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ABSTRACT
Purpose The purpose of this work is to demonstrate the
feasibility of using a proprietary technology called MicroCor™,
based on solid-state, biodegradable microstructures (SSBMS),
for transdermal delivery of macromolecules.
Methods The proteins FITC-BSA (66 kDa) and recombinant
protective antigen (rPA; 83 kDa) were incorporated into
SSBMS arrays using a mold-based, liquid formulation casting
and drying process. Arrays were applied to the skin with a
custom applicator and then inspected to assess the extent of
microstructure dissolution. In vitro FITC-BSA delivery to human
cadaver skin was visualized using light and fluorescence
microscopy and quantified by extracting and measuring the
fluorescently labeled protein. rPA-containing SSBMS arrays
were applied in vivo to Sprague-Dawley rats. The resulting
serum IgG response was measured by ELISA and compared
with responses elicited from intramuscular (IM) and intradermal
(ID) routes of administration.
Results FITC-BSA and rPA SSBMS arrays successfully
penetrated the skin. Microstructure dissolution was observed
over >95% of the array area and >75% of the microstructure
length. FITC-BSA delivery correlated with protein content in
the formulations. Antibody titers after transdermal delivery of
rPA were comparable or higher than IM and ID titers.

Conclusions Transdermal delivery of macromolecules can be
conveniently and effectively accomplished using the MicroCor
technology.
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ABBREVIATIONS
SSBMS solid-state biodegradable microstructures
FITC-BSA fluorescein isothiocyanate—bovine serum

albumin
rPA recombinant protective antigen

(ex. Bacillus anthracis)
ID intradermal
IM intramuscular
IgG immunoglobulin G
PET polyethylene terephthalate

INTRODUCTION

The development of convenient, non-invasive, safe, efficient
and effective delivery methods for macromolecules by non-
parenteral administration routes continues to be an
objective for a number of academic institutions and
commercial organizations. Transdermal delivery of drugs
is generally limited to small and potent molecules using
conventional patch technology and passive diffusion mech-
anisms. Large molecular-weight drugs or macromolecules
are generally administered by the traditional needle and
syringe or, more recently, using sophisticated pen injector
devices. There is a universal fear and pain component
involved in needle-based drug delivery that can make the
experience of therapy rather unpleasant. This “needle-
phobia” is one of the major reasons for therapy non-
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compliance, which can lead to less-than-optimal treatment
outcomes. Therapy non-compliance also contributes signif-
icantly to direct and indirect economic burdens on the
patient and the healthcare system.

Another limitation of macromolecule drugs is their
inherent instability in a liquid state at room temperature.
Most macromolecule drugs must be stored under refriger-
ated conditions for their intended shelf-life. This requires
special manufacturing, transport and storage requirements
which create additional burdens and costs to the manu-
facturers, healthcare providers and patients. The potential
for accidental needle-stick and the resulting cross-
contamination as well as the need for trained professionals
to administer the injections are some of the other main
obstacles with needle-based drug delivery. Several novel
non-invasive technologies are currently being explored as
alternatives to a needle injection for the delivery of
macromolecules.

The use of microstructure-based devices for transdermal
delivery of small organic molecules, peptides, proteins and
vaccines has been extensively reviewed in the literature [1–
3]. These devices have been fabricated from a number of
materials ranging from silicon dioxide to thermoplastics
and water-soluble polymers, as either solid or hollow
microstructures and in numerous geometries (e.g., varying
shape, height, angle, aspect ratio, etc.) [4–8]. A more
elegant approach to microstructure-based devices is to
incorporate the drug directly into a biocompatible and
biodegradable polymer matrix and then fabricate the
microstructures to be capable of skin penetration under a
slight external force. Corium has developed such a
technology called MicroCor, which uses solid-state biode-
gradable microstructures (SSBMS) that, when applied to
the skin under an external force, penetrate the stratum
corneum barrier layer of the skin and release the drug for
local or systemic uptake. The SSBMS can be formulated
and designed to achieve a range of drug delivery profiles,
from a rapid, bolus-type delivery to a more sustained and
continuous delivery.

