ~2961 cm
-1

 was attributed to aliphatic hydrocarbon bond asymmetric stretching. The 

peak at ~1721 cm
-1

 was attributed to C=O bond stretching. The broad peak at ~3373 cm
-1

 

was attributed to N–H bond stretching.
51

 The energy dispersive X-ray spectrum of the e-shell 
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300 acrylate based polymer indicates that it contains carbon and oxygen; other elements, 

including those with known toxicity, were not observed. Nanoindentation testing of e-shell 

300 acrylate based polymer provided hardness and Young‘s modulus values of 162.9 ± 2.3 

MPa and 2.8 GPa ± 0.0, respectively. Park et al. indicated that microneedles produced from 

materials with a Young‘s modulus values greater than ~1 GPa possess fracture forces that 

surpass skin insertion forces.
52

 Park et al. recently demonstrated fabrication of microneedles 

out of poly-lactic-co-glycolic acid, which exhibits a Young‘s modulus of 3 GPa; they 

described the relationship between Young‘s modulus, aspect ratio, and failure force.
53

 

 

 

Fig. 3 Fourier transform infrared spectrum of e-shell 300 acrylate-based polymer. 
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The twenty-four hour MTT assay for proliferation of neonatal epidermal keratinocytes and 

human dermal fibroblasts on e-shell 300 acrylate based polymer are shown in Fig. 4. 

Statistical analysis of the cell proliferation data was performed using the Student‘s t-test (p < 

0.05). The test materials remained stable and intact in the cell culture media. MTT viability 

of neonatal human keratinocytes was significantly higher for e-shell 300 acrylate-based 

polymer than for glass. MTT viability of neonatal human keratinocytes was significantly 

lower for e-shell 300 acrylate-based polymer than for polystyrene well plates. MTT viability 

of human dermal fibroblasts on e-shell 300 was significantly lower than on glass or on 

polystyrene well plates. 

 

 

 



422 

 

 

Fig. 4 MTT viability of neonatal human epidermal keratinocytes and human dermal 

fibroblasts on e-shell 300 acrylate-based polymer, polystyrene well plate, and glass is shown. 

Error bars indicate standard error of the mean. 

 

Information provided by the supplier indicates that the surfaces of the polystyrene wells were 

modified with corona discharge in order to incorporate oxygen-containing chemical groups 

within surface polystyrene chains; increase surface hydrophilicity; and enhance cell 

spreading and attachment. The glass cover slips were not modified to enhance cell spreading 

and attachment. The acrylate-based polymer did not exhibit cytotoxicity in a manner that 

would raise concerns regarding potential in vivo use in a microneedle device. 
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A limitation on the writing speed of the two photon polymerization process for eshell 300 

acrylate-based polymer microneedle fabrication was obtained from scanning electron 

microscopy images of solid microneedles, which were prepared using an input file height of 

750 µm and an input file base diameter of 125 µm. As shown in Fig. 5, microneedles 

processed using write speeds above 150 exhibited tips with insufficient structural integrity; 

bending of the microneedle tips was observed.  

 

 

Fig. 5 Scanning electron microscopy image obtained at 45
o
 tilt of solid e-shell 300 

microneedles, which were created by means of two photon polymerization. Mark speeds 

(from front to back) of 250, 50, 100, 150, and 200 are shown. 

 

A scanning electron microscopy image of a hollow microneedle array on a glass cover slip is 

shown in Fig. 6. The measurements of the microneedles are slightly larger than those of the 
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input stereolithography (STL) files. For example, one set of microneedles was produced 

using an input file height of 375 µm, base diameter of 250 µm, and channel diameter of 30 

µm; these microneedles exhibited a measured height of 614 ± 12 µm (Fig. 6a). Another set of 

microneedles was produced using an input file height 500 µm, base diameter of 250 µm, and 

channel diameter of 30 µm; these microneedles exhibited a measured height of 710 ± 10 µm 

(Fig. 6b and 6c). Unlike some of the microneedles processed using more rapid write speeds 

(Fig. 5), the microneedles processed using a write speed of 100 (Fig. 6d) exhibited tips that 

remained upright.  
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Fig. 6 Scanning electron microscopy images obtained at 45
o
 tilt of e-shell 300 hollow 

microneedles on glass substrates, which were produced using two photon polymerization. (a) 

Image of 614 ± 12 µm long microneedle array. (b) Image of 710 ± 10 µm long microneedle 

array. (c) Image of 710 ± 10 µm long individual microneedle. (d) Image of 710 ± 10 µm long 

individual microneedle. The base diameter of these microneedles is 226 ± 5 µm. Dimensions 

are shown as average ± standard deviation. 
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It should be noted that the 10x objective is not well suited for making large structures (e.g., a 

freestanding microneedle array, containing both the substrate and the microneedles) due to 

radial laser energy degradation.  Due to refraction and aberration, the intensity at the focal 

point in the resin decreases as distance from the focal plane center increases. The radial laser 

energy degradation between the edge and the center of a large structure (e.g., a freestanding 

microneedle array) was so great that the structure could not be fabricated using a 10x 

objective. In moving from the 10x objective to the 5x objective, the radial laser energy 

degradation was reduced by approximately half.  
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Fig. 7 Scanning electron microscopy images of e-shell 300 hollow microneedle array, which 

was produced using two photon polymerization. (a) Image of microneedle array obtained at 

45
o
 tilt. (b) Image of individual microneedle obtained at 45

o
 tilt. (c) Image of individual 

microneedle obtained at 0
o
 tilt. The length and base diameters of these microneedles are 508 

± 33 µm and 212 ± 3 µm, respectively. Dimensions are shown as average ± standard 

deviation. 
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Fig. 7 contains scanning electron microscopy images of a freestanding microneedle array, 

containing both the substrate and the microneedles. These microneedles exhibited a measured 

height of 508 ± 33 µm and a measured diameter of 212 ± 3 µm (Fig. 7a and 7b). No 

discontinuities were observed at the interfaces between the microneedles and the substrate 

(Fig. 7c). It should be noted that the microneedle structure shown in Fig. 7a, which was 

produced with a 5x objective, exhibits less precise small-scale features than the microneedle 

structure shown in Fig. 6a, which was produced with a 10x objective. It is interesting to note 

that the measured base diameter obtained using the 10x objective was smaller than the input 

file base diameter; this finding was attributed to shrinkage of the material during 

polymerization. On the other hand, the measured base diameter obtained using the 5x 

objective was larger than the input file base diameter; this finding was attributed to the fact 

that the voxel size exceeds the material shrinkage. The nonuniform ‗‗pillow top‘‘-like 

morphology of the substrate was attributed to radial laser energy degradation. Minimized 

processing time and minimized processing cost are obtained by performing two- photon 

polymerization using the most rapid possible write speed. Objective election and mark speed 

are two of several laser-material interaction parameters that can be readily altered to produce 

structures with optimized geometries using two-photon polymerization.  

 

Multiphoton microscopy was used to observe quantum dot delivery into porcine skin via a 

two-photon polymerization-fabricated e-shell 300 microneedle array as well as via topical 

application. Z-stack images of a microneedle in porcine skin prior to quantum dot injection 

(Fig. 8a), a microneedle in porcine skin after quantum dot injection (Fig. 8b), and quantum 
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dots topically applied to porcine skin (Fig. 8c) are shown. The microneedles are presented as 

surface renderings (in gray) and the quantum dots are presented as maximum projections (in 

red). Thresholding values for surface renderings were 62.800 µm
2
 for the Z-stack images of 

the microneedle in porcine skin prior to quantum dot injection and 35.040 µm
2
 for the Z-

stack images of the microneedle in porcine skin after quantum dot injection.  

 

 

Fig. 8 Multiphoton microscopy images of quantum dot injection via two photon 

polymerization- fabricated e-shell 300 microneedle array as well as via topical application. 

The microneedles are presented as surface renderings (in gray) and the quantum dots are 

presented as maximum projections (in red). (a) Microneedle in porcine skin prior to quantum 

dot injection. (b) Microneedle in porcine skin after quantum dot injection. A broad 

distribution of the quantum dots in the deep epidermis and dermis was observed. (c) 

Quantum dots topically applied to porcine skin. The topically applied quantum dots exhibited 

poor penetration and remained in the topmost 50 µm region of the epidermis. 
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The e-shell 300 acrylate-based polymer was noted to fluoresce under multiphoton excitation; 

the use of e-shell 300 or similar materials may be beneficial for transdermal theranostics 

activities involving multiphoton microscopy. Since time is needed to acquire Z-stack image 

data and adjust image acquisition settings, quantitative time-dependent data on quantum dot 

movement over time was unable to be obtained. 

