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Abstract: Transdermal delivery of amphotericin B, a pharmacological agent with activity against fungi and parasitic
protozoa, is a challenge since amphotericin B exhibits poor solubility in aqueous solutions at physiologic pH values. In this
study, we have used a laser-based printing approach known as matrix-assisted pulsed laser evaporation to print amphotericin
B on the surfaces of polyglycolic acid microneedles that were prepared using a combination of injection molding and
drawing lithography. In a modified agar disk diffusion assay, the amphotericin B-loaded microneedles showed concentration-
dependent activity against the yeast Candida albicans. The results of this study suggest that matrix-assisted pulsed laser
evaporation may be used to print amphotericin B and other drugs that have complex solubility issues on the surfaces of
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1. Introduction over a prolonged period'"”. Anemia, convulsions,
o ) hypertension, and tremors have also been associated

mphotericin B is a “gold standard” for the it} the use of amphotericin B® . Amphotericin B is
systemic treatment of fungal infections (e.g.,  commonly utilized for the treatment of fungal infections
Candida albicans infections) as well as parasitic  gegnite this significant side-effect profile because it
protozoal infections"~”). This polyene agent interacts with exhibits the broadest antifungal spectrum, the most
the ergosterol component of the fungal cell membrane,  potent fungicidal activity, and the least likelihood for
resulting in increased fungal cell membrane permeability the generation of antimicrobial resistance among all

and fungal cell death™™, Amphotericin B exhibits re- antifungal agents”’s].
nal toxicity; renal failure requiring hemodialysis is One approach for minimizing the side effects asso-
associated with the use of amphotericin B at high doses ciated with the use of amphotericin B for the treat-
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ment of cutaneous fungal infections involves the use
of transdermal drug delivery devices. Microneedles
are 50 um- to 1 mm-long lancet-shaped devices that
may be used to directly deliver amphotericin B to the
site of infection'®”. These devices are used to create
pathways in the keratinized stratum corneum layer of
the skin, which commonly prevents the movement of
pharmacological agents through the skin". Due to the
small dimensions of microneedles, tissue damage at the
treatment site is minimized. Microneedles are associated
with low levels of pain since they do not penetrate
deeper portions of the dermis layer of the skin, where
many large nerve endings are found"”".

One of the challenges associated with developing
novel amphotericin B drug delivery methods is that
amphotericin B exhibits poor solubility in aqueous
solutions at physiological pH values!”). Amphotericin
B exhibits amphipathic behavior because of the apolar
and polar components of the lactone ring. Due to its
amine and carboxyl groups, amphotericin B exhibits
amphoteric behavior. As a result of these features,
amphotericin B is insoluble in many organic solvents
and aqueous solvents. Several formulations have been
developed to reduce amphotericin B toxicity, such
as methyl ester and lipid conjugate (e.g., colloidal
dispersion, lipid complex, and liposome) forms" . For
example, several lipid-containing formulations, including
microsphere formulations, nanosphere formulations,
nanoparticle formulations, and nanodisk formulations,
have been developed; these formulations exhibit reduced
renal toxicity"” >'"". Unfortunately, many lipid-containing
formulations are associated with much higher cost than
conventional amphotericin B delivery methods.
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In a previous paper, piezoelectric inkjet printing
was used to deposit amphotericin B on the surfaces of
Gantrez® 169 BF microneedles that were created using
a combination with visible light dynamic mask micro-
stereolithography and micromolding. The amphotericin
B-loaded microneedles exhibited antifungal activity
against the yeast Candida parapsilosis'"). It should
be noted that coating thickness in piezoelectric inkjet
printing and many other conventional processes is not
well controlled; for example, surface wetting may affect
coating thickness' ',

In this paper, we printed amphotericin B onto the
surfaces of polyglycolic acid microneedle arrays using
matrix-assisted pulsed laser evaporation"* ", Matrix-
assisted pulsed laser evaporation process involves laser
ablation of a frozen target that contains an amount of
diluted pharmacological agent in a volatile solvent* ",
The dimethyl sulfoxide solvent is relatively volatile,
possesses a high vapor pressure, and preferentially
absorbs the laser energy. The dimethyl sulfoxide mo-
lecules do not deposit on the substrate due to their low
sticking coefficients. The amphotericin B molecules
at the gas—matrix interface are ejected when kinetic
energy is transferred during collisions with the solvent
molecules. The less volatile amphotericin B molecules
deposit on the substrate and form the vast majority of the
coating.