In the studies described herein, we evaluated the
potential for transdermal delivery of macromolecules using
our proprietary MicroCor technology. Preliminary feasibil-
ity studies were conducted using fluorescently labeled
bovine serum albumin to evaluate the functionality of the
technology. To demonstrate the efficacy of the technology,
antibody responses to the recombinant protective antigen
from Bacillus anthracis (rPA) transdermally delivered using
MicroCor were compared to the responses achieved after
intramuscular (IM) and intradermal (ID) administration in
an in vivo rat model. These studies highlight the special
promise of the transdermal route of administration for
convenient, non-invasive, safe and effective delivery of
therapeutic macromolecules.

MATERIALS AND METHODS

SSBMS Design and Fabrication

The SSBMS used in this study were arranged in a
hexagonal pattern at a density of approximately 700
microstructures/cm² to form an array of six-sided,
pyramid-shaped microstructures with heights of 200 μm
and center-to-center spacing of 400 μm. SSBMS arrays
were fabricated from liquid formulations containing the
macromolecules of interest as described below.

rPA-Containing Formulations

Recombinant protective antigen from Bacillus anthracis (rPA)
was obtained from List Biologicals (Campbell, CA). The
rPA was reconstituted with water and desalted using Pierce
Zeba Spin Desalting columns (ThermoScientific, Rockford,
IL). The desalted antigen solution was then aliquoted at
three dose strengths and lyophilized. To make the SSBMS
arrays, these dried rPA aliquots were reconstituted in 5 mM
phosphate buffer (pH7.4, Sigma Aldrich, St. Louis, MO)
containing USP grade polyvinyl alcohol, MW ∼ 100,000
(PVA) (Spectrum Chemicals, Gardena, CA), trehalose
(Sigma Aldrich), maltitol (Sigma Aldrich), and
hydroxypropyl-β-cyclodextrin (HP-β-CD) (Cargill, Minne-
apolis, MN). Table I shows the individual compositions of
the three different rPA formulations and the final rPA
content (2.5, 5, and 10% of solids content (w/w)) after
reconstitution in the polymer/excipient solution.

FITC-BSA-Containing Formulations

Fluorescein isothiocyante-tagged bovine serum albumin
(FITC-BSA) was obtained from Sigma Chemical (St. Louis,
MO) and reconstituted at the same dosage strengths and in
the same liquid polymer/excipient solution used to make
the rPA-containing Formulations II and III (Table I). The
compositions of the two FITC-BSA formulations, A and B,
are listed in Table II. SSBMS arrays made from these two
formulations were used to quantify in vitro FITC-BSA
delivery into the skin. Some SSBMS arrays were prepared

Table I Composition of rPA-Containing Formulations (percentage of
solids, w/w)

Component Formulation I Formulation II Formulation III

rPA 2.5% 5% 10%

PVA 20% 20% 20%

Trehalose 31% 30% 28%

Maltitol 31% 30% 28%

HP-β-CD 15.5% 15% 14%
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from formulations containing 25% FITC-BSA with PVA,
trehalose, and maltitol solely for microscopic applications.
The higher FITC-BSA content of these arrays made it
easier to view the microstructures and the skin penetrations
under UV conditions.

SSBMS Fabrication

The SSBMS arrays prepared from both the rPA and the
FITC-BSA-containing formulations were fabricated using
the same method. Approximately 50 μl of formulation were
pipetted and spread over the surface of a silicone mold that
was cast to form a female replica of the microstructure
array. The formulation was then pressurized for 10 min
and dried at 32°C for 1 h. Next, approximately 100 μl of a
Eudragit® E PO solution (Degussa, now Evonik Industries,
Parsippany, NJ), 20% in a 3:1 ethanol:isopropanol solution,
were pipetted on top of the dried rPA or FITC-BSA-
containing layer, pressurized for 2 min, and then dried at
32°C for 1 h. The SSBMS array was then demolded using
double-sided adhesive tape laminated to a thin sheet of
polyester (PET) film. Finally, the arrays were packaged with
desiccant in a heat-sealed barrier foil pouch and stored
under refrigerated conditions. To verify the microstructure
quality, the SSBMS arrays were inspected on a stereoscope,
and only arrays with greater than 95% intact micro-
structures were used in the in vitro and in vivo studies.