 

Another drawback of the multiphoton microscopy setup involved the use of a water 

immersion lens, which required a water column between the objective and the sample. Water 

was placed on the backside of the microneedle array. It is possible that capillary forces in the 

channels pulled some of the water through the microneedles and even into the skin, resulting 

in dilution of quantum dot solution. Refraction from the skin resulted in reduced image 

quality from deep tissue regions; neither the e-shell 300 acrylate-based microneedles nor the 

quantum dots could be imaged beyond a depth of ~500 µm from the skin surface. Levene et 

al. recently demonstrated the use of gradient index lenses with needle-like dimensions for 

multiphoton microscopy with subcellular resolution; in vivo images of quantum dots within 

tissues that were several millimetres within an anesthetized, intact murine model (e.g., 

hippocampal tissue and cortical layer tissue) were obtained.
55

  

 

The topically applied quantum dots exhibited poor penetration; they remained in the topmost 

50 mm region of the epidermis. Ryman-Rasmussen et al. investigated topical administration 

of Qdot® 565 ITK
TM

 carboxyl quantum dots; the carboxyl quantum dots were shown to 

penetrate the stratum corneum and primarily localize in the epidermis by eight hours; 
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fluorescence intensity maps suggested that penetration occurred by means of a passive 

diffusion mechanism.
54

 They suggested that quantum dot penetration by carboxylic acid-

coated quantum dots (hydrodynamic size = 14 nm) occurred by means of diffusion within the 

intracellular space. After being pressed against the skin, the microneedles penetrated to 

nearly their full length. After quantum dot injection via the microneedle array, broad 

distribution of the quantum dots in the deep epidermis and dermis was observed. Quantum 

dots administered via microneedle injection were well distributed within fifteen minutes. 

Quantum dots were also observed in between the microneedles and the skin; this finding was 

attributed to migration of the quantum dot solution along the microneedle-created pores. In 

previous work, Gittard et al. used solid e-Shell 200 acrylate-based polymer microneedle 

arrays to create pores in human stratum corneum and epidermis. Optical imaging of the 

microneedle-created pores revealed that they were irregular in shape and were smaller than 

the microneedle dimensions; this finding was attributed to anisotropic tensile forces 

associated with collagen and other skin tissue components.
33

 The small microneedle channel 

dimensions may enable precise delivery of a theranostics agent. 

 

Conclusions  

 

In this study, we demonstrated that two-photon polymerization can be used to produce a 

freestanding microneedle array, containing both the substrate and the microneedles. The e-

shell 300 acrylate-based polymer microneedles successfully created pores in the stratum 

corneum layer, which enabled administration of the quantum dot solution to the deep 
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epidermis and dermis. Microneedles enabled more rapid distribution of quantum dots to deep 

epidermal and dermal layers of porcine skin than topical administration. Multiphoton 

microscopy enabled imaging of quantum dots as well as microneedles within the skin; this 

approach may be useful for theranostics applications involving a variety of tissues. The 

ability to transdermally deliver quantum dots by means of microneedles is advantageous for 

theranostics applications due to the fact that microneedles are associated with minimal pain 

sensation, injection site trauma, and injection site inflammation. Two-photon polymerization 

may be used to fabricate microneedles with patient-specific use, including (a) use for depth-

dependent transdermal delivery and (b) use for delivery of quantum dots as well as for 

withdrawal of blood and/or interstitial fluid.  It is anticipated that microneedles fabricated by 

means of two photon polymerization may enable precise transport of theranostics agents into 

epidermal, dermal, or subdermal tissues.  
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3.10  Supercapacitive transport of pharmacologic agents using 

nanoporous gold electrodes 

 

The following section is the pre-peer reviewed version of the following article: 

Biotechnology Journal, Volume 5, Gittard SD, Pierson BE, Ha CM, Wu CAM, Narayan RJ, 

Robinson D.B. Supercapacitive transport of pharmacologic agents using nanoprous gold 

electrodes, pages 192-200, Copyright 2010. Reproduced by permission of Wiley-VCH Verlag 

GmbH & Co. KGaA 
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In this study, nanoporous gold supercapacitors were produced by electrochemical dealloying 

of gold-silver alloy. Scanning electron microscopy and energy dispersive X-ray spectroscopy 

confirmed completion of the dealloying process and generation of a porous gold material 

with ∼10 nm diameter pores. Cyclic voltammetry and chronoamperometry of the nanoporous 

gold electrodes indicated that these materials exhibited supercapacitor behavior. The storage 

capacity of the electrodes measured by chronoamperometry was ∼3 mC at 200 mV. 

Electrochemical storage and voltage- controlled delivery of two model pharmacologic 

agents, benzylammonium and salicylic acid, was demonstrated. These results suggest that 

capacitance-based storage and delivery of pharmacologic agents may serve as an alternative 

to conventional drug delivery methods. 
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1 Introduction 

Many protein- and nucleic acid-based pharmacologic agents cannot be administered in oral 

form, because they may be metabolized by the intestine, liver, or kidneys before reaching 

systemic circulation [1]. These pharmacologic agents are currently administered via 

intravenous injection in order to avoid diffusional barriers and enzymatic barriers; 

intravenous administration provides complete and instantaneous absorption of a 

pharmacologic agent. Protein- and nucleic acid-based pharmacologic agents may also be 

injected using hypodermic needles into dermal tissue (intradermal injection), muscular tissue 

(intramuscular injection), or subcutaneous tissue (subcutaneous injection).  

 

Use of hypodermic needles is associated with several shortcomings, including pain to the 

patient, trauma at the injection site, and medical expertise to administer the injection [2–4]. 

For example, Gill et al. [5] determined that the average visual analog scale pain score for 
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subcutaneous insertion of hypodermic needles was 39 mm on a 100 mm scale. Discomfort 

may persist after hypodermic needle-based injection of a pharmacologic agent; Nir et al. [6] 

showed that 35% of patients noted persistence of mild to moderate pain 3 days after 

receiving injected vaccinations.  

 

Several alternatives to hypodermic needle-based injection have been developed for directly 

administering pharmacologic agents through the skin [7–11].  For example, transdermal 

patches are a commonly used alternative to hypodermic needles for transdermal delivery of 

pharmacologic agents [12]. It should be noted that the outermost layer of the skin (the 

stratum corneum) contains corneocytes as well as intercorneocyte lipids, which serve as a 

microscopic ―brick and mortar‖ diffusion barrier that limits transport of large, charged, or 

polar molecules; use of transdermal patches is currently limited to small molecular weight 

neutral pharmacologic agents [13–16]. Another method for enhancing transport of 

pharmacologic agents across the skin is by disrupting the ordered lipid structure of the 

stratum corneum with chemical penetration enhancers [17]. Unfortunately, many chemical 

penetration enhancers are associated with skin irritation [12]. Ultrasound may also be used to 

disrupt the lipid structure of the stratum corneum and improve transport of pharmacologic 

agents [18]. Low frequency (∼20 kHz) ultrasound induces the formation of cavitation 

bubbles, which reversibly increase the permeability of the stratum corneum; this technique 

enables transport of only low molecular weight pharmacologic molecules [12, 19]. In 

iontophoresis, a low voltage is used to drive pharmacologic agents across the stratum 

corneum [20]. This method is an efficient mechanism for delivering charged molecules, 
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although transport of neutral molecules has also been achieved [21]. The benefit of this 

technique is that the drug delivery rate can be easily altered by modulating the voltage that is 

applied between the reservoirs. It should be noted that the use of iontophoresis for drug 

delivery is associated with several shortcomings. For example, current regulations require the 

current in iontophoresis devices to remain below 0.5 mA/cm2, which places an upper limit 

on pharmacologic agent flux [1]. In addition, application of current to the skin can cause 

irritation and damage [1]. It should also be noted that ions with high mobilities in the 

surrounding tissue as well as counter ions in the device (e.g., Na+ and Cl−) can balance the 

voltage difference and reduce pharmacologic agent transport [20]. It has been difficult to 

achieve reproducible outcomes using ultrasound- or iontophoresis- mediated delivery due to 

variations in skin anatomy between patients. 

 

Microneedles are microscale lancet- or hypodermic needle-shaped devices exhibiting at least 

one dimension that is less than 1 mm in length [22–29]. These devices create pores in stratum 

corneum, which serve as conduits for transport of pharmacologic agents. Pain to the patient 

may be reduced or eliminated due to the fact that there are limited interactions between 

microneedles and Meissner‘s corpuscles, Pacinian corpuscles, and other nerve endings [5]. 