Matrix-assisted pulsed laser evaporation enables the
thickness of the coating that is printed on the surface
of the microneedle to be tightly controlled (Figure 1)
"1 ‘Matrix-assisted pulsed laser evaporation allows one
to print a pharmacological agent with precise thick-
ness control since it is a “line-of-sight” physical vapor

dimethyl sulfoxide pumped away amphotericin B film

Figure 1. Schematic of the matrix-assisted pulsed laser evaporation process'?. (Reprinted with permission from Elsevier.)
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deposition approach. This approach also provides ex-
cellent control over coating roughness and coating
homogeneity. Finally, matrix-assisted pulsed laser eva-
poration is a “cold coating process”, since the depositing
species are not heated.

Coatings containing several drugs, including gamma-
cyclodextrin/usnic acid and gentamicin sulfate, have
been deposited using matrix-assisted pulsed eva-
poration'” ", For example, poly(p,L-lactide)-gentamicin
composite coatings that were deposited using matrix-
assisted pulsed laser evaporation were shown to possess
chemical structures that were similar to those of
dropcast coatings'””. In an in vitro study, the gentamicin-
containing coatings were shown to inhibit the growth
of the gram-positive microorganism Staphylococcus
aureus.

2. Materials and Methods

2.1 Injection Molding of Microneedle Arrays

The microneedle arrays were prepared using Kuredux®
polyglycolic acid (Kureha, Tokyo, Japan) feedstock as
previously described!"'?). Pellets of the polyglycolic
acid material were injection-molded with steel molds
in a Sesame™ molding machine (Trinks Inc., De
Pere, WI, USA) into 1 x4 microneedle arrays. In the
microneedle arrays, the individual microneedles were
positioned 1800 pm apart as measured from microneedle
center to microneedle center. These injection-molded
microneedles were in the form of half-cones on top of
a rectangular base; in this array, the faces of the half-
cones were aligned with one of the long faces of the
rectangular substrate in a co-planar manner.

2.2 Use of Drawing Lithography to Sharpen the
Microneedle Tips

A drawing lithography process was used to sharpen the
tips of the injection-molded microneedle arrays'"'?,
The microneedles underwent a melt-drawing process, in
which the microneedle tips were lowered onto a surface
that was heated to a temperature of 220 °C. A servomotor
lift platform was used to withdraw the cooling micro-
needle tips from the stage to create sharp and high
aspect ratio tips. The microneedle arrays were placed
above a Cimarec " hotplate (Barnstead International,
Dubuque, IA, USA), which was attached to an AVS125
servomotor lift platform (Aerotech Inc., Pittsburgh, PA,
USA). The microneedle arrays were positioned such
that the half-cone axis was oriented toward the hotplate.
When the platform was raised, it made contact with the
microneedle tips. The stage was paused for 20s to melt
the microneedle tips; it should be noted that Kuredux®
polyglycolic acid exhibits a T,, of 220°C. The platform
was raised by a distance of 550 um at a rate of 0.5 mm/

s. The hotplate was then turned off during a 3 s pause in
platform motion. The platform then reversed direction,
moving a distance of 1.65mm at a rate of 1.0 mm/min.
When the platform reversed direction, the microneedle
tips were drawn into a more tapered structure. The
microneedle tips solidified due to the removal of the heat
source.

