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Article highlights.

o Transcutaneous vaccination holds great promise because
skin has numerous varied immunocompetent cells.

A number of clinical studies have been conducted for
transcutaneous vaccination using TCl devices, such as
the patch system and jet injector.

TCl devices using microneedles, particularly self-dissolving
microneedles, are attractive from both safety and
efficacy aspects.

For more effective transcutaneous vaccination, the
development of adjuvants using TLR ligands is

in progress.

The accumulation of information and preparation of
guidelines are important for practical use of
transcutaneous vaccination.

This box summarizes key points contained in the article.

and that is attracting great attention is the transcutaneous
immunization (TCI) system [9,101.

In this article, we summarize the recenty developed
pharmaceutical and physical strategies and adjuvants for the

enhancement of TCI.

2. Skin as a vaccination target

The skin is an organ that is constantly exposed to the risk of
invasion by foreign substances. It is composed of three layers:
the stratum corneum (SC), epidermis and dermis (Figure 1).
SC operates as a ‘physical barrier’ to limit substance penetra-
tion. In addition, the skin acts as an ‘immunological barrier’
and contains various immunocompetent cells, such as
Langerhans cells (LCs), keratinocytes, dermal dendritic cells
(dDCs), macrophages, mast cells and T cells [11-15]. Keratino-
cytes account for ~ 90% of the total epidermal cell population
and play an important role in innate immunity in the skin by
producing a wide range of cytokines, chemokines and antimi-
crobial peptides in response to challenge. LCs in the epider-
mis and dDCs in the dermis have critical roles as potent
antigen-presenting cells (APCs) against external antigens. In
TCI, LCs and dDCs capture antigens/pathogens, migrate to
the peripheral draining lymph nodes, process and present
the antigen to the naive T cells and initiate immune responses.
Additionally, some researchers have reported that LCs and
dDCs have the different functions as APCs; LCs induce
humoral immune response and dDCs perform antigen
cross-presentation by MHC class I (16}, and TCI could induce
immunoglobulin A (IgA) production in mucosal tissues [17).
This suggests that antigen delivery to the epidermis and der-
mis beneath SC promotes the induction of a strong and/
or various immune responses, such as humoral, cellular and
mucosal immunity. However, administration of the antigen
solution onto the skin surface fails to result in penetration of
SC and delivery of sufficient antigen into the skin [18-20].
Therefore, a number of studies are underway to improve
various transcutaneous vaccination systems (Figure 2).

3. Transcutaneous vaccination techniques

As it is not easy for large proteins and viral particles to pene-
trate SC under normal conditions, the following two major
strategies for TCI have been developed: i) promote antigen
permeation of the skin barrier and ii) deliver the antigen
into the skin by physical methods in order to overcome the
skin barrier. Several devices have undergone clinical studies
(Table 1).

3.1 Promoting antigen penetration through SC
Studies have been reported in which transcutaneous per-
meation of the antigen is increased, rendering it more readily
available for uptake by APCs. In addition, the development
of micro/nanometer drug delivery systems, such as liposomes
and nanoparticles, as alternatives for transcutaneous vaccination
is attracting attention.

3.1.1 Patch

The patch is one of the most commonly used systems for
transcutaneous vaccination. Glenn ez 4. and McKenzie ez al.
reported that application of the vaccine patch (containing
50 pg Escherichia coli heat-labile toxin; LT) after removal of
SC by tape stripping, increases the IgG titer to levels compa-
rable to those obtained after active toxin infection and those
induced by the oral cholera vaccine [21,22). This vaccination
system, known as the skin preparation system (SPS) was suc-
cessful in Phase I and Phase 11 clinical studies against travelers’
diarrhea (Table 1) [23.24]. Both preclinical and clinical investi-
gations have shown that TCI results in mucosal immunity
to LT, which may contribute to protection [22,24). Moreover,
influenza vaccination with LT using SPS showed improved
immune responses in the elderly [25]. A cyanoacrylate skin
surface stripping (CSSS) procedure has been developed for
removing SC [26-28]. Transcutaneous influenza vaccination
using CSSS promoted both CD4 and CD8 T-cell immune
responses in humans (Table 1) {27,28). In addition, cytotoxic
T cells (CTLs) were induced by peptide immunization against
melanoma using CSSS (26). However, the development of a
more easy-to-use and safer vaccination patch system is
expected because SPS or CSSS require treatment to disrupt
SC before patch application.