Drug delivery has been achieved using a variety of methods, including coating microneedles 

with pharmacologic agents [23] as well as suspending pharmacologic agents within 

biodegradable microneedles [24–26]. Hollow microneedles may enable diffusion- or 

pressure- driven transport of pharmacologic agents through the stratum corneum to be 

adjusted over an extended period [27–31]. Pumps used for the delivery of pharmacologic 
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agents through microneedles may also be used for the extraction of blood and other 

biological fluids. Several concerns remain regarding the use of microneedles, including skin 

damage, dose titration, and pharmacologic agent stability, and kinetics of pharmacologic 

agent movement [22].  

 

Electrically-induced delivery from a porous electrode may also be used for the administration 

of pharmacologic agents. In this technique, an electrochemical double-layer supercapacitor, 

which consists of two electrodes in a salt solution, is used to administer anionic or cationic 

pharmacologic agents. A voltage is applied between the two electrodes in the double layer 

capacitor. An increased number of anions in the salt solution are electrostatically adsorbed 

onto the surface of the positively biased electrode (working electrode). Cations in the 

solution are adsorbed onto the opposite electrode, which is known as the counter electrode. In 

an ideal capacitor, the applied voltage is proportional to the amount of charge adsorbed to the 

surface. As a result, adsorbed ions are released from the surface when the voltage between 

the electrodes is reduced.  

 

A conventional parallel-plate electrode pair does not have sufficient storage capacity in order 

to medically relevant amounts of pharmacologic agents. For example, the specific 

capacitance of a planar bare metal electrode Cdl charged with a typical salt (e.g., sodium 

chloride) is ∼10−5 F/cm2. Converted with Faraday‘s constant (F = 105 Coulombs/ mole), 

this is 10−10 moles/Vcm2. Charged to 1 V, an electrode pair the size of a football field 

would be required to store only a few millimoles of a charged pharmacologic agent.  
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Relatively large surfaces can be incorporated into small volumes in nanoporous materials. 

We take as an example a nanoporous electrode in which each point on the electrode is within 

a few atoms of the surface. These electrodes can be modeled as arrays of cylindrical pores, 

each with capacitance: 

 

  
rLCC dlpore 2

                                                                                                          (1) 

 

If the electrode is considered as a cube in which the pores are densely packed in a square 

array and are separated by one pore radius, then the number of pores is L
2
/(3r)

2
. The 

capacitance per unit volume can be written as:  

 

r

C
C dl

vol
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2


                                                                                                                  (2) 

 

The molarity of stored salt in the electrode per volt can be written as: 

 Fr

C

volt

molarity dl

9

2


                                                                                              (3)      

                                     

Table 1 shows the predicted number of moles stored per liter of electrode volume per volt as 

a function of pore radius in which Cdl = 20 μF/cm
2
. Pores in the 1–10 nm range are 

achievable through various methods, including pyrolysis of template polymers to form 
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porous carbon electrodes [32], reduction of metals in surfactant templates [33, 34], and 

dealloying [35–37]. It should be noted that structures prepared using these techniques are not 

square arrays of uniform cylindrical pores. In addition, specific adsorption can affect the 

amount of the pharmacologic agent that may be delivered [38]. In any case, this model can 

closely capture the behavior of nanoporous materials. The charging rate of porous electrodes 

has been examined by several investigators, including Keiser et al., Posey, and de Levie [39–

42].  

 

Porosity-enabled supercapacitance has been investigated for a number of applications. For 

example, porosity-enabled supercapacitance is being considered for use in energy storage 

[44–46], desalination [47, 48], and other chemical separation processes [49]. A number of 

pharmacologic agents have been electrically delivered from conducting polymer films, 

including salicylate, dopamine, glutamate, and nucleic acid-based agents [50–53]. 

Supercapacitance-based delivery offers several advantages over hypodermic needle-based 

injection and other transdermal drug delivery techniques.  For example, many conventional 

transdermal drug delivery methods require pharmacologic agents to be administered in liquid 

form. Injection of liquid into tissues may result in swelling, tissue damage, and pain [54, 

55].This liquid injection-related pain may be observed over a relatively large area and for a 

significant period of time after the hypodermic needle injection. Pain, swelling, and tissue 

damage associated with injection of liquids may be eliminated since no liquid medium is 

utilized for supercapacitance-based delivery of pharmacologic agents. The release of 
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pharmacologic agents from supercapacitance-based devices is voltage-dependent and may be 

readily altered. 

 

In this study, fabrication of nanoporous gold supercapacitors by electrochemical dealloying 

for use as drug delivery devices was demonstrated. Electrochemical characterization via 

cyclic voltammetry and chronoamperometry confirmed the capacitive behavior of the 

nanoporous gold electrodes. Loading and delivery of a model drug was demonstrated through 

both electrical and spectroscopic studies. 

 

 

 

2 Experimental procedure  

 

All chemicals were supplied obtained from a commercial source (Sigma–Aldrich, St. Louis, 

MO, USA). Electrochemical etching of 1:1 weight ratio Au–Ag alloy wires (Refining 

Systems Inc, Las Vegas, NV, USA) was performed in order to create nanoporous Au wires. 

First, a 0.1 mm diameter gold wire (Alfa Aesar,Ward Hill, MA, USA) was loosely coiled 
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around a 2 cm segment of a 0.2 mm diameter Au–Ag alloy wire. Coiling density was 

approximately five turns per centimeter. The pure gold wires were manipulated after etching 

in order to ensure that a defined porous wire length was exposed to the solution [35, 36]. The 

braided wires were then annealed at 650°C overnight, which served to minimize wire 

fracture. The annealed wires were then placed in a bath of 1 M HNO3 and 10 mM AgNO3. 

The annealed alloy wires, a platinum wire, and a silver wire were then connected to the 

working, counter, and reference leads of a Model 273A potentiostat (Princeton Applied 

Research, Oak Ridge,TN, USA), respectively.A diagram of this etching setup is provided in 

Fig. 1a. A voltage of 1200 mV was then applied for 30 min between the working and counter 

electrodes in order to initiate the dealloying process. The applied voltage induced galvanic 

corrosion of the alloy, which resulted in transfer of silver to the counter electrode.The 

departure of silver resulted in the formation of nanoscale pores in the Au–Ag alloy. Field 

emission scanning electron microscopy (JEOL,Tokyo, Japan) was performed on 

electrochemically etched gold wires in order to examine surface morphology of these 

materials. Energy dispersive X-ray spectroscopy was carried out using an S-3200 scanning 

electron microscope (Hitachi, Tokyo, Japan) in order to determine the elemental composition 

of the nanoporous wires. 
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Figure 1. (a) Diagram showing electrochemical dealloying of Au–Ag alloy to produce 

nanoporous gold electrodes. (b) Chemical structure of sodium trifluoroacetate and 

benzylammonium salicylate. (c) Diagram of apparatus used for examining capacitive storage 

and delivery of benzylammonium salicylate. 
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A two-electrode electrochemical cell was created by connecting one nanoporous gold wire to 

the working lead and the other wire to the counter and reference leads of the potentiostat. The 

gold support wires were threaded through holes in the lid of a 4 mL cuvette in order to allow 

the wires to be handled simultaneously without coming into contact during testing. The wires 

were then submerged in an analyte by placing a lid on a cuvette that contained the analyte of 

interest.  Three electrochemical characterization studies were performed using the two 

electrode cells in order to assess their electrochemical behavior. First, cyclic voltammetry 

was performed in order to determine the charging dynamics of the nanoporous electrodes. In 

the cyclic voltammetry study, a triangular voltage wave was applied between the electrodes 

and the current flow was measured. A voltage sweep was performed at 5 mV/s over a range 

from –200 to 200 mV. Chronoamperometry was performed by applying a voltage and 

obtaining current measurements over time. Voltages of 100 and 200 mV were applied to the 

electrodes. Both of these experiments were performed in 100 mM sodium trifluoroacetate 

and 50 mM benzylammonium salicylate.  

 

Two salt solutions were used as test analytes in the electrochemical cell: sodium 

trifluoroacetate and benzylammonium salicylate. Sodium trifluoroacetate was selected due to 

the nearly identical mobilities of the two ions, a characteristic that is desirable for examining 

the charging dynamics of an electrochemical cell. Benzylammonium salicylate was chosen as 

an analyte for modeling drug delivery. Both ions in this salt solution served as model 

pharmacologic agents. Benzylamine is chemically similar to pharmacologic agents that are 

commonly used for topical treatment of dermatophyte infections, including butenafine 
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hydrochloride (Lotrimin Ultra™) and terbinafine hydrochloride (Lamisil™) [56]. Salicylic 

acid is a pharmacologic agent similar to aspirin (acetylsalicylic acid) that used as for 

increasing blood circulation in the skin by means of capillary dilation [57]. The chemical 

structures of these molecules are shown in Fig. 1b. 