A solid-state dry film without microstructures was
fabricated as a control for the rPA immunogenicity study
using rPA Formulation III. Ten microliters of the formu-
lation were dispensed onto a PET release liner, spread to
form an approximately 1″×1″ thin layer, and then dried at
32°C for 30 min. A 20 μl layer of Eudragit solution (20% in
3:1 ethanol:isopropanol) was dispensed over the dried
formulation, spread to form a thin layer within the
boundaries of the formulation layer, and dried at 32°C
for 30 min. The solid-state film was then delaminated from
the liner using double-sided tape and PET film.

The integrity of rPA after being processed into SSBMS
arrays and solid-state films was verified using SDS-PAGE
gel analysis. SSBMS arrays for each formulation, solid-state
films, and their associated liquid casting solutions were

analyzed and found to be consistent with a stock rPA
standard solution, thus indicating that rPA is stable during
SSBMS processing (data not shown).

SSBMS Skin Insertion Method

To insert the microstructures into the skin, SSBMS arrays
were applied using the custom-made spring-loaded impac-
tor device shown in Fig. 1. This device was developed as a
research tool and was designed to generate a high velocity
impact to facilitate microstructure insertion into the skin.
The device is set by compressing and locking the spring in
place. The SSBMS array is then attached to the tip of the
impactor, and the device is activated on the skin by
releasing the compressed spring. The microstructures are
held in the skin by continuing to physically hold the
impactor on the skin after activation. The velocity of the tip
on impact against the skin was measured to be approxi-
mately 9 m/s using high-speed video analysis (ProAnalyst®,
Xcitex, Inc., Cambridge, MA).

In Vitro FITC-BSA Skin Delivery Studies

SSBMS arrays made from FITC-BSA formulations were
evaluated in vitro for skin penetration efficiency and FITC-
BSA delivery using split-thickness human cadaver skin (New
York Firefighter’s Skin Bank, New York, NY). The arrays
were die-cut into 16 mm diameter discs and applied to the
skin for 2 min using the spring-loaded impactor device.
SSBMS arrays and the skin were photographed using light
and fluorescence (UV excitation) microscopy to visualize
the dissolved microstructures and the microstructure pen-
etrations into the skin. The treated skin was tape-stripped
three times to remove any residual FITC-BSA left on the
surface of the skin. To quantify the amount of FITC-BSA
delivered with Formulations A and B, skin sites (n=8 per
formulation) were excised and incubated in 1 ml
phosphate-buffered saline (PBS, Sigma) supplemented with

Table II Composition of FITC-BSA-Containing Formulations (percentage
of solids, w/w)

Component Formulation A Formulation B

FITC-BSA 5% 10%

PVA 20% 20%

Trehalose 30% 28%

Maltitol 30% 28%

HP-β-CD 15% 14%

Fig. 1 Photograph of custom-
made spring-loaded impactor
used for applying SSBMS arrays to
skin in in vitro and in vivo studies.
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2% sodium dodecyl sulfate (SDS, Sigma Aldrich) to extract
FITC-BSA from the skin. Skin extractions were performed
for 24 h at room temperature on an orbital shaker
(200 rpm). The solution extracts were analyzed for FITC-
BSA content using a fluorescence microplate reader
(SpectraMax M5, Molecular Devices, Sunnyvale, CA).
The standard curve range was 0.05–25 μg/ml, and
excitation and emission wavelengths used to detect the
FITC label were 494 nm and 525 nm, respectively.