We have developed a hydrogel patch that was shown to
induce effective immune responses against tetanus toxoid
(TT) and diphtheria toxoid (DT) after application in the
absence of any treatment (Figure 2A) (29-32). The hydrogel
patch was prepared with cross-linked HiPAS™ acrylate
medical adhesives (CosMED):octyldodecyl lactate:glycerin:
sodium hyaluronan. The rationale supporting this mechanism
is that the concentrated antigen on the patch surface generates
a high concentration gradient of antigen, thereby producing
the driving force to promote substance penetration. We
previously conducted a clinical study with a hydrogel patch
containing TT/DT and confirmed the safety and efficacy in
humans (Table 1) [33).
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Figure 1. The induction mechanism of immune responses by a transcutaneous vaccine delivery technique.

The disadvantage of using the patch system is the require-
ment for large quantities of antigen, because each 2 mg TT/
DT was applied in our clinical study and the amount of antigen
penetrating the skin was a few percentage of the antigen applied
to the skin in rats. Finding a suitable adjuvant for TCI to
reduce the dose of antigen is also an important factor for the
practical use of transcutaneous vaccination using the patch.

3.1.2 Nanoparticles
Nanoparticles are promising entities as antigen carriers for
transcutaneous vaccination because of the nano-bio interac-
tion with skin lipids, and the consequent induction of
transient and reversible openings in SC [34]. In addition,
nanoparticle vaccines can penetrate hair follicles where there
is a high density of APCs, target the carried antigens toward
APCs and increase the immune response [34-36). Another
advantage is the possibility of encapsulating both the antigen
and adjuvant in the same particle, which is suggested to
enhance the immune response [37].

The most common nanoparticles have been prepared
using polylactic acid (PLA) or/and poly (lactic-co-glycolic

acid) (38). Fluorescence-labeled nanoparticles were detected
in the duct of hair follicles, indicating that nanoparticles
can penetrate the skin barrier through hair follicles.
Although ovalbumin (OVA)-loaded PLA nanoparticles eli-
cited lower antibody responses than OVA in aqueous
solution, they were more efficient at cytokine induction (39].
Chitosan is currenty being explored as a biomimetic
material for the development of drug delivery systems. Its
biodegradability, biocompatibility, low toxicity and simple
and mild preparation methods make it an attractive candi-
date (40.41]. Several reports have indicated that the antigen
is protected from degradation by conjugation with the chito-
san nanoparticle. The chitosan nanoparticle may act as
an adjuvant by functioning as a depot and being more
efficiently taken up by dendritic cells than plain antigens
because their size and structure are similar to those of
microorganisms [42-44).

3.1.3 Elastic vesicles
As mentioned above, formulation of antigens in particulate
carriers is popular in vaccine delivery. Recently, elastic
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Figure 2. Schematic illustration and photographs of transcutaneous vaccination devices. (A) Hydrogel patch; (B) liposome
and elastic liposome; (C) ultrasound; (D) electroporation and (E) jet injector.

Table 1. Clinical studies of transcutaneous vaccine delivery.

Formulation or device Vaccine Phase Dose Company Refs.
Patch
SPS LT for travelers’ diarrhea 1l 37.5 pg IOMAVY/ [24]
Trivalent inactivated seasonal influenza I 45 ug LT Intercell [25]
CSSS Inactivated influenza/tetanus or ! 15 ug [27.28]
subunit influenza
Melanoma or | 4 - 16 mg [26]
HIV epitopes
Hydrogel patch TT/DT clinical study 2 mg each CoSMED [33]
Jet infector
PMED™ Influenza DNA [ 1-4pg Pfizer [66,70]
(Powder) DNA melanoma gp100 | 0.5-1pg [68]
Malaria DNA | 2.5 mg [71,72)
Biojector® HIV DNA | 1 mg Bioject [74]
(Liquid) Inactivated hepatitis A | 1440 EL. U [73]
Microneedle
MicronJet® Trivalent seasonal influenza HA | 3-6pg NanoPass [96]