 

As presented in Fig. 1c, the wire was charged to a defined voltage in a loading solution, 

rinsed, and discharged in a recovery solution. Specifically, 200 mV was applied between two 

nanoporous gold electrodes in a 30 mM benzylammonium salicylate cell in order to 

electrostatically store the pharmacologic agent on the electrodes.While maintaining an open 

circuit between them, the electrodes were dipped into deionized H2O to wash off any 

benzylammonium salicylate that was not electrostatically bound.  The electrodes were 

subsequently moved to a 4 mL solution of 10 mM sodium trifluoroacetate. One hundred 

millivolts was then applied in order to release the pharmacologic agent from the electrodes.  

The electrodes were then washed again in deionized H2O and placed into a new 4 mL 

solution. The voltage was reduced to 0 mV, or first to 100 mV and then 0 mV. Salicylate 

absorbs light at λ = 300 nm; in our cuvette, its absorbance scales linearly with concentration 

between 0.01 and 0.1 mM.  A Model SQ3802 UV–Visible spectrometer (Unico, Princeton, 

NJ, USA) was used to determine the amount of pharmacologic agent that was released into 

the solutions. Additionally, the total charge passed to and from the electrodes during storage 

and release was measured during steps from 200 to 0 mV and 100 to 0 mV. 
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3 Results and discussion 

 

Scanning electron microscopy demonstrated that the electrochemically etched wires have a 

sponge-like porous morphology (Fig. 2a).The pore size was shown to be 10 ± 5 nm in 

diameter. Energy dispersive X-ray spectroscopy (Fig. 2b) determined that 5 wt% silver 

remained on the 1:1 weight ratio Au–Ag alloy wires electrodes that underwent etching. Other 

studies have also shown that this electrochemical etching method results in nearly complete 

removal of silver [35]. Cyclic voltammograms of the nanoporous gold electrodes in 100 mM 

sodium trifluoroacetate and 50 mM benzylammonium salicylate solutions are shown in Figs. 

3a and b, respectively.  The cyclic voltammograms demonstrate a tilted, parallelogram shape, 

suggesting that charging was not complete over the timescale of the experiment.  A purely 

capacitive circuit would have provided cyclic voltammetry data with a more rectangular 

shape [58, 59]. Porous electrodes are known to charge by a I ∝ 1/√⎯t power law, which 

exhibits a long, slow asymptote as the deepest parts of the wire are charged. The capacitance 

of benzylammonium salicylate was lower than the capacitance of sodium trifluoroacetate and 

the tilt of the curve was higher; these results were attributed to the fact that benzylammonium 

salicylate is a bulkier ion and its resistivity inside the pore is apparently higher. Interactions 

with pore walls are likely to influence ion mobility; bulky ions adsorbed near the surface may 

interfere with transport of ions farther inward. 
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Figure 2. (a) Scanning electron micrograph of nanoporous gold electrode produced by 

electrochemical etching. The average pore diameter is 9.86 ± 4.92 nm. (b) Energy dispersive 

X-ray spectrum of etched nanoporous wire after background subtraction. The wires were 

shown to contain 94.86 wt% gold and 5.14 wt% silver. 

 

We did not observe redox reactions or highly nonlinear capacitance over this range for 

benzylammonium salicylate and sodium trifluoroacetate. In voltammograms of other 

analytes, such as Fe(bipyridine)3SO4 and potassium aminobenzoate, we observed large 

current excursions indicative of redox reactions in certain voltage ranges. Since redox 

reactions can alter the chemical structure and biological activity of a pharmacologic agent, it 

is important to maintain voltage within a range where redox of the pharmacologic agent does 

not occur. Studies have also indicated that electrode performance is diminished at large (> 1 

V) voltages. Little variation was observed in cyclic voltammetry and chronoamperometry 
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data that was obtained with reused electrodes; e.g., voltammograms performed in 30 mM 

sodium trifluoroacetate varied by about 2.5% over three scans.  

 

The chronoamperometry responses of the electrodes in 100 mM sodium trifluoroacetate and 

50 mM benzylammonium salicylate solutions are presented in Figs. 3c and d.  The response 

with sodium trifluoroacetate is comparable to the exponential response of an ideal resistor-

capacitor circuit, indicating that it becomes nearly fully charged over the timescale of the 

experiment. 
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Figure 3. Electrochemical characterization of nanoporous electrodes. (a) Cyclic voltammetry 

of 100 mM sodium trifluoroacetate. (b) Cyclic voltammetry of 50 mM benzylammonium 

salicylate at a 5 mV/s scan rate. (c) Chronoamperometry of 100 mM sodium trifluoroacetate 

with 100 and 200 mV applied. (d) Chronoamperometry of 50 mM benzylammonium 

salicylate with 100 and 200 mV applied. 

 

The total charge stored on the wire can be calculated by integrating the chronoamperometry 

response (Table 2). As shown in the chronoamperometry response waveforms, applying 

higher voltages results in greater charge storage. In addition, the storage capacity was not 

dependent on the analyte over the longer timescale of this experiment. Figure 4 shows the net 
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charge accumulated on electrodes during charging and discharging of 50 mM 

benzylammonium salicylate.  The charging and discharging profiles are similar, indicating 

that the process is nearly reversible.  We have also observed this phenomenon in several 

repeated charge-discharge cycles for sodium trifluoroacetate and sodium salicylate. The 

reversibility and long cycle life of porous electrodes forms the basis for use of these materials 

in supercapacitor and chemical separation applications [48]. 
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Figure 4. Net charge accumulated on electrodes during charging and discharging of 50 mM 

benzylammonium salicylate. Charging was performed with applied voltages of 100 and 200 

mV and discharging was performed by applying 0 mV. 
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UV spectroscopy of the solutions with electrostatically delivered benzylammonium salicylate 

confirmed that nanoporous gold supercapacitors enabled storage and release of the model 

pharmacologic agent.  UV absorption spectra are shown in Fig. 5; the amount of 

benzylammonium salicylate released by the nanoporous electrodes as computed from these is 

presented in Table 3. The absorption data corresponded with the trends in 

chronoamperometry data, which indicated that the storage capacity at 200 mV was more than 

double the storage capacity at 100 mV. The measured charge released via spectroscopy 

(converted from moles through Faraday‘s constant, 96500 Coulombs/ mole) was greater than 

the charge obtained from chronoamperometry, with a greater discrepancy occurring for 200 

mV than for 100 mV. The measured storage capacities were 6.33 mC versus 3.078 mC and 

1.77 mC versus 1.189 mC for 200 and 100 mV, respectively. One explanation for the 
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nonlinear\ storage capacity behavior is voltage dependent ion-pair adsorption. Upon a change 

in voltage, ion pairs can adsorb to (or desorb from) the electrode surface due to its changing 

chemical nature, carrying no net charge with them [59–61]. For example, this phenomenon 

may take place when anions coordinate to positively biased metal electrodes.  Voltage 

dependent ion-pair adsorption would result in greater charge than what can be accounted for 

solely by capacitance. Chronoamperometry only measures charge storage via capacitance, 

whereas UV absorption spectroscopy measures the total charge storage; as a result, the 

spectroscopically derived charge storage values would be higher if voltage dependent ion-

pair adsorption took place. 

 

Figure 5. UV absorption spectrum of benzylammonium salicylate electrostatically stored in 

electrodes and delivered into 4 mL of 10 mM sodium trifluoroacetate. Quantity of drug 

released corresponded to voltage in a non-linear manner. 
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4 Conclusions 

 

In this study, electrically controlled delivery of charged pharmacologically-relevant 

molecules by charging and release from supercapacitors was demonstrated. Electrochemical 

etching was shown to be an effective method to fabricate nanoporous electrodes out of gold–

silver alloy. Ion adsorption and desorption were found to be voltage dependent but non-

linear; storage capacity was shown to be augmented by voltage-dependent specific 

adsorption of ion pairs.  This phenomenon is worthy of further study using a wider range of 

pharmacologic agents and electrode materials. Examination of controlled loading and release 

of other pharmacologically relevant molecules, particularly nucleic acids, is one promising 

area of future work. 

 

Another important consideration is the nature of the liquid in which a drug is discharged. For 

example, when magnesium sulfate was used in the discharge solution instead of sodium 

trifluoroacetate, spontaneous discharge of drug was observed without altering the voltage. 