2.3 Nanoindentation of the Uncoated
Microneedle

The hardness and reduced modulus values for the
base of the uncoated microneedle were obtained
using nanoindentation. The microneedle array was
attached to a magnetic puck with superglue before
the nanoindentation study. The nanoindentation study
was carried out using a Hysitron Ubi-1 Nanoindenter;
a conical tip was used in this study. Two indentation
studies were conducted with a target maximum load of
500 pmol/L. For each test, a loading time of 205, a dwell
time of 10s at maximum load, and an unloading time of
20s were used. The hardness and reduced modulus were
calculated from the unloading curves using the Oliver-
Pharr approach””.

2.4 Matrix-Assisted Pulsed Laser Evaporation
of Amphotericin B

Solutions containing amphotericin B, polyvinyl-
pyrrolidone, and dimethyl sulfoxide were mixed at
room temperature. Polyvinylpyrrolidone and dimethyl
sulfoxide are used in topical therapies; for example,
polyvinylpyrrolidone is used in microneedles and di-
methyl sulfoxide is used in topical preparations that are
used to treat fungal nail infections”**”. The solutions
were prepared by dissolving 1.04 g/mL of amphotericin
B or 2.08 g/mL of amphotericin B in dimethyl sulfoxide;
it should be noted that all of the final solutions also
contained 1wt% polyvinylpyrrolidone. Prior to each
deposition, 3.5mL of the freshly prepared solution was
dropped using a syringe in a copper target holder with
a diameter of 3cm and a height of 5Smm. The solution
converted into solid form, which served as the matrix-
assisted pulsed laser evaporation target by freezing the
solution in liquid nitrogen (77 K) for 30 min. Cryo-
genesis was achieved by immersing the target in a
Dewar vessel that was filled with liquid nitrogen. After
freezing, the target holder was quickly mounted in the
target position inside the matrix-assisted pulsed laser
evaporation chamber.

Amphotericin B coatings were deposited on one-side
polished silicon <100> wafer substrates, optic glass
substrates, and polyglycolic acid microneedle arrays.
The silicon <100> wafer and optic glass substrates were
ultrasonically cleaned by immersion in ethanol and
drying in air. All of the substrates were sterilized prior to
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the matrix-assisted pulsed laser evaporation procedure
by exposure to ultraviolet light from a VL-115 UV lamp.

The parameters used for matrix-assisted pulsed laser
evaporation of amphotericin B on the surfaces of the
silicon <100> wafer substrates, optic glass substrates,
and polyglycolic acid microneedles are shown in Table
1. All of the matrix-assisted pulsed laser evaporation
depositions were conducted with a KrF* excimer laser
source using a wavelength of 248 nm, a repetition rate of
10Hz, a pulse duration of 25ns, and an optimum laser
fluence of 300 mJ/cm’; these parameters are commonly
used for matrix-assisted pulsed laser evaporation of
coatings”™* ", 150,000 laser pulses were used for each
deposition. Both the substrate and the target were rotated
at a rate of 50 Hz during the depositions. The laser beam
scanned the entire surface of the target at an angle of
45°. During the matrix-assisted pulsed laser evaporation
process, the rotating target was maintained in direct
contact with a cooling apparatus, which included a liquid
nitrogen reservoir and was connected to the target with
copper pipes. The target was maintained at a temperature
of ~173 K using active liquid nitrogen cooling. Using
this setup, rapid evaporation of matrix-assisted pulsed
laser evaporation target inside the deposition chamber
is significantly decreased. All of the depositions were
performed using a background pressure of 2x10™' Pa
and a substrate-to-target separation distance of 5cm.
A laser beam homogenizer was used for improving the
energy distribution of the laser spot and for increasing
the coated region on the substrate.