CSSS: Cyanoacrylate skin surface stripping; DT: Diphtheria toxoid; HA: hemagglutinin; LT: Escherichia coli heat-labile toxin; PMED: Particle-mediated epidermal

delivery; SPS: Skin preparation system; TT: Tetanus toxoid.

vesicles, which have a flexible bilayer composed of phospho-
lipid, surfactant and water, have been used as they are thought
to penetrate SC more easily compared to conventional
liposomes (Figure 2B). With a similar structure to biological
membranes, transfersomal systems, including deformable

liposomes and niosomes, have been formulated for the
topical/transdermal delivery of bioactive compounds, such as
antibiotics, proteins and nucleic acids.

Transfersomes” are ultradeformable liposomes generated by
incorporation of a surfactant into the lipid bilayer 1451. The use
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of Transfersomes to formulate antgens in TCI has been
reported in a few studies. When antigens, such as human serum
albumin, gap junction protein or TT are used, potent humoral
immune responses are induced in murine models with anti-
body levels comparable to those obtained through subcutane-
ous injection [46-48). Variants of elastic vesicles have also been
evaluated in TCI, such as ethosomes, which have a high per-
centage of ethanol introduced into the vesicles, or niosomes,
which are constructed from nonionic surfactants and choles-
terol. TCI of hepatitis B surface antigen (HBsAg)-loaded etho-
somes (composed of soya phosphatidylcholine and ethanol) has
been reported to induce an immune response comparable to
intramuscular injection of HBsAg-alum [49). Bovine serum
albumin (BSA)-loaded niosomes, composed of Span 60, Span
85, cholesterol and Stearylamine, were coated with a modified
polysaccharide, O-palmitoyl mannan, for targeted delivery to
LCs. This niosomal formulation elicited significantly higher
serum IgG titers compared to alum-adsorbed BSA or plain
uncoated niosomes in TCI, but the titers were still lower than
those obtained after intramuscular injection of an equivalent
dose of BSA-alum (50 Thereafter, the optimization of
niosomes with respect to the composition or dose is needed
for improving efficacy and practical use.

3.2 Physical techniques for TCl
Many studies have reported that topical application of the
vaccine formulation alone cannot yield an adequate immune
response. This creates an attractive challenge for developing
physical methods to overcome SC.

3.2.1 Ultrasound

Low-frequency ultrasound (Figure 2C) is known to increase
the skin permeation of large molecules and enable transcuta-
neous vaccination. Ultrasonic TCI offers a needle-free and
painless immunization and can increase anti-TT antibody
titer {51]. The use of ultrasound can be defined as a physical
adjuvant for TCI because slight LC activation was observed
after ultrasound in the absence of antigen [52]. Low-frequency
ultrasound application to the skin is known to extract skin
lipids, cause the formation of defects and lacunar spaces
within the skin and create highly permeable localized trans-
port regions in the skin. Thus, liposome application to
sonicated skin could allow/enhance liposome/antigen flux
into the skin and consequently enhance TCI. Liposome appli-

cation repaired the skin damage caused by ultrasound,

although greater damage caused by skin sonication in the
presence of sodium dodecyl sulfate was not repaired [53).
This suggests that synergistic effects between liposomes and
ultrasound for TCI may be possible. However, it should be
considered that vaccination by ultrasound requires the use of
bulky, specialized equipment.

3.2.2 Electroporation
Increased molecular transport results from structural rear-
rangements to the cell membrane [54. Electroporation

Transcutaneous vaccines

(Figure 2D) results in transient structural perturbation of lipid
bilayer membranes, including SC, in response to high-voltage
pulses. This technique extends the transfection efficiency to
many skin cells [55,56]. Previously, electroporation was widely
used as a transcutaneous drug delivery system. Compared to
injection, electroporation is less invasive because of the new
availability of noninvasive probes. A study has shown that
exodus of LCs from the skin was stimulated, and the OVA-
specific CTL response to the vaccine delivered by needle-
free electroporation was equivalent to that of intradermal
injection [57). Efficient priming of immune responses by
human immunodeficiency virus DNA electroporation in con-
junction with a protein boost may give rise to long-term
immunity (58,59, However, similar to ultrasound, the
electroporation technique requires a specialized device.