This behavior is expected if ion exchange is able to either decrease capacitance or introduce 

more favorable specific adsorbates; replacing a monovalent salt with a divalent salt is one 

possible mechanism for achieving this outcome. If such short-circuiting mechanisms exist, 

then the demonstrated voltage dependence may in fact reflect control over the rate of release 

and not necessarily control over the long-term absolute dose. The absolute dose may be 

regulated by controlling the initial amount of the pharmacologic agent that is stored in the 

electrodes. 



461 

 

 

At first glance, this approach appears limited to applications that require only small, targeted 

doses. However, integration of porous electrodes into a microneedle platform coupled to a 

microfluidic system may allow for repeated charging and discharging, so that overall dose is 

not bounded by electrode volume. In vitro and in vivo experiments are needed to examine 

pharmacologic agent transport in tissues after supercapacitor-based delivery. In addition, the 

incidence of skin trauma, inflammation, and infection following supercapacitor insertion into 

the skin needs to be assessed [22].With its potential to reduce cost, minimize pain, and 

reduce tissue damage, supercapacitive drug delivery may provide advantages over 

conventional drug delivery methods. 
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4. RAPID PROTOTYPING OF MICRO- AND NANOSCALE 

DEVICES FOR REGENERATIVE MEDICINE 

 

4.1  Rapid prototyping of scaphoid and lunate bones 

 

The following section is the pre-peer reviewed version of the following article: 

Biotechnology Journal, Volume 4, Gittard SD, Narayan RJ, Lusk J, Morel P, Stockmans F, 

Ramsey M, Laverde C, Phillips J, Monteiro-Riviere NA, Ovsianikov A, Chichkov BN.Rapid 

prototyping of scaphoid and lunate bones, pages 129-134. Copyright 2009. Reproduced by 

permission of Wiley-VCH Verlag GmbH & Co. KGaA 
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In this study, a novel rapid prototyping technology was used to fabricate scaphoid and lunate 

bone prostheses, two carpal bones that are prone to avascular necrosis. Carpal prostheses 

were fabricated with an Envisiontec Perfactory® SXGA stereolithography system using 

Envisiontec eShell 200 photocurable polymer. Fabrication was guided using 3-D models, 

which were generated using Mimics software (Materialise NV, Leuven, Belgium) from 

patient computer tomography data. The prostheses were fabricated in a layer-by-layer 
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manner; ~50-μm thick layers were observed in the prostheses. Hardness and Young‘s 

modulus values of polymerized eShell 200 material were 93.8 ± 7.25 MPa and 3050 ± 90 

MPa, respectively. The minimum compressive force required for fracture was 1360 N for the 

scaphoid prosthesis and 1248 N for the lunate prosthesis. Polymerized Envisiontec eShell 

material exhibited high human neonatal epidermal keratinocyte cell viability rate in an MTT 

assay. The results of this study indicate that small bone prostheses fabricated by 

stereolithography using eShell 200 polymer may have suitable geometry, mechanical 

properties, and cytocompatibility properties for in vivo use. 

 

Correspondence: Dr. Roger Narayan, University of North Carolina – 

Biomedical Engineering, 152 Macnider Hall Campus Box 7575, Chapel 

Hill, North Carolina 27599-7575, NC, USA 

E-mail: roger_narayan@msn.com 

Fax: +1-509-696-8481 

 

Abbreviations: CAD, computer-aided design; MT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide. 

 

Keywords: Biomaterials · Prostheses · Rapid prototyping 

 

Fracture of the carpal bones (small bones in the hand) commonly occurs as a result of motor 

vehicle accident or physical activity. Avascular necrosis (absence of blood supply to the 
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bone) can result from fracture to these bones. Nonunion of the wrist bones can in turn result 

in arthritis, which is associated with several problems, including pain, reduced range of 

motion, weakened grip strength, and joint instability [1]. 

 

The scaphoid and lunate are two carpal bones that are frequently affected by avascular 

necrosis [2].These bones are located on the proximal row of the carpal bones, where they 

articulate with a bone in the forearm known as the radius. The multiple surfaces of these 

bones allow the wrist joint to exhibit wide range of motion and maintain stability. The 

scaphoid exhibits a boat-like shape and a length of ~25.8 mm [3]. The superior, inferior, 

medial, and distal convex surfaces of the scaphoid articulate with the surrounding bones. On 

the other hand, the dorsal, volar, and lateral surfaces serve as ligament attachment sites. The 

lunate has a crescent shape with wedge shapes at its lateral and dorsal ends. Its superior, 

inferior, lateral, and medial surfaces are sites of bone articulation and the dorsal and volar 

surfaces are sites of ligament attachment. The shape of both scaphoid and lunate bones can 

vary greatly from patient to patient [3, 4]. 

 

The vascularity of the wrist provides poor circulation to the scaphoid and lunate [2]. 

Consequently, fracture of these bones often results in avascular necrosis [1, 2, 5]. The 

scaphoid is the most commonly fractured carpal bone, accounting for 71.2% of all carpal 

fractures [6]. Idiopathic avascular necrosis of the lunate bone (Kienböck‘s disease) and less 

commonly the scaphoid bone (Preiser‘s disease) have been reported [5, 7, 8, 9]. If left 

untreated, collapse of the affected bones can occur [2]. Diagnosis of avascular necrosis can 
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be performed by radiography, magnetic resonance imaging (MRI), or computed tomography 

(CT). Computed tomography is particularly helpful for determining the degree of bone 

degradation in late-stage carpal degenerative diseases [2].  

 

Treatments for carpal avascular necrosis include electromagnetic stimulation, 

immobilization, operative revascularization, and vascularized bone grafting [2]. Often a 

combination of these treatments is used. In cases of advanced bone degeneration, resection or 

excision of the carpal bones is required. Swanson introduced silastic (polydimethylsiloxane) 

implants for replacement of resected or excised carpal bones in 1970 [10]. Carpal bone 

implants fabricated using conventional silicone elastomer (CSE) and high-performance 

silicone elastomer (HSE) have been utilized for the treatment of Keinböck‘s disease and 

other conditions [11, 12].However, use of these implants is now discouraged due to concerns 

over microparticle-induced synovitis, which is a joint inflammation process that results from 

abrasion or other damage to the implant [12–15]. Proximal row carpectomy, arthrodesis, 

interposition arthroplasty, or total wrist arthroplasty are currently the most common 

treatments for avascular necrosis of the small hand bones [2, 16, 17]. 

 

Our approach is to utilize rapid prototyping technology to fabricate prostheses for treating 

carpal bone degeneration. In rapid prototyping, computer aided design (CAD) models are 

used to guide layer-by-layer additive fabrication of a given part. Obtaining CAD models of 

carpal bones for rapid prototyping is relatively simple since computed tomography data can 

both be used to make CAD models and diagnose carpal degeneration [18].Computed 



476 

 

tomography data have provided the basis for fabrication of craniofacial prostheses [19–21], 

aurical prostheses [22], knee prostheses [23], and orthopedic prostheses [24–26] using 

computer controlled milling, fused deposition modeling, 3-D printing, selective laser 

sintering, stereolithography, and other rapid prototyping techniques [22, 26, 27]. The 

combination of computed tomography data and rapid prototyping has also been used to make 

molds for prosthesis fabrication [19, 21, 22].There are several benefits to rapid prototyping of 

patient-specific prostheses, including reduced processing time, reduced cost, and the ability 

to tailor prosthesis geometry to patient requirements [26].  

 

In this study, a Perfactory® SXGA system (Envisiontec, Gladbeck, Germany) was used to 

fabricate patient-specific scaphoid and lunate prostheses. This stereolithography system uses 

STL files to precisely guide a light beam over a photocurable resin; exposure to light results 

in selective polymerization of the exposed resin. Envisiontec eShell 200, a commercially 

available photocurable resin, was used to fabricate the carpal bone prostheses. Scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy, nanoindentation, and 

compression tests were performed to assess the structural and mechanical properties of these 

prostheses. Finally, an MTT assay was performed to determine the cell viability of the eShell 

200 material that was used to fabricate the carpal bone prostheses.  

 

Three-dimensional models of the scaphoid and lunate bones were created by Dr. Filip 

Stockmans from patient CT data (Katholieke Universiteit, Leuven, Belgium). The computed 

tomography data were imported into Mimics software (Materialise, Leuven, Belgium). This 
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commercial software processes and edits computed tomography, magnetic resonance 

imaging, and microscopy scanning data in order to produce 3-D models. Mimics software 

has previously been used to design custom orthopedic implants based on computed 

tomography data [20, 21, 23].  