2.5 Variable Pressure Scanning Electron
Microscopy of the Microneedle Arrays

An S-3200 variable-pressure scanning electron micro-
scope with an energy-dispersive X-ray spectrometer
(Hitachi, Tokyo, Japan) was used to obtain imaging data
and energy-dispersive X-ray spectra from the unmodified
and matrix-assisted pulsed laser evaporation-coated
microneedle arrays. Prior to imaging, the unmodified
and matrix-assisted pulsed laser evaporation-coated
microneedle arrays were sputter-coated with a layer
of 60% gold—-40% palladium for three minutes in a
Technics Hummer II system (Anatech, Battle Creek,
MI, USA). The energy-dispersive X-ray spectra were
obtained in charge reduction mode.

2.6 3D Laser Scanning Confocal Microscopy of
the Microneedle Arrays

The surfaces of the unmodified and matrix-assisted
pulsed laser evaporation-coated microneedles were
evaluated using a VK-X250 3D laser scanning confocal
microscope (Keyence, Tokyo, Japan). In this instrument,
the laser was rastered in an XY pattern across the
field of view, and 0.5nm steps in the Z-direction were
obtained. The 16-bit photomultiplier receiving element
was dynamically latched onto the highest reflected laser
intensity for each pixel. At that point, it set a color value
and height value to create a three-dimensional fully-
in-focus topographical map. This laser-based approach
enables data acquisition from complex surface shapes.

2.7 Fourier Transform Infrared Spectra of
Matrix-Assisted Pulsed Laser Evaporation-
Deposited Coatings on Glass

The materials that were processed using matrix-
assisted pulsed laser evaporation were examined with
Fourier transform infrared spectroscopy to determine
if the functional groups of the matrix-assisted pulsed
laser evaporation target materials were identifiable in
the matrix-assisted pulsed laser evaporation-coated
surfaces. The Fourier transform infrared spectra were
obtained using a Nexus 470 system, which included an
OMNI sampler, a continuum microscope, and OMNIC™
analysis software (Thermo Fisher, Waltham, MA, USA).

2.8 Modified Agar Disk Diffusion Assay of the
Microneedle Arrays

A modified agar disk diffusion assay was used to
examine the growth-inhibiting effects of (a) the matrix-
assisted pulsed laser evaporation-coated microneedle
array from deposition with the AmfB(260) target and
(b) the matrix-assisted pulsed laser evaporation-coated
microneedle array from deposition with the AmfB(520)
target; cultures of Candida albicans (ATCC 90028)
(American Type Culture Collection, Manassas, VA,
USA) were used in this study" "', Matrix-assisted
pulsed laser evaporation-coated silicon <100> wafer
substrates and optic glass substrates were also evaluated
in this study. The reagents used for the microbial cultures
included yeast nitrogen base, Sabouraud dextrose agar,
triphenyltetrazolium chloride, dextrose, and phosphate-

Table 1. The parameters used for matrix-assisted pulsed laser evaporation of amphotericin B onto the surfaces of the polyglycolic acid
microneedles. AmfB(260) indicates deposition using a target containing amphotericin B 1040mg/mL + 1% polyvinylpyrrolidone and
AmfB(520) indicates deposition using a target containing amphotericin B 2080 mg/mL + 1% polyvinylpyrrolidone.

Target T U (Hz) Pressure (mbar) Spot size (mm?) Fluence (mJ/cm’) Number of pulses Distance (cm)
AmfB(260) RT 10 1.6x 107 30 300 150000 5
AmfB(520) RT 10 1.6 107 30 300 150000 5
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buffered saline (10%) (VWR International, West Chester,
PA, USA). Overnight broth cultures of Candida albicans
with yeast nitrogen base and 100 mmol/L dextrose were
prepared. Cell pellets were obtained using centrifugation
(4500rpm) for 10 min; these pellets were subsequently
resuspended to a cell density of approximately 10°cells/
mL in phosphate-buffered saline (PBS) (1x); PBS (10x)
was diluted using deionized water to create PBS (1x).
Agar plates were inoculated with Candida albicans
cultures following resuspension of the cell pellets.
Sabouraud dextrose agar was swabbed with Candida
albicans. Triphenyltetrazolium chloride was added
into each agar plate to serve as a visualization aid;
this dye turns red in color in the presence of microbial
growth™ ™", The plates were incubated at 37°C for 24
hours. After 24 hours, the plates were evaluated for
regions of inhibited microbial growth.