3.2.3 Jet injector

The jet injector (Figure 2E) delivers powder or liquid antigen
into the skin by air pressure using compressed helium [60-62).
Many studies have been conducted using epidermal powder
immunization, showing protective immune responses against
influenza, hepatitis B and DT, with doses ranging from 0.2 to
5 pg (63.64. This device has been acquired by Pfizer (particle-
mediated epidermal delivery; PMED™) to target dry powder
DNA vaccines, primarily to the epidermis of the skin
(Table 1) [65-72). The disruption by this system causes mild side
effects, such as application-site burning, which usually resolves
within hours (66.70. On the other hand, Biojector® has been
developed as a liquid jet injector by Bioject (Table 1) [73.74].
A higher proportion of people who received the hepatits A
DNA vaccine using Biojector as a liquid jet injector serocon-
verted with hepatitis A virus compared with vaccination using
an injection (73]. Although hand-size device was developed and
handling of device was to be easy-to-use, jet injector is poor
method in prevalence of vaccination because of the strong pain.

3.2.4 Microneedle

The most widely used method to overcome the skin barrier is
intradermal injection, which enables precise and reproducible
delivery of antigens into the dermis. Some studies reported
that the efficacy of influenza intradermal injection was
greater than that of conventional intramuscular injection, sug-
gesting that vaccination targeting the skin is promising [75.76).
However, traditional intradermal injection requires well-trained
healthcare workers, which has led to the development of new
devices for intradermal injection. One example is the Becton
Dickinson (BD) microinjection system, Soluvia™ (77.7s1.
This is a prefilled syringe with a single 1.5 mm long,
30 G intradermal needle designed to deliver 100 ~ 200 pL
fluid. It is now commercially available for a trivalent sea-
sonal influenza vaccine (Sanofi-Pasteur) [79). These studies
underline the effectiveness of the skin as an immunization
site, but intradermal injection still employs the use of long
needles and is painful. A minimally invasive means of
vaccinating healthy people by TCI is desirable.
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Figure 3. Examples of transcutaneous delivery using microneedle. (A) Solid microneedle; (B) hollow microneedle; (C) coated

microneedle and (D) dissolving microneedle.

One approach toward painless TCI is to dramatically
reduce the needle size so that they are barely perceptible.
The concept of the microneedle array for drug delivery essen-
tially dates back to a patent, filed in 1976, by Gerstel and
Place (80]. However, it was not until the 1990s that the tech-
nique became viable, as by this time, fabrication techniques
had become available to produce these microneedle arrays in
a potentially cost-effective manner.

In this context, the term ‘microneedle’ refers to needles
shorter than 1 mm. Microneedles only need to pierce the
15 to 20 pm thick SC before reaching the viable epidermis.
However, the skin is an elastic, heterogeneous tssue and is
slightly stretched 77 vivo. The mechanical and structural proper-
ties of the skin significantly vary with age, skin type, hydration
level, body location and among individuals [81]. To ensure
effective and reproducible piercing regardless of these factors,
microneedles need to be much longer than 20 pum (s25. Other
parameters, such as microneedle diameter, insertion depth,
microneedle tip geometry and microneedle density also influ-
ence skin perforation and antigen delivery (82-84). For instance,
very thin microneedles are fragile, which results in an increased
risk of fracture in the skin [85]. In addition, increased micronee-
dle density can give rise to the ‘bed of nails’ effect and does not
improve antigen delivery [s2].

Various strategies using microneedle technology were deve-
loped for transdermal drug delivery, including TCI (s6-s8],
because microneedle approach is one of the most easy-to-use
methods by just applying it on the skin. The important
strategies are summarized below (Figure 3).