 

Prostheses of scaphoid and lunate bones were fabricated using Envisiontec eShell 200 

material (Envisiontec, Gladbeck, Germany).This material is a photocurable polymer designed 

by Envisiontec specifically for use on their rapid prototyping systems. Information provided 

by the supplier indicates that eShell 200 is comprised of 60–80% wt urethane dimethacrylate, 

15–30% wt propylated (2) neopentyl glycoldiacrylate, and 0.5–1.5% wt phenylbis(2,4,6 

Trimethylbenzoyl)-phosphine oxide photoinitiator. Rapid prototyping of the scaphoid and 

lunate bone prostheses was performed using an Envisiontec Perfactory® SXGA system 

(Envisiontec, Gladbeck, Germany).The Envisiontec system utilized STL format three-

dimensional models of the patient scaphoid and lunate bones in order to fabricate the carpal 

bone prostheses. This system uses a 150-W halogen bulb as the light source for resin 

polymerization. Illumination in the X,Y plane within the Envisiontec system was regulated 

by DLP (directed light projection) 

 

optics (Texas Instruments, Dallas, TX). The DLP SXGA guidance chip used for fabrication 

of carpal bone prostheses exhibits 1280 × 1024-pixel resolution. The scaphoid and lunate 

bones were fabricated in 50−μm thick layers in the Z direction. After fabrication, the 

Envisiontec eShell 200 prostheses were washed in isopropanol for two 10-min intervals in an 
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ultrasonic tank; fresh isopropanol was used for each wash cycle. Post-building curing was 

performed using a post-build oven with a 400-W UVA Enhanced Metal Halide Lamp 

(Uvitron International, West Springfield, MA). This lamp provides light exposure over a 

wavelength range of 275–675 nm.  The prostheses were placed on a glass plate in a reflective 

metal bowl and baked in an oven for 60 min; the prostheses were flipped over at 30 min.  

 

Surface morphology of the scaphoid and lunate prostheses were examined using a S3200 

scanning electron microscope (Hitachi, Tokyo, Japan) equipped with a Robinson back 

scattered electron detector.  The chemical composition of the prostheses was determined by 

energy-dispersive X-ray spectroscopy. Hardness and Young‘s modulus values of 

polymerized Envisiontec eShell 200 polymer were determined using a Nano Hardness Tester 

system (CSM Instruments, Needham, MA). Solid Envisiontec eShell 200 chips (0.2 × 3 × 1.5 

cm dimensions) were examined using a maximum force of 300 mN, loading rate of 600 

mN/min, and unloading rate of 600 mN/min. In this instrument, a Berkovich triangular 

pyramid indenter tip was driven into the material with increasing normal load. After a 

maximum force was attained, the load was reduced until either partial or complete relaxation 

took place. Hardness and Young‘s modulus values were derived from the resulting 

load/displacement curves using the Oliver and Pharr computation method [28]. Compression 

tests were performed on the scaphoid (n = 3) and lunate (n = 3) prostheses using a Bose 

ElectroForce 3300 test system (Bose, Eden Prairie, MN). The scaphoid was oriented in the 

load cell so one plate moved against the dorsal side of the waist and the other plate moved 

against the ends of the concave volar side; the loading direction was oriented perpendicularly 
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to the build layers. A compressive loading rate of 10 N/sec was applied to the prostheses; 

testing was performed under load control.  

 

The MTT assay was used to examine the viability of neonatal human epidermal keratinocytes 

on Envisiontec eShell 200 polymer. Cylindrical pellets of Envisiontec eShell 200 (n = 3) 

having a surface area of 6.08cm2 were fabricated by exposing liquid Envisiontec eShell 200 

polymer in polydimethylsiloxane molds to a high intensity ultraviolet curing lamp with 

wavelengths in the visible and ultraviolet range (Thorlabs, Newton, NJ). These pellets were 

sterilized using ultraviolet B radiation for 4 h; the pieces were rotated every 90 min and 

flipped over to ensure complete sterilization. Test materials and polystyrene culture wells 

were washed with 1 mL of keratinocyte growth media (KGM-2). KGM-2 media consists of 

serum-free keratinocyte basal media supplemented with bovine pituitary extract, epinephrine, 

GA-1000 (gentamicin-amphotericin), human epidermal growth factor, hydrocortisone, 

insulin, and transferrin. A small drop of Akwa Tears® (Akorn, Buffalo Grove, IL) was 

placed on the bottom of the polymers to secure them to the base of each well in order to 

prevent floating. Human epidermal keratinocytes (Lonza, Walkersville, MD) (285 000) were 

seeded in 10 mL of KGM-2 media and cultured at 37°C in a humidified environment of 5% 

CO2 until 70% confluency was reached. Twenty-four hours after confluency was reached, 

MTT assay (3-[4,5-dimethyl-2-thiazol]- 2,5-diphenyl-2H-tetrazolium bromide) was used to 

assess viability of the human epidermal keratinocytes [29]. A Multiskan RC ELISA plate 

reader (Labsystems, Helsinki, Finland) was used to determine absorbance at λ = 550 nm, 

which is directly proportional to mitochondrial activity. Test materials were moved to a new 
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plate prior to reading in order to prevent the influence of cells that were growing on the plate. 

Human epidermal keratinocyte counts were adjusted for surface area and statistically 

compared to media control using ANOVA (SAS 9.1 for Windows) (SAS, Cary, NC). 

 

Rapid prototyping with the Envisiontec Perfactory® SXGA system produced scaphoid and 

lunate bone prostheses that exhibited excellent fidelity with the imaging data. Images of 

CAD models (Fig. 1a) and Envisiontec eShell 200 bone prostheses (Fig. 1b) demonstrate that 

the small bone prostheses appropriately match the shape and contours of the CAD models.  

The build layers of the prostheses can be seen under high magnification using scanning 

electron microscopy (Fig. 2).The spacing between the build layers was 50 μm; this is the 

minimum layer spacing that may be obtained with eShell 200 resin in the Perfactory SXGA 

system. Other rapid prototyping procedures, including fused deposition modeling (254 μm) 

[22] and selective laser sintering (30–100 μm) [26], demonstrate a lower degree of precision. 

Energy-dispersive X-ray spectroscopy indicated that the polymerized Envisiontec eShell 200 

polymer contains carbon, oxygen, and titanium; these elements are considered to possess 

excellent biocompatibility [30, 31].  
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Figure 1. (a) CAD model of lunate (left) and scaphoid (right) bones based on patient 

computed tomography data. (b) Envisiontec eShell 200 prostheses of lunate (left) and 

scaphoid (right) bones. 
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Figure 2. Scanning electron micrograph of eShell 200 material polymerized using 

Perfactory® SXGA system. 

 

Nanoindentation testing determined the hardness of polymerized Envisiontec eShell 200 

resin to be less than that of human bone.  The hardness and Young‘s modulus of Envisiontec 

eShell 200 were 93.8 ± 7.25 MPa and 3050 ± 90 MPa, respectively; these values are lower 

than those of healthy human bone (hardness = 234–760 MPa) [32]. A characteristic plot of 

force (black line) and displacement (gray line) versus time for an eShell 200 scaphoid 

prosthesis is shown in Fig. 3. It was noted that prosthesis fracture occurred perpendicularly to 

the build layers.  The minimum compressive forces required for fracture were 1360 and 1248 

N for the scaphoid and lunate bone prostheses, respectively. In comparison, the fracture force 
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for healthy human scaphoid bones has been reported as 2410 ± 913 N [33]. The lower limit 

of fracture for healthy human scaphoid bones is similar to the lower limit of fracture for 

eShell 200 prostheses.  The MTT cell viability assay indicated that Envisiontec eShell 200 

does not adversely affect the cell viability of human epidermal keratinocytes (Fig. 4).The 

Envisiontec eShell 200 polymer demonstrated better cell viability than the polystyrene 

control surface. The cell viability rate of Envisiontec eShell 200 (107% viability compared to 

polystyrene control) is comparable to that of other photopolymers used in medical 

applications, including phosphate-containing hydrogel (97–113%) [34], acrylic acid-based 

hydrogel (95–124.6%) [35], and glass-ionomer cement (55.8–99.4%) [36]. 

 

 

Figure 3. Characteristic plot of force (black line) and displacement (gray line) versus time 

for an eShell 200 scaphoid prosthesis. 
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Figure 4. MTT viability of human epithelial keratinocytes on eShell 200 polymer and control 

substrates. 