2.9 Skin Penetration Properties of the Micro-
needle Arrays

Discarded human abdominal skin is commonly used to
assess the skin penetration properties of microneedle
arrays”’". Methylene blue was used to examine the
pores in the human abdominal skin that were created
by the microneedle arrays. Surgically discarded human
abdominal skin was obtained from Duke Hospital, USA,
in accordance with an institutionally approved IRB
protocol (DNOR 80 1185-01); the skin was processed
with Zimmer Air Dermatome prior to use. The split-
thickness skin pieces was preloaded with 200 pL of
1% methylene blue dissolved in water and punched
with the uncoated polyglycolic acid microneedle,
the matrix-assisted pulsed laser evaporation-coated
microneedle from deposition with the AmfB(260)
target, or the matrix-assisted pulsed laser evaporation-
coated microneedle from deposition with the AmfB(520)
target. The microneedle assembly was held using a
hemostatic forceps to help control the penetration of
the microneedles into the skin. Bright field images were
obtained with the Olympus imaging system around
30min to 1h after the punch procedure.

3. Results and Discussion

Nanoindentation was used to obtain the hardness and
elastic modulus values for the uncoated polyglycolic
acid material (Table 2). Taking into account the
Poisson’s ratio of the diamond indenter tip (0.07) and
assuming a Poisson’s ratio for the polyglycolic acid
material of 0.3, the nanoindentation study indicated that
the polyglycolic acid material had a reduced Young’s
modulus value of approximately 5.5 GPa and a hardness
value of approximately 230 MPa. Park et al. evaluated
the mechanical parameters of microneedle materials
and suggested that microneedle materials with Young’s

Table 2. Nanoindentation result obtained from the base of an
uncoated polyglycolic acid microneedle. Reduced modulus (E,)
and hardness (H) data were obtained from nanoindentation data
using Oliver-Pharr analysis.

Data Indent 1 Indent 2

Reduced modulus (E,) 5.61 GPa 5.43GPa
Hardness (H) 238.96 MPa 217.37MPa

Maximum depth 287.5nm 299.1nm

modulus values higher than ~1 GPa were associated with
fracture forces that surpassed skin insertion forces" .
The nanoindentation results indicate that the polyglycolic
acid material has sufficient stiffness to penetrate the skin.

Figure 2 shows the Fourier transform infrared spectra
of matrix-assisted pulsed laser evaporation-deposited
coatings on glass. Figure 2(A) shows the spectrum for
deposition with the AmfB(260) target (amphotericin B
1040 mg/mL + 1% polyvinylpyrrolidone) and Figure
2(B) shows the spectrum for deposition with the
AmfB(520) target (amphotericin B 2080 mg/mL + 1%
polyvinylpyrrolidone). The contribution of amphotericin
B to the spectra is associated with N—H (overlapped
peak around 670 cm "), C—H (around 750cm™"), C-O
stretching (around 1,380cm '), C=C stretching (around
1600cm ™), C—H stretching (around 3000cm '), and O—
H stretching (around 3350 cm ")"*. The contribution of
polyvinylpyrrolidone to the spectra is associated with a
strong band around 1660 cm '; this band is assigned to
the amide carbonyl group of N-vinyl-2-pyrrolidone™”.
Other bands associated with polyvinylpyrrolidone in the
spectra are around 1380cm ', which is assigned to bond
vibrations of the NO; group, and around 1290cm ',
which is assigned to N-OH bond vibrations””. A major
absorption band is located at around 1050 cm ', which
is attributed to dimethyl sulfoxide’s S—O stretching"”.
The results indicate that the chemical functionality of
the matrix-assisted pulsed laser evaporation-deposited
coatings is similar to those of the starting materials. The
spectral features for the matrix-assisted pulsed laser
evaporation-deposited coating do not show a noticeable
departure (indicative of chemical modification) from the
starting materials.