3.2.4.1 Solid microneedles

The first method using microneedles involves perforation of
the skin with solid microneedle arrays and application of
antigens to the skin surface for subsequent diffusion into
the skin (Figure 3A). Henry et al. demonstrated a four-
order-of-magnitude increase in permeability for calcein and
BSA through human epidermis iz vitro after penetration
with a microneedle array of 150 pm long needle [s9].
Banks et al. reported that the flux across the microneedle
array pretreated skin was augmented by increasing the charge
of the drug (90]. In addition, it was reported that 200 nm
particles can diffuse through conduits formed by a solid
microneedle array (300 pm long, 4 X 4 array), which was
applied at a speed of 3 m/s using an electric applicator [91].
In the absence of such an applicator, no conduits
were formed. In the efficacy assessment of TCI, pretreat-
ment of the skin using the same type of microneedle
array led to a 1,000-fold increase in antibody titer after
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topical application of DT in mice (92). The immune response
was further boosted by co-application of cholera toxin (CT),
suggesting that selective addition of adjuvants may lower the
antigen dose required [93]. A 3M has developed the micro-
structured transdermal system using coated or uncoated
solid microneedles. In collaboration with VaxlInnate,
these microneedles will be used for the delivery of an
influenza vaccine.

As a variant of the treatment using solid microneedles, a
post-treatment method was developed [94]. The skin was
painted with a vaccine solution and then gently scraped by
microneedles to expose the epidermis to the vaccine without
causing pain sensation. Using BD’s OnVax® device, which
has a microneedle length ranging from 50 to 200 pm over a
1 cm? area, stronger and less variable immune responses
were achieved compared to intramuscular and intradermal
injection with the same dose of hepatitis B DNA vaccine
(100 pg). Moreover, 100% seroconversion was achieved after
only two vaccinations, whereas only 40 — 50% conversion was
obtained by intramuscular injection.

In general, pre- or post-treatment with the microneedle
array is considered a simple approach for TCI that has great
potential, but parameters such as dose and application time
should be optimized.

3.2.4.2 Hollow microneedles

During pretreatment with a solid microneedle array,
antigen delivery is dependent on passive diffusion along
the conduits created by the microneedles. Although this
is a relatively easy approach from a technical point of view,
it is difficult to optimize the antigen quantity required to
activate immune cells in the skin because of limited trans-
port through the conduits. Hollow microneedle arrays
can inject the vaccine to a well-defined depth in the skin
by precisely steering the flow rate using a syringe or a
pump (Figure 3B).

Hollow microneedles are made of various materials, such as
silicon, metal and glass (95]. Recently, the potential of hollow
microneedles for vaccination has received attention as it can
be used for both TCI and intradermal vaccination depending
on the microneedle length. Influenza vaccination (3.3 pg of
hemagglutinin [HA] per strain) using a hollow microneedle
array (450 pm long, 4 x 1, MicronJet developed by
Nanopass) induced immune responses similar to those
induced by intramuscular injection of 15 pg HA per strain
to human volunteers (Table 1) [96].

The main technical demands are avoiding leakage and clog-
ging of the microneedles during injection. Whereas clogging
can be prevented using a beveled tip (s3], the short-length
needle increases the chance for leakage. Therefore, optimiza-
tion of the flow rate, needle length and localization of the
opening are demanded. In addition, the hollow microneedle
formulation has the disadvantage of requiring cold chain
storage and transportation of antigen solutions in addition
to the injection system.

Transcutaneous vaccines

3.2.4.3 Coated microneedles

Microneedle arrays precoated (Figure 3C) with 1 pg OVA
induced a 100-fold increase in immune response compared
to intramuscular injection of the same dose (97). The titanium
microneedles in the array were 300 pm long and were applied
to the skin using an impact insertion applicator. Furthermore,
an extensive study was conducted on the influence of OVA-
coated microneedle properties on the immune response. The
immune response was found to be dose-dependent, but prac-
tically independent of depth of delivery, density of micronee-
dles or area of application. Interestingly, OVA vaccination
with short microneedles (225 pm) in a high-density array
(725 microneedles/cm?) induced an immune response similar
to that induced by longer microneedles (600 pm) in a low-
density array (140 microneedles/cm?®) (s2). This led to the
development of the macroflux system, which is now under-
going a Phase I clinical study for TCI with an influenza
vaccine. Efficacy using coated microneedles was reported for
various antigens including OVA, H3N2 influenza antigen,
inactivated influenza virus and hepatitis C DNA.