 

In the future, medical imaging may be employed in order to prepare patient- specific medical 

prostheses, which possess appropriate design features, including size, weight, and geometry, 

for a given condition and for a given patient. While the design of implants using three-

dimensional image processing software is relatively well-established, the ability to directly 

write orthopedic prostheses with appropriate precision, mechanical properties, and 

cytocompatibility remains a challenge. Use of Envisiontec Perfactory® SXGA 

stereolithography system and eShell 200 polymer provides a promising step towards the 

development of patient-specific small bone prostheses. 
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4.2  Two-photon Polymerization of Scaffolds for Tissue Engineering 

 

Introduction 

In the past decade, two-photon polymerization has developed as a power tool for tissue 

engineering.  The flexibility in controlling geometries and fabricating scaffolds with feature 

sizes ranging from sub-micron to tens of hundreds of microns makes this technique 

particularly appealing for tissue engineering.  Several factors that are limiting the use of this 

technology are the ability to efficiently generate large scaffolds and a lack of materials that 

are well suited for tissue engineering.  In this study these challenges were addressed.  Tissue 

engineering scaffolds in novel designs that allow rapid replication and assembly and 

direction fabrication of large scaffolds was achieved.  Further, riboflavin was demonstrated 

as a photoinitiator that is compatible with two-photon polymerization. 

 

Materials and Methods 

Photopolymers 

Tissue engineering scaffolds were produced using two different photopolymer systems.  A 

commercially-available photosensitive polymer, e-Shell 300 (EnvisionTEC GmbH, 

Gladbeck, Germany) was used to produce master structures of scaffolds compatible with 

replication by UV soft lithography.  Scaffolds designed for direct use in vascular tissue 

engineering were produced from polyethylene glycol diacrylate (PEGda) (SR610, Sartomer, 

Paris, France), which has been shown to be a nonthrombogenic material [1]. Multiple length-
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scale scaffolds for replacement of vasculature were produced using SR610 with the 

commercial photoinitiator Irgacure 369 (BASF, Ludwigshafen, Germany).  

 

A novel photopolymer was developed by using a composition of PEGda as the polymer, 

riboflavin as the photoinitiator, and triethanolamine as the coinitiator.  This composition 

contained 0.077 mg riboflavin (Sigma Aldrich, Saint Louis, MO), 1.49 mg triethanolamine, 

and 5 mL 0.05 mL deionized water per mL of PEGda. 

 

Two-photon Polymerization of Scaffolds 

Scaffolds were produced using the process two-photon polymerization.  This material is 

frequently used in two-photon polymerization of microstructures due to its favorable 

properties such as low shrinkage, transparency, chemical, and thermal properties.  Scaffolds 

were produced by two-photon polymerization using an 800 nm Scientific XL femtosecond 

laser (Femtolaser Produktions GmbH, Vienna, Austria).  Polymerization occurs at the focus 

of the laser and proceeds along the trace with three-dimensional movement.  The 

unpolymerized resin was placed between two glass cover slips in a polydimethylsiloxane ring 

with 6 mm diameter and 1 mm height, structuring was performed by scanning with the laser 

inside of this resin reservoir.  Lateral scanning of small-scale components (e.g. individual 

cylinders) was controlled by a hurrySCAN® galvano scan head (Scanlabs, Puchheim, 

Germany).  The height of the laser focus was controlled by a C-843 linear translation stage 

(Physik Instrumente, Karlsruhe, Germany) and two additional stages were used to control 

lateral motion from one component in the structure to the next.  Custom written software 
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(Visual Basic, Microsoft, Redmond, Washington) was used to produce the structures.  Lasing 

was performed with a 20x epi-plan objective (Carl Zeiss AG, Jena, Germany).  The 

remaining unpolymerized material was removed by developing in isopropanol and deionized 

water for e-Shell 300 and PEGda, respectively.  After developing, the structures were 

exposed to broad spectrum light from an ELC-410 ultraviolet lamp (Electro-Lite, Bethel, CT) 

to ensure complete polymerization throughout the structure.  Two-photon polymerization of 

PEGda with riboflavin was performed with a femtosecond laser emitting at 515 nm due to 

riboflavin having poor absorption of the 800 nm laser.   

 

UV Soft Lithography Replication of Stackable Hexagonal Scaffolds 

Replicas of tissue engineering scaffolds were produced as previously described using UV 

soft lithography [2].  An aluminum ring was placed on the substrate with the master structure 

in the center and silicone elastomer (Sylgard® 184, Dow Corning, Midland, MI) was poured 

over the structure.  Subsequently the silicone elastomer was polymerized by heating on a hot 

plate with a 30 minute ramp from room temperature to 100 
o
C and maintaining a 100 

o
C for 

an additional 30 minutes.  The polymerized mold was then separated from the master using a 

linear stage as previously described [3].  Replicas were produced by placing e-Shell 300 resin 

on the mold and vacuuming to less than 100 mbar to remove air from the mold, which can 

create voids in the structure.  Afterwards, excess resin is scraped off of the mold.  The mold 

is then placed onto a glass slide with the resin touching the glass and polymerizing with an 

ELC-410 ultraviolet curing lamp.  The replica is removed from the mold using the linear 
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stage.  The replicated structures were manually removed from the glass substrate using a 

razor to function as free standing scaffolds. 

 

Results and Discussion 

 

Stackable Lego
TM

-like Scaffolds 

Cylinder-based scaffolds in a Lego®-like design were produced by two-photon 

polymerization. The children‘s toy Legos® served as the inspiration for this scaffold design.  

Like these toy blocks, scaffolds with ―pegs‖ and ―wells‖ where the diameter of the peg is 

smaller than the well, can interlock to create a larger construct.  These scaffold Lego®-like 

blocks can then be assembled to create a large scaffold structure with a defined geometry.  

CAD drawings of this scaffold design are presented in Figures 1a and 1b.  Large-scale (50:1) 

models) were produced by fused deposition modeling as a proof of concept of stacking these 

scaffolds.  An example of 3 pieces the scale model assembled into a larger 3-D geometry.  

Assembling a scaffold from a series of components allows for greater control over the overall 

scaffold geometry. In addition, the precursor components can be seeded with cells prior to 

assembly of the larger construct. 

 



495 

 

 

Figure 1. Stackable Lego®-like scaffolds concept: a) side view CAD drawing of two stacked 

scaffolds, b) top down view of two stacked scaffolds, c) 50:1 scale model of Lego®-like 

scaffold assembled into a 3-D shape.
 

 

Microscale Lego®-like scaffolds were produced by 2PP.  These scaffolds were comprised of 

a lower layer of rings with a 200 um outer diameter and 180 um inner diameter and an upper 

layer of rings with an outer diameter of 140 um and inner diameter of 60 um.  Arrays of 

various sizes were produced.  Scanning electron microscopy images of e-Shell 300 Lego®-

like scaffolds produced by 2PP. 
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Figure 2. Scanning electron micrographs of Lego®-like scaffolds 

 

UV Soft Lithography-Replicated Hexagon Scaffolds for Vascular Tissue Engineering 

Stackable hexagonal scaffolds were made using custom written software which produces 

hexagonal scaffolds composed of an array of cylinders by scanning using polar coordinates.  

A 3-layer scaffold was produced with dimensions as described in Table 1.  The inner 

diameter of the cylinders was 110 µm and the wall thickness was 22 µm. The first and 

second layers of the scaffolds were the same total size (14 cylinders per side).  The hole in 

the first layer (11 cylinders per side) was one ring larger than the second layer (10 cylinders 

per side) and the third layer was a single ring that fit within the opening in the first layer (10 

cylinders per side).  SEM images of the master structure are provided in Figure 3.  The 

design of this scaffold enables multiple replicas to be stacked on top of each other, resulting 

in a longer scaffold with a total size of 14 cylinders and hole size of 10 cylinders (Figure 4a).  
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Table 1: Scaffold dimensions 

Layer Total Size Hole Size 

1 14 cylinders 11 cylinders 

2 14 cylinders 10 cylinders 

3 11 cylinders 10 cylinders 

 

 

E-shell 300 replicas of the scaffold were seeded with cells to assess their performance as a 

tissue engineering scaffold.  After washing in ethanol for 2 hours and sterilization under UV 

light for approximately 30 min, the samples were placed in a 24 well plate, whose wells were 

each filled with 2 ml Dulbecco‘s Modified Eagles Medium (DMEM-F12 Ham‘s, Sigma 

Aldrich, Taufkirchen, Germany) supplemented with 10% fetal calf serum. Then, 6 × 10
6
 cells 

ml−1 were seeded out. After a 24 h cultivation time in a cell incubator (Thermo Electron 

Corporation, Bonn, Germany) at 37 
◦
C and 5% CO2 atmosphere, confocal microscopy was 

performed.  The e-Shell 300 scaffolds exhibited good biocompatibility with the endothelial 

cells and were distributed throughout the scaffold (Figure 4b).  Cells were seen to attach to 

and spread along the inner walls of the cylinders (Figure 4c). 
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Figure 3: scanning electron microscopy images of stackable scaffolds for tissue engineering 

vasculature. 

