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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 (HEK) viability on the
Ormocer® 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
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limiting barrier that prevents foreign objects, including microorganisms, from entering the
body. Pathogenic microorganisms such as Staphylococcus aureus may be transferred from
the skin surface 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 Staphylococcus 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 healing in wounds. Recent work by Demling
et al. suggests that silver acts to increase re-epithelialization compared to a conventional
antimicrobial solution [11-13].

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 fur Silicatforschung, which containing
organically modified silicon alkoxides and organic monomers [1]. Interactions between
organic methacrylate groups and inorganic 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 x 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 base diameter
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values of 200 pum and lengths of 500 pum. In addition, the microneedles demonstrated 500
pm 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 thirty minutes. The hotplate temperature was subsequently maintained at
100° C for an additional thirty minutes. The master structure substrate was then clamped to a
table. The silicone mold was 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 Specialty
Chemicals, Basel, Switzerland). 50 pL of liquid Ormocer® material was placed on 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 two minutes 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 x 1 mm thick) Ormocer® wafers for use in the MTT assay. In the fourth step,
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 excimer laser (A = 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 x 107 Torr at room temperature for two minutes. 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 [15].

Cell proliferation on silver-coated and uncoated Ormocer® materials was examined using
neonatal human epidermal keratinocytes (HEK). The MTT assay (3-(4,5-dimethylthiazol-2-
y1)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 succinnic 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 three hours in order to sterilize the surfaces prior to seeding with
human epidermal keratinocytes. The wafers were rinsed with 200 ul of keratinocyte growth
media (KGM-2). The human epidermal keratinocytes (Lonza, Walkersville, MD) were
seeded onto the wafers and grown to 80% confluency in a humidified environment
containing 5% CO, at 37° C. Twenty-four hours later, the human epidermal keratinocytes
were incubated in the MTT medium (0.5mg/ml KGM-2) for three hours, 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 A=550 nm. The silver-coated Ormocer® data was
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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. Staphylococcus 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 ten minutes. 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/mI. 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 twenty-
four hours. The microneedle arrays were subsequently removed. Optical microscopy was
performed in order to determine the extent of microbial growth.

Silver-coated microneedles within the arrays demonstrated sharp (<10 um 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 um) 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.

The twenty-four hour MTT assay (Figure 3(a)) indicated that the silver-coated Ormocer®
and uncoated Ormocer® wafers supported human epidermal keratinocyte growth. No
significant differences were noted between human epidermal keratinocyte 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 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 Figure 3(b)-Figure 3(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
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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.

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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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.
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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.
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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
result for uncoated Ormocer® microneedle array. (d) Low magnification and (e) high
magnification agar diffusion assay result for 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.
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