In Vivo rPA Delivery and Immunization Study

Animals

Female, Sprague-Dawley Rats (approximately 220 g) from
Charles River (Wilmington, MA) were chosen because
they were the smallest animal model compatible with the
size of the SSBMS arrays (16 mm diameter) and the
method of array application. Animals were anesthetized
with halothane during skin site preparation procedures,
prior to injection and MicroCor immunizations, and
during bleeds. To achieve longer anesthesia times for the
MicroCor treatments, ketamine/xylazine (9:1) was also
administered. All animal husbandry and handling proce-
dures were performed in accordance with approved
IACUC procedures.

Study Design

Each animal received a primary IM injection immunization
on Day 0 followed by a second ID, IM, or transdermal
immunization using SSBMS on Day 28 as described in the
overall study design in Table III. Five animals were
assigned to each treatment group.

Preparation of IM and ID Formulations

To prepare the primary immunization liquid formulation
for the intramuscular (IM) and intradermal (ID) admin-
istrations, rPA was mixed with 1X phosphate-buffered
saline containing 2 mg/ml of aluminum hydroxide

adjuvant (alum) (Alhydrogel, Accurate Chemical, West-
bury, NY) for a final concentration of 10 μg rPA per
100 μl dose. For the second immunization, the three liquid
formulations were prepared in 1X phosphate-buffered
saline with no alum to final concentrations that yielded
1 μg rPA per 50 μl intradermal dose (Group 2), 10 μg rPA
per 50 μl intradermal dose (Group 3), or 10 μg rPA per
100 μl intramuscular dose (Group 4). All liquid formula-
tions were freshly prepared on the day of immunization
and used within four hours of preparation.

Animal Immunizations

For the ID injections, the anesthetized rats were shaved to
allow for visualization of the site of application. The study
staff observed that all ID injections yielded a blister,
approximately 5 mm in diameter, consistent with tissue
separation at the epidermal/dermal junction, thus confirm-
ing successful ID injection. Shaving was not required for the
IM injections, which were performed in the thigh.

For the transdermal (SSBMS) and solid-state film
groups, the anesthetized rats were clipped and shaved with
an electric razor to remove the hair on the left flank. The
site was washed with water-soaked gauze, allowed to air dry
for 15 min, and then examined under a white light to verify
that the skin was free of hair and any visible nicks or
scratches. The solid-state film or the SSBMS array were
each die-cut into 16 mm diameter discs and attached to the
tip of the preset spring-loaded impactor. The impactor
device was then activated and held in situ for 2 min on a
flap of flank skin to apply the test articles. To assess the
application sites for local skin tolerability, each skin site was
photographed and scored for edema and erythema using
the 0 (none) to 4 (severe) scale of the Draize scoring system
within 15 min of removing the device [9].

Blood samples were obtained from all animals before
immunizations to establish a baseline IgG antibody level.
On Day 0, each rat received the primary immunization of
10 μg rPA with adjuvant delivered via a 100 μl IM
injection. Blood was drawn two weeks (Day 14) after this
injection, and the serum, isolated by centrifugation of the

Group Animals Immunization 1 Day 0 Immunization 2 Day 28

1 5 Liquid, IM 10 µg rPA, Alum None

2 5 Liquid, IM 10 µg rPA, Alum Liquid, ID 1 µg rPA, no Alum

3 5 Liquid, IM 10 µg rPA, Alum Liquid, ID 10 µg rPA, no Alum

4 5 Liquid, IM 10 µg rPA, Alum Liquid, IM 10 µg rPA, no Alum

5 5 Liquid, IM 10 µg rPA, Alum rPA Solid State Film (10% rPA)

6 5 Liquid, IM 10 µg rPA, Alum SSBMS I (2.5% rPA)

7 5 Liquid, IM 10 µg rPA, Alum SSBMS II (5% rPA)

8 5 Liquid, IM 10 µg rPA, Alum SSBMS III (10% rPA)

Table III rPA Immunization
Study Design
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whole blood, was stored at −80°C for later analysis of
antibody levels. The animals received the second immuni-
zation in the form of one of the treatment groups listed in
Table III on Day 28. Again, blood was drawn two weeks
after immunization on Day 42 to assay the serum for IgG
levels.