Coatings are usually applied by dipping the microneedle
into a vaccine formulation [98,99). Another method is to use
gas jet coating to achieve a more uniform coating of densely
packed microneedles {100]. Coated microneedle arrays may
not be very attractive for transdermal drug delivery as only a
limited quantity of active compounds can be coated onto
the microneedle. However, this quantity might be sufficient
for antigens to elicit a protective immune response. In addi-
tion, one of the advantages of coated microneedles is that
dried antigen adhered to the surface of the microneedles
may improve the long-term stability 101]. It was reported
that coating reduced the immunogenicity of the vaccine,
thus requiring trehalose to partially retain the activity (102,103

A method of combining coated microneedles with electro-
poration has been developed (1041 The EasyVax'™ device
inserts coated microneedle arrays into the skin, followed by
electrical pulses, to deliver DNA into the cells. Neutralizing
antibody titers induced by TCI with a smallpox DNA vaccine
using this system were greater than those induced by the
traditional live virus vaccine administered by scarification.
However, the main drawback of this approach for practical
use is the complexity of the device.

3.2.4.4 Dissolving microneedles
Conventional microneedles suffer from the risk of fracture,
which might leave metals, stainless steel or silicon microneedle
fragments in the skin. The use of dissolvable or biodegradable
materials containing vaccine components is an elegant way to
deliver a vaccine without the possibility of microneedles
breaking off in the skin (Figure 3D). Moreover, dissolving
microneedles leave no biohazardous sharp medical waste and
remove the risk of secondary infection by used needles.

The first microneedles were made of maltose [105] and later,
development of dextrin microneedle array was reported for
the delivery of insulin and erythropoietin [106,107]. Recently,

Expert Opin. Drug Deliv. (2013) 10(4) 491



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Osaka University on 03/18/13
For personal use only

S. Hirobe et al.

@

Before
application

Application time
15 min 5 min

30 min

60 min

o

Pt
5

Pt N
——

e
et

- §

wlemndil

T

iy

g

Al i

Figure 4. Photographs of MH and observation of microneedles and skin after MH application. (A) MH is made of hyaluronic
acid and contains 200 microneedles/ patch (0.8 cm?). (B) MH of 800 pm long needle were applied to the back skin of Wistar ST
rats for the indicated times. After removal of MH, the microneedles remaining on MH were photographed using a
stereoscopic microscope. (C) Fluorescein-OVA (green) or FITC-silica particle (green)-containing MH of 800 um long needle
were applied to the back skin of Wistar ST rats for 6 h. The skin was harvested and frozen. Frozen sections (6 um thick) were
photographed under a fluorescence microscope. The nucleus was counterstained using DAPI (blue).

Sullivan ez al. showed that immunization with polymeric
dissolving microneedles containing inactivated influenza virus
induced a strong antibody and cellular response and provided
protection against challenge by influenza (108]. The manufac-
ture of dissolving microneedles requires technical expertise
to allow the antigen to be incorporated into the matrix of
the microneedle material using mild procedures that do
not cause antigen breakdown or compromise material
strength. The high temperatures required to mold polymers
led to significant drug loss. The microneedles used by
Sullivan ef /. are made by a photo-polymerization method,
which uses UV ‘light to form microneedles without
compromising P-galactosidase activity. Companies, such as

Theraject and BioSerenTach, are currently developing dissol-
ving microneedle systems for vaccine delivery. The Theraject
VaxMAT, made of a sugar matrix containing vaccine compo-
nents, is fabricated in various lengths from 100 to 1,000 pm
and is assembled with an adhesive patch. After application,
the microneedles dissolve and the antigen diffuses into the
epidermis and dermis within a few minutes.

We have developed a self-dissolving microneedle patch
(MicroHyala®; MH) made of biocompatible hyaluronic acid
(Figure 4A) [109,110.. Our MH was prepared in various lengths
from 200 to 800 pm and in two shapes of microneedle;
konide and cone [109]. Sixty minutes after application, the
microneedles had dissolved completely and delivered both
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Table 2. Development of adjuvants for transcutaneous
vaccination.