Figure 3 shows scanning electron microscopy
images of unmodified and matrix-assisted pulsed laser
evaporation-modified polyglycolic acid microneedles.
Figure 3(A-C) show scanning electron micrographs of
an uncoated polyglycolic acid microneedle, a scanning
electron micrograph of a matrix-assisted pulsed laser
evaporation-coated microneedle from deposition
with the AmfB(260) target (amphotericin B 1040 mg/
mL + 1% polyvinylpyrrolidone), and a scanning
electron micrograph of a matrix-assisted pulsed laser
evaporation-coated microneedle from deposition with the
AmfB(520) target (amphotericin B 2080 mg/mL + 1%
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Figure 2. Fourier transform infrared spectra of matrix-assisted pulsed laser evaporation-deposited coatings on glass. Figure (A) shows the
spectrum for deposition with the AmfB(260) target (amphotericin B 1040 mg/mL + 1% polyvinylpyrrolidone) and Figure (B) shows the
spectrum for deposition with the AmfB(520) target (amphotericin B 2080 mg/mL + 1% polyvinylpyrrolidone).

polyvinylpyrrolidone), respectively. In previous studies,
Boehm et al. used the drawing lithography process to
create sharpened polyglycolic acid microneedles for
tissue penetration!'>'”. As seen in Figure 3(A-C), all
of the microneedles created using the combination
of injection molding and drawing lithography taper
from the base, narrow toward the tip, and come to a
point at the tip. In addition, the images of the matrix-
assisted pulsed laser evaporation-modified microneedles
showed higher surface roughness than the unmodified

polyglycolic acid microneedle.

Figure 4(A) shows a 3D representation of an uncoated
polyglycolic acid microneedle, Figure 4(B) shows a
3D representation of a matrix-assisted pulsed laser
evaporation-coated microneedle from deposition with
the AmfB(260) target (amphotericin B 1040 mg/mL
+ 1% polyvinylpyrrolidone), and Figure 4(C) shows
a 3D representation of a matrix-assisted pulsed laser
evaporation-coated microneedle from deposition
with the AmfB(520) target (amphotericin B 2080 mg/
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Figure 3. Scanning electron micrographs of (A) uncoated polyglycolic acid microneedle, (B) matrix-assisted pulsed laser evaporation-
coated microneedle from deposition with the AmfB(260) target (amphotericin B 1040 mg/mL + 1% polyvinylpyrrolidone), and (C)
matrix-assisted pulsed laser evaporation-coated microneedle from deposition with the AmfB(520) target (amphotericin B 2080 mg/mL +

1% polyvinylpyrrolidone).

Figure 4. 3D representation of (A) uncoated polyglycolic acid
microneedle, (B) matrix-assisted pulsed laser evaporation-
coated microneedle from deposition with the AmfB(260) target
(amphotericin B 1040 mg/mL + 1% polyvinylpyrrolidone), and (C)
matrix-assisted pulsed laser evaporation-coated microneedle from
deposition with the AmfB(520) target (amphotericin B 2080 mg/
mL + 1% polyvinylpyrrolidone). 3D measurement performed by
Keyence VK-X250 Laser Microscope.