 

Figure 4. Hexagonal tissue engineering scaffold: a) master structure produced by 2PP, b) 

CAD drawing of two scaffolds stacked together, c) confocal microscopy image of e-Shell 

300 replica seeded with immortal human pulmonary microvascular endothelial cells 

transfected with green fluorescent protein (GFP) at 5x magnification and d) 20x 

magnification. 
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Sideways Hexagonal scaffolds 

Hexagonal scaffolds for tissue engineering of vasculature produced by 2PP were 

conventionally produced with the face in the z-direction and with pores oriented parallel to 

the face [2, 4].  However, there are several negative aspects of this scaffold design, 

particularly when used for producing large scale scaffolds.  Firstly, cells are seeded and 

nutrients are delivered through the pores of the structure, but with the pores oriented parallel 

to the face of the structure, diffusion is only possible from the ends.  Thus, as the scaffolds 

get longer nutrients and cells have to travel farther to reach their destination.  Secondly, 

scaffolds produced in the z-direction cannot be longer than the working distance of the 

objective.  A 20x objective generally has a working distance of approximately 7.9 mm, 

limiting the length of the tissue-engineered blood vessel.   

 

To circumvent these problems, a novel scaffold design was developed where the pores are 

oriented perpendicular to the axis of the blood vessel and the axis of the blood vessel is 

oriented perpendicular to the axis of the laser.  A CAD drawing of this design is provided in 

Figure 5.  In this case the length of the scaffold is limited by the range of the stage and not 

the working distance of the objective.  The diameter of the scaffold is now limited by the 

working distance of the objective, but in scaffolds for vasculature the length of the vessel is 

generally larger than the radius.  Additionally, this design allows cells and nutrients to enter 

the cell along the length of the scaffold instead of from the ends, allowing easier cell seeding 

and nutrient transport. 
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Figure 5. CAD drawing of sideways hexagon scaffold design 

 

Perpendicular-oriented hexagonal ccaffolds were produced from PEGda with 2% wt Irgacure 

369.  The scaffold was comprised of cylinders with an outer diameter or 80 µm and a wall 

thickness of 24 µm.  SEM images of a short segment (5 layers) of a perpendicular hexagonal 

vascular scaffold are provided in Figure 6. 

 

 

Figure 6. Scanning electron micrographs of a perpendicular hexagonal scaffold. 
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Larger scaffolds were produced for cell studies.  Scaffolds used in cell studies were greater 

than 5 mm in length, had a total size of 7 cylinders per side, and a hole of 5 cylinders per 

side. An image of a 6 mm long scaffold is provided in Figure 7.  Scaffolds were seeded with 

smooth murine vascular smooth muscle cells.  After two days of culturing, they were stained 

with calcein AM for viability and Hoechst 33342 for nuclear imaging.  High magnification 

fluorescence images of the scaffolds are provided in Figure 8.  The scaffold itself is visible 

due to the autofluorescence of PEGda.  The locations of some cells in Figure 8a are indicated 

by arrows.  In Figure 8b cells can be seen to be attached to the walls of the cylinders.  Figure 

9 contains a fluorescence image of an entire scaffold.  Cells can be seen to be distributed 

through the entire scaffold.  This novel scaffold design enable 2PP-fabrication of tissue 

engineering scaffolds on the order of millimeters or even centimeters while still containing 

microscale features. 

 

 

Figure 7. Six millimeter long sideways hexagon scaffold.  Small lines equal 1 mm. 
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Figure 8. High magnification fluorescence images of sideways hexagon populated by 

vascular smooth muscle cells: a) blue fluorescence image (left) displays cell nuclei and 

PEGda autofluorescence; b) green fluorescence image (right) displays viable cells via calcein 

staining. 

 

 

Figure 9: Entire 6mm PEGda scaffold populated with murine vascular smooth muscle cells 

stained for viability with calcein AM. 
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Polyethylene Glycol Diacrylate with Riboflavin Photoinitiator 

One of the most important materials factors in tissue engineering scaffolds is 

biocompatibility.  If the scaffold material is toxic, cells will not be able to populate the 

scaffold.  Examples of sources of cytotoxicity in scaffolds are the material itself, 

unpolymerized monomer (in the case of polymer scaffolds), and photoinitiators [5].  

Ovsianikov et al. have shown that PEGda with several commercial photoinitiators, such as 

Milcher‘s Ketone, Irgacure 369, and Irgacure 2959 are cytotoxic, though the cytotoxic 

components can be removed by extensive washing [5].  As a solution to this problem, the 

vitamin riboflavin was examined as a more biocompatible photoinitiator.  Two 

concentrations of riboflavin in PEGda were investigated, one with 7.7 mg riboflavin per 100 

mL PEGda (0.077 mg/mL) and one with 77 mg riboflavin per 100 mL PEGda (0.77 mg/mL).  

Both concentrations also had 1.49 mg triethanolamine, and 5 mL 0.05 mL deionized water 

per mL of PEGda.  Six millimeter diameter and 1 mm thick wafers of these two materials 

were produced by polymerization with a UV curing lamp.  L929 mouse fibroblasts were 

cultured of these two surfaces, E-shell 300, and glass as a control.  Cell viability was 

determined using a CASY cell counter. Both of the riboflavin containing materials had high 

cell viabilities, with the 0.77 mg/mL concentration having similar viability to the control 

material (Figure 10). 
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Figure 10. Fibroblast viability measured by CASY cell counting 

 

Polymerization of PEGda with riboflavin could not be achieved with an 800 nm femtosecond 

laser, which can be attributed to the poor absorption of riboflavin at 400 nm.  UV-Vis 

spectroscopy was performed to obtain the absorption spectrum of an aqueous solution of 

riboflavin with triethanolamine (Figure 11).  Varying the concentration of riboflavin affected 

the amplitude of the absorbance but produced no shift; triethanolamine concentration had no 

effect on absorbance.   
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Figure 11: UV-Vis absorption spectrum of riboflavin and triethanolamine in deionized water 

 

The material was easily polymerized with exposure to a femtosecond laser at 515 nm.  Cubes 

of PEGda with 0.077 mg/ mL riboflavin were produced, as shown in Figure 12.  Scaffolds 

produced using the photosensitive vitamin riboflavin as a photoinitiator may help improve 

the biocompatibility of tissue engineering scaffolds produced by 2PP. 
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Figure 12. Microstructures of polyethylene glycol diacrylate with 0.077 mg/mL riboflavin 

produced by 2PP. 

 

Conclusions 

Several advances in the design, production, and materials of tissue engineering scaffolds 

were presented.  The concept of creating scaffolds that can be reproduced by UV soft 

lithography and stacked to produce larger constructs was demonstrated.  Further, modifying 

the design of hexagon scaffolds composed of cylinders enabled scaffolds on the order of 

several millimeters to be produced with pores oriented in a way to improve nutrient transport.  

Lastly, the vitamin riboflavin was shown to be a photoinitiator that is compatible with two-

photon polymerization.  This report is the first demonstration of using riboflavin as a 

photoinitiator in two-photon polymerization.  These developments will help to aid the 

development of two-photon polymerization as a tool for tissue engineering. 
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5. CONCLUSIONS 

This work has reported on a range of advances in the fields of micro- and nanoscale drug 

delivery and regenerative medicine.  The development of indirect rapid prototyping via two-

photon polymerization and UV soft lithography has been used to produce both microneedles 

and scaffolds with complex overhanging geometries from a range of materials.  Novel 

materials for two-photon polymerization and UV soft lithography were discussed, including 

e-Shell 200, gentamicin-doped polyethylene glycol, and polyethylene glycol with riboflavin 

as the photoinitiator.  Studies in this work also detailed significant advances in dynamic mask 

stereolithography, including the first use of this technology to make patient-specific 

prosthetics, the first case of needles produced with this technique with antimicrobial coatings, 

and the first demonstrations of drug delivery through hollow microneedles produced directly 

by dynamic mask stereolithography.  Nanoporous gold electrodes were shown to be capable 

of delivering ionic drugs.  Numerous advances in two-photon polymerization of tissue 

engineering scaffolds and microneedles were described.   Scaffolds several millimeters in 

length were produced by two-photon polymerization and novel designs allowing mass 

replication and assembly of scaffolds were demonstrated.  Microneedle technology was 

extensively discussed in this work.  Studies investigating the mechanical properties of 

microneedles, antimicrobial coatings on microneedles, and delivery of pharmacologic agents 

with microneedle arrays were described.  The research reported throughout this work 

provides a comprehensive review of light-based rapid prototyping of micro- and nanoscale 

medical devices. 