Anti-rPA IgG Antibody Assay

Serum anti-rPA IgG titers were measured by an enzyme-
linked immunosorbent assay (ELISA). A 96-well flat bottom
ELISA plate (Microlon, Greiner Labortechnik) was coated
with 50 μl/well of either 3 μg/ml recombinant protective
antigen for the test sera samples or 5 μg/ml rabbit anti-rat
IgG capture antibody (Bethyl Laboratories, Montgomey,
TX) for the rat serum IgG reference standards and then
incubated for 2 h at 37°C. The plate wells were washed
with phosphate-buffered saline containing 0.05% Tween
buffer (PBS-T) and then blocked with PBS-T supplemented
with 20% newborn calf serum (NBCS) (Hyclone Laborato-
ries, Logan, UT) by incubating overnight at 4°C. The next
day, the plate wells were washed again with PBS-T, and the
test sera samples and IgG standards were diluted, as
appropriate, with PBS-T + 10%NBCS for a total of 50 μl
per well and incubated for 4 hrs at 37°C. The plate wells
were washed with PBS-T and 50 μl of secondary antibody,
0.2 μg/ml horseradish peroxidase (HRP)-labeled rabbit
anti-rat IgG (Bethyl) were added to each well and
incubated for 2 h at 37°C. Anti-rPA IgG was then detected
by adding 50 μl of HRP substrate (ABTS) and reading the
absorbance of each well at 405 nm using a microplate
reader (SpectraMax M5). The antibody titer was quantified
using the calibration curve based on the reference IgG
standard.

Transepidermal Water Loss Measurements

Transepidermal Water Loss (TEWL) was measured for
each transdermal application site using the Vapometer™
(Delfin Technologies, Kuopio Finland). The device meas-
ures the rate of water evaporation from the skin and
provides an indication of the integrity of the skin barrier.
TEWL was measured before and immediately after the
SSBMS treatments. If the baseline (before treatment)
TEWL value was high (above 20 g/m2/hr), an alternate
administration site was selected.

Post-Application SSBMS Analysis

For both the in vitro and in vivo studies, the used SSBMS
arrays were retained for microscopic inspection of the
residual microstructures using a stereoscope equipped with
a graticule in the eyepiece (Model SZ61, Olympus, Inc.,

Center Valley, PA). Arrays were mounted perpendicularly
to the microscope objective so that the structures could be
viewed from the side. Using the graticule, the heights of the
residual microstructures were measured and compared with
the original 200 μm height. The percentage of the
remaining microstructure length in eight representative
microstructures and the percentage of the SSBMS array
area showing dissolution were recorded. The two metrics
allowed the estimation of the amount of FITC-BSA or rPA
delivered into the skin based on a geometric calculation of
the total volume of the dissolved portion of the pyramid-
shaped microstructures and the protein contents of the
formulations.

Statistical Analysis

Mean values reported in this study represent the average of
at least five replicates. Error bars are the standard
deviations of the means (SD). When a comparison between
two means was required, a Student’s t-test with a 95% level
of confidence (α=0.05) was used. Comparisons between
two or more means were performed using a one-way
analysis of variance at the same level of confidence
(ANOVA, α=0.05). A p-value<0.05 was considered to
indicate statistical significance.

RESULTS

FITC-BSA In Vitro Skin Delivery

Fig. 2 shows a microscopic view of an array of SSBMS
arrays containing FITC-BSA under UV excitation. The
location of fluorescence within the microstructures corre-
sponds to the localization of the protein within the micro-
structures. To determine whether the MicroCor platform
could be used to deliver macromolecules transdermally,
these FITC-BSA SSBMS arrays were first tested in vitro
using human cadaver skin. FITC-BSA permitted the use of

500 µm

Fig. 2 Representative fluorescence image of solid-state biodegradable
microstructures (SSBMS) containing FITC-labeled bovine serum albumin.
[Scale: center-to-center spacing=400 µm].
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fluorescence to visualize and quantify the amount of protein
within the SSBMS and the skin.