mL + 1% polyvinylpyrrolidone). Table 3 shows the
R, (arithmetical mean roughness value), R, (average
maximum height of the profile), RS, (mean peak width),
R, (maximum profile peak height), R, (maximum profile
valley depth), R, (root mean square roughness), R
(skewness), and R, (kurtosis) values for the unmodified
and matrix-assisted pulsed laser evaporation-modified
polyglycolic acid microneedles. The R, value is the old-
est and most common roughness parameter in use. It
enables one to understand the amplitude of roughness
on a profile. The R, average value is 0.055 um for the
uncoated polyglycolic acid microneedle, 0.122 pm
for the matrix-assisted pulsed laser evaporation-
coated microneedle from deposition with the AmfB
(260) target (amphotericin B 1040 mg/mL + 1%
polyvinylpyrrolidone), and 0.251 um for matrix-assisted
pulsed laser evaporation-coated microneedle from
deposition with the AmfB(520) target (amphotericin B
2080 mg/mL + 1% polyvinylpyrrolidone). The 3D laser
microscopy data indicate that (a) the matrix-assisted
pulsed laser evaporation-modified microneedles exhibit
higher surface roughness values than the unmodified
polyglycolic acid microneedles and that (b) matrix-
assisted pulsed laser evaporation targets containing
higher drug concentrations produce rougher coatings
than matrix-assisted pulsed laser evaporation targets

Table 3. Roughness values obtained from 3D laser microscopy for an uncoated polyglycolic acid microneedle, a matrix-assisted
pulsed laser evaporation-coated microneedle from deposition with the AmfB(260) target (amphotericin B 1040 mg/mL + 1%
polyvinylpyrrolidone), and a matrix-assisted pulsed laser evaporation-coated microneedle from deposition with the AmfB(520) target

(amphotericin B 2080 mg/mL + 1% polyvinylpyrrolidone).

Sample type Uncoated microneedle Amf(260) microneedle Amf(520) microneedle
R, average (um) 0.055 0.122 0.251
R, average (um) 0.457 0.918 1.564
RS,, average (um) 4.887 5.853 8.975
R, average (um) 0.178 0.487 0.706
R, average (um) 0.279 0.43 0.858
R, average (um) 0.077 0.173 0.329
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containing lower drug concentrations.

Energy-dispersive X-ray spectra of the matrix-
assisted pulsed laser evaporation-modified microneedles
indicated the presence of carbon, oxygen, and sulfur;
the presence of sulfur is associated with the dimethyl
sulfoxide solvent that was used to prepare the matrix-
assisted pulsed laser evaporation target. Other elements
(e.g., elements with known toxicity) were not observed
on the surface of the matrix-assisted pulsed laser
evaporation-modified microneedles. The unmodified
microneedles contained carbon and oxygen; sulfur or
other elements were not identified on the surfaces of the
unmodified microneedles.

The modified agar diffusion assay result for the
unmodified polyglycolic acid microneedle array (which
served as a control) shows no inhibition of Candida
albicans growth. In comparison, the amphotericin B
(1040 mg/mL) matrix-assisted pulsed laser evaporation-
deposited microneedle array and the amphotericin B
(2080 mg/mL) matrix-assisted pulsed laser evaporation-
deposited microneedle array show 100% inhibition
of Candida albicans in zones that measured 11 mm
and 18 mm, respectively (Figure 5). The results are
comparable to previously reported results, which
were obtained from paper disks that were loaded with
10 pg of amphotericin B"". The results indicate that
matrix-assisted pulsed laser evaporation-modified

© AB (260)

/ /
AB (520) / i

B (.520@1@;/

Figure 5. Modified disk diffusion assay result with Candida
albicans for an uncoated polyglycolic microneedle array (A),
a matrix-assisted pulsed laser evaporation-coated microneedle
array from deposition with the AmfB(260) target (amphotericin
B 1040 mg/mL + 1% polyvinylpyrrolidone (noted as AB (260)),
and a matrix-assisted pulsed laser evaporation-coated microneedle
array from deposition with the AmfB(520) target (amphotericin
B 2080 mg/mL + 1% polyvinylpyrrolidone) (noted as AB (520))
(B). Zones of growth inhibition were noted surrounding the
matrix-assisted pulsed laser evaporation-coated microneedle
arrays. In addition, zones of inhibition were noted surrounding
pieces of glass (C) and silicon (D) wafer that were coated with the
AmfB(260) target and the AmfB(520) target using matrix-assisted
pulsed laser evaporation.

microneedle arrays successfully delivered amphotericin
B to the agar plates, inhibiting the growth of Candida
albicans. The results for matrix-assisted pulsed laser
evaporation-deposited amphotericin B coatings on
silicon wafer substrates and glass substrates also showed
concentration-dependent activity, with coatings deposited
from a 2080 mg/mL target showing higher antifungal
activity than coatings deposited from a 1040 mg/mL
target (Table 4).