FITC-BSA SSBMS arrays were applied to human cadaver
skin for 2 min using a custom-made spring-loaded impactor.
Fig. 3 shows representative images of microstructure pene-
tration into the skin using both (A) light and (B) fluorescence
(UV excitation) microscopy. The individual microstructure
penetrations are especially visible with fluorescence micros-
copy and show excellent skin penetration efficiency, i.e.,
uniform penetration over the entire array area.

After application, the used SSBMS arrays were
inspected under a microscope to evaluate and measure
the heights of the residual microstructures. Fig. 4 shows
representative photos of a SSBMS array containing FITC-
BSA before application and the same array after skin
penetration. The almost complete dissolution of the micro-
structures can clearly be seen. For all of the FITC-BSA

SSBMS arrays tested in this study, dissolution of the
microstructures was observed over >95% of the entire
array area, and the length of the microstructures dissolved
was >75% of the original 200 μm length.

To quantify the amount of FITC-BSA delivered in vitro,
the FITC-BSA was extracted from the skin and analyzed.
The surface of each skin sample was tape-stripped to ensure
that the BSA extracted was not simply adsorbed to the skin
surface. Fig. 5 shows the total amount of FITC-BSA
extracted from the human cadaver skin after treatment
with SSBMS arrays made from two FITC-BSA formula-
tions (A and B). Formulation A arrays (5% FITC-BSA)
delivered 12.0±1.3 μg FITC-BSA into the skin, while
Formulation B arrays (10% FITC-BSA), which contained
twice as much FITC-BSA, delivered almost twice as much

500 µm

500 µm

Before Application

After Application

Fig. 4 Representative light microscopy images of a FITC-BSA-containing
SSBMS array before and after application to human cadaver skin in vitro.
Microstructures are almost fully dissolved.

5 mm

A

5 mm

B

Fig. 3 Representative image of FITC-BSA delivery within human cadaver
skin after treatment with a SSBMS array. Microstructure penetrations can
be seen with a stereoscope under both light (a) and UV-excited
fluorescence (b) microscopy conditions.
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Fig. 5 Measured and theoretical in vitro FITC-BSA delivery to human
cadaver skin after treatment with Formulations A and B, which contain 5%
and 10% w/w FITC-BSA, respectively. Measured values were determined
by extraction of FITC-BSA from excised skin. Theoretical values were
estimated based on the residual length of the microstructures after
penetration. (n=8 per formulation).
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FITC-BSA, 21.7±4.0 μg. FITC-BSA removed by tape
stripping accounted for less than 7% of the total FITC-BSA
extracted from the skin and tape combined (data not
shown). Fig. 5 also shows that the theoretical FITC-BSA
delivery (9.7±1.3 μg and 20.3±2.4 μg FITC-BSA for
Formulations A and B arrays, respectively) calculated based
on the observed length of microstructure remaining and the
percentage of the array area showing dissolution were
comparable to the experimentally measured delivery.

rPA Delivery and Immunogenicity Study

Local Skin Tolerability

After administration of the rPA-containing SSBMS arrays
and the solid-state film, there was no observable edema on
any of the 20 treatment sites (all scores=0), and erythema
ranged from none (score=0) to slight (score=1) for both the
film treatments and the array treatments. The average
erythema score for the four treatments was 0.6±0.5 for the
film, 1.0±0.0 for SSBMS I, 0.6±0.5 for SSBMS II, and
0.8±0.4 for SSBMS III. The fact that there was no
statistically significant difference in erythema between the
film and the SSBMS arrays (p=0.46; one-way ANOVA)
suggests that the method of application, i.e., the high
velocity impactor, is likely a major influence on the
development of erythema. Although small numbers of

petechiae were visible at many of the SSBMS application
sites, light blotting of the skin revealed no blood on the skin
surface. Fig. 6 shows representative images of the rat skin
after application of the solid-state film and a SSBMS array
(2.5% rPA formulation) transdermal treatment.

Transepidermal Water Loss

TEWL was measured before and after transdermal appli-
cations to assess whether the microstructures penetrated the
skin, thus causing an increase in the skin’s water evapora-
tion rate. The average of the TEWL for each transdermal
group before and after treatment is summarized in
Table IV. For the three SSBMS transdermal groups, there
was a significant increase in the TEWL after treatment
when compared to the baseline values measured before
treatment (p-values for each group≤0.002). For the solid-
state film group there was essentially no change in TEWL
(p-value=0.81), which is consistent with the absence of
microstructures.

SSBMS Dissolution

When the used SSBMS arrays, which had been applied to
skin for 2 min, for each treatment group were inspected
under the microscope, all arrays showed good dissolution
over >95% of the array area (data not shown). Table V

Treatment Group TEWL (g/m2-hr) TEWL Ratio (After/Before)

Before Treatment After Treatment

SSBMS I (2.5% rPA) 10.6±2.5 28.1±2.8 2.8±0.78

SSBMS II (5% rPA) 6.7±0.2 22.1±2.1 3.3±0.36

SSBMS III (10% rPA) 11.0±2.4 22.1±4.2 2.1±0.43

Solid State Film (10% rPA) 7.4±1.9 7.6±2.1 1.1±0.25

Table IV TEWL Values for Skin
Sites Measured Before and After
Transdermal Applications

Solid State rPA Film SSBMS I (2.5% rPA) 

A B
Fig. 6 Representative photographs
of skin sites after in vivo application of
the solid-state rPA film and an rPA-
containing SSBMS array in the rat
model. Note: Treatment sites have
been outlined with blue and green
marker. The microstructures were
well tolerated, as evidenced by the
lack of edema and the no-more-
than-mild erythema.
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shows that the average microstructure length dissolved,
i.e., >75% of the 200 μm length, was approximately the
same for the three SSBMS groups (one-way ANOVA, p=
0.89). Since the extent of dissolution was similar for the
three different formulations, estimates of rPA delivery based
on the microstructure length remaining correlated with the
rPA content in the original formulations. As the rPA
content increased by a factor of two for the three
formulations, so too did the rPA delivery, e.g., 5.1 μg for
2.5% rPA, 9.8 μg for 5% rPA, and 18.0 μg for 10% rPA.

IgG Antibody Titers after Immunization

Fig. 7 shows the anti-rPA antibody titers for the individual
animals in each treatment group. The estimated amounts of
rPA delivered rounded to the nearest microgram are
reported in parentheses for the immunization treatments.
All groups received the same primary immunization, and,
as expected and as shown in Fig. 7a, the antibody titers at
2 weeks post primary immunization were comparable for
all eight treatment groups (p=0.31). After the second
immunization, there were several differences seen among
the various groups, with results depicted in Fig. 7b.

An increase in antibody titer was observed for the
control (none) group after the second two-week period
even with no second immunization. The increase was
likely due to the presence of the alum adjuvant in the
initial immunization, which may have caused the primary
immune response period to be extended. Nevertheless,
antibody titers for the 10 μg ID and IM treatment groups,
though not statistically different from each other (p=0.88),
were higher than the control (p=0.001 and 0.009,
respectively) and the solid-state film groups (p=0.007
and 0.03, respectively). Likewise, the transdermal SSBMS
II (10 μg) and SSBMS III (18 μg) groups had significantly
higher antibody titers than the control (none) and solid-
state film (all p<0.0001). The transdermal SSBMS II and
SSBMS III groups also had statistically higher antibody
titers than the ID (10 μg) group (p=0.04 and 0.03,
respectively) and higher, but not statistically different,
IgG titers than the IM (10 μg) group (p=0.09 and 0.07,
respectively), due to the higher variability seen in the IM
group. The antibody titers were comparable for transder-
mal SSBMS II (10 μg) and SSBMS III (18 μg) groups,
suggesting a plateau in the dose-response curve above a
certain threshold antigen concentration (p=0.73).