The skin penetration properties of the microneedle
arrays were evaluated using methylene blue dye and
human skin. Methylene blue was used to visualize the
site of microneedle penetration. Figure 6 shows human
skin after the application of the microneedle array, re-
moval of the microneedle array, and application of
methylene blue. The presence of methylene blue spots
in the microneedle array-treated skin indicates that the
microneedle arrays are effective in penetrating human
skin.

4. Conclusions

The antifungal drug amphotericin B was deposited onto
the surfaces of polyglycolic acid microneedles using
matrix-assisted pulsed laser evaporation. Solutions
containing polyvinylpyrrolidone and amphotericin B
in dimethyl sulfoxide were frozen in liquid nitrogen;
the solidified solutions were used as targets for matrix-
assisted pulsed laser evaporation. Unlike the unmodified
microneedles, the matrix-assisted pulsed laser
evaporation-coated microneedles exhibited antifungal
activity against the yeast Candida albicans. The zones
of inhibition for the uncoated microneedle array, the
amphotericin B (1040 mg/mL) matrix-assisted pulsed
laser evaporation-deposited microneedle array, and the
amphotericin B (2080 mg/mL) matrix-assisted pulsed

Table 4. Disk diffusion assay data obtained from uncoated and
matrix-assisted pulsed laser evaporation-coated surfaces. Data
were obtained for an uncoated polyglycolic acid microneedle,
a matrix-assisted pulsed laser evaporation-coated microneedle
from deposition with the AmfB(260) target (amphotericin B
1040 mg/mL + 1% polyvinylpyrrolidone), and a matrix-assisted
pulsed laser evaporation-coated microneedle from deposition
with the AmfB(520) target (amphotericin B 2080 mg/mL + 1%
polyvinylpyrrolidone). Disk diffusion assay data obtained from
matrix-assisted pulsed laser evaporation-coated glass and silicon
wafers are also provided.

Sample type Zone of inhibition (mm)
Control 0
Amf B(260) 11
Amf B(520) 18
Amf B(260) Glass 19
Amf B(520) Glass 24
Amf B(260) Si 25
Amf B(520) Si 31
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Figure 6. Optical micrographs showing the insertion sites in surgically discarded human abdominal skin for (A) an uncoated polyglycolic
acid microneedle array, (B) a matrix-assisted pulsed laser evaporation-coated microneedle array from deposition with the AmfB(260)
target (amphotericin B 1040 mg/mL + 1% polyvinylpyrrolidone), and (C) a matrix-assisted pulsed laser evaporation-coated microneedle
array from deposition with the AmfB(520) target (amphotericin B 2080 mg/mL + 1% polyvinylpyrrolidone). The location of microneedle

insertion was identified using methylene blue dye.

laser evaporation-deposited microneedle array were
Omm, 11 mm, and 18 mm, respectively. These results
suggest that matrix-assisted pulsed laser evaporation
may be used to deposit drugs with poor water solubility,
such as amphotericin B on the surfaces of microneedles,
and that matrix-assisted pulsed laser evaporation-
deposited amphotericin B retains pharmacological
activity. The matrix-assisted pulsed laser evaporation-
coated microneedles containing amphotericin B may
have potential use for transdermal treatment of cutaneous
Candida yeast infections, other cutaneous fungal
infections, and cutaneous parasitic infections. Further
studies are needed to assess the dose and exposure
time for treatment of fungal and parasitic skin and nail
infections.
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