The transdermal 5 μg SSBMS I group had antibody
titers that were significantly lower than both the SSBMS II
and SSBMS III groups (p<0.0001). Instead, the group was
comparable to the 1 μg ID group and the solid-state film
(p=0.39 and 0.98, respectively), suggesting a minimal
threshold concentration required for eliciting an increase
in the IgG response (typical of an S-shaped dose response
curve). The 5 μg SSBMS I group was expected to have a
higher titer based on the robust response of the 10 μg
SSBMS II group. However, our doses for the transdermal
SSBMS groups are indirect estimates based on microscopic
evaluation of microstructure dissolution, and, as a result,
there could be some error with these dose estimations.
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Fig. 7 Individual serum anti-rPA IgG antibody titers measured two weeks
after the first immunization (a) and two weeks after the second
immunization (b) for each treatment group. Geometric means are also
plotted for each treatment group. The estimated amount of rPA delivered
is reported in parentheses for immunization groups.

Treatment Group Microstructure Length Remaining (µm) Estimated rPA Delivery (µg)

SSBMS I (2.5% rPA) 43.4±18.1 5.1±1.6

SSBMS II (5% rPA) 45.6±20.5 9.8±3.3

SSBMS III (10% rPA) 48.4±8.8 18.0±3.3

Table V Residual Microstructure
Lengths and Estimated rPA
Delivery after SSBMS Treatments
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DISCUSSION

The transdermal route is a well-accepted route of admin-
istration as is evident from patient acceptability and the
commercial success of patches in several therapeutic areas, e.g.,
pain management, hormone replacement, nicotine cessation,
hypertension and Alzheimer’s. The transdermal route is
limited, however, to small molecule delivery due to the
excellent barrier properties of the skin. The surge in develop-
ment of biotechnologically based macromolecule drugs and a
renewed interest in vaccines have created an opportunity for
the development of needle-free transdermal delivery systems
for painless, safe and effective delivery of these drugs.

Evaluations of the microstructures after both in vitro and
in vivo skin penetration indicate that rapid dissolution (within
2 min) and penetration depths of at least 100 μm, and possibly
more than 150 μm, can be achieved. At this depth, the skin
irritation effects observed in rats were mild and transient. The
FITC-BSA in vitro delivery results demonstrated that uniform
penetration and dissolution of the microstructures can also
be achieved. The almost complete dissolution of the micro-
structures also highlights an important safety feature of the
technology. Once the microstructures have dissolved within
the skin, there is minimal risk of accidental reapplication,
and disposal of sharps will be less of an issue.

The immune response expressed in terms of anti-rPA
titers, which has been shown to be a good indicator of
overall protective immunity [10], was higher after trans-
dermal delivery of rPA with the SSBMS than after the ID
and IM routes of administration. Also, the immune
response after transdermal delivery with the SSBMS was
more consistent and reproducible as compared to the ID
and IM routes of delivery. Interestingly, there was no
statistical difference observed between the 10 μg IM and ID
groups in this study. In some literature reports, the ID route
has been shown to have a better antibody response than the
IM route for certain antigens, although this may not always
be the case [11–13]. The overall improved response seen
with the transdermal route versus traditional injections may
indicate that different aspects of the immune system are
responsible for the anti-rPA antibody response, and it is
possible that the balance of antigen presentation by dermal
dendritic cells in the dermis and/or Langerhans cells in the
epidermis determine the overall antibody response.

CONCLUSIONS

In this study, we have demonstrated the feasibility of using
solid-state biodegradable microstructures for safe and
effective delivery of macromolecules. The technology can
be used to effectively penetrate the outer layers of the skin
to deliver large drug molecules in a rapid fashion for both

local and systemic uptake. The next steps are to leverage
the MicroCor technology to develop therapeutic drug/
vaccine candidates that are cost-effective and amenable to
commercial scale-up.
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