Transcutaneous Antigen Immune Refs.
adjuvant response
CT, CTB DT IgG (1111

T IgG 111

OVA IgG, lIgG2a, CTL, CD4™  [115,116]

Influenza  1gG, IgG1, CD4™ [113,114]
LT T lgG, 1gG1 [112]
Imiquimod OVA CTL [121]
CpG ODN T lgG, 1gG2a [112]

[

Influenza 1gG2a, CD4*

CT: Cholera toxin; CTB: B subunit of cholera toxin; CTL: Cytotoxic T cell;
DT: Diphtheria toxoid; LT: Escherichia coli heat-labile toxin;
ODN: Oligodeoxynucleotide; OVA: Ovalbumin; TT: Tetanus toxoid.

soluble and particulate material into the skin (Figure 4B and
4C). We previously reported that TCI using MH effectively
induced immune responses against various antigens in animal
models, and furthermore, the application of MH resulted in
minimal skin irritation in rats [110]. Moreover, we conducted
a clinical study to assess the safety of the MH device in
humans and showed that our new MH is a practical and
safe device for use in human immunization. A clinical study
using influenza HA antigen-containing MH is in progress,
and we have confirmed that TCI using MH induced immune
responses without severe side effects (unpublished data).

4. Adjuvant development for TCI

In TCI, the co-application of adjuvants with the antigen is
required for induction of a strong immune response. Aluminum
hydroxide hydrate and Freund’s adjuvant are commonly used as
immune adjuvants. However, these adjuvants are not useful in
TCI because their relatively large sizes do not permit skin
penetration. Adjuvants for TCI can be divided into bacterial
enterotoxin and toll-like receptor (TLR) ligands (Table 2).

4.1 Bacterial enterotoxins

Bacterial enterotoxins have high adjuvant activity and are
most often used preclinically for TCI. CT and LT are the
most intensively studied {73. CT and LT not only produce
anti-CT and and-LT antibodies but also improve the total
immune response and affect the quality of the immune
response (Table 2) [111-114]. In addition to antibody responses,
it was shown that CT can induce a CTL response [115] and
that A and B subunits of CT (CTA and CTB) are responsible
for the expression of different cytokines from restimulated
lymphocytes isolated from the spleens of immunized
mice [116]. However, the safety cannot be assured because
LT or CT, which are toxins, can cause excessive tissue injury
or necrosis. Difficulties have been encountered applying the
toxin to the human skin, and additional studies are required
to elucidate how toxins affect immune responses.

Transcutaneous vaccines

4.2 TLR ligands

TLRs are important signal molecules when cells sense
danger (117) and are expressed on the surface of LCs, dDCs
and keratinocytes. Therefore, purified or synthetic TLR
ligands are expected to be suitable adjuvants for vaccinaton
purposes (118,119]. One example is imiquimod, which is a
ligand for TLR7 and TLR8. Imiquimod induced migration
of LCs and resulted in the production of JFN-0. and TNF-o.
(Table 2) [120-122]. Another ligand is cytosine-phosphate~
guanine (CpG) oligodeoxynucleotide (ODN). By signaling
through TLR9, CpG ODN enhanced the vaccine’s immuno-
genicity and induced antibody production and proinflamma-
tory cytokines, such as TNF-ot and IFN-y [115114]. Various
TLR ligands are currently being developed as effective
adjuvants for practical use.

5. Conclusion

The skin is an important immunological site and has the
potential to be an ideal non- or low-invasive vaccination
site, although it possesses a complex barrier. TCI provides
effective, easy-to-use and painless vaccination with little side
effect and safer handling than conventional injections. The
main challenges of TCI are ensuring accurate delivery of anti-
gens into the epidermal or dermal skin tissue where LCs and
dDCs are present, and to activate specific immune response.
Many different approaches have been developed of which
several ways may lead to successful TCI, and clinical studies
of some devices have been conducted. However, satisfactory
guidelines about the standard for formulation and evaluation
of safety and efficacy have not yet been regulated because of
the novelty of this formulation. Various information about
the characteristics of skin as a target and the fundamental
properties of TCI devices may lead to the establishment
and refinement of guidelines for TCI formulation. Such
guidelines will encourage researchers and pharmaceutical
companies to develop practical TCI systems.

6. Expert opinion

Many strategies, in particular microneedle devices (123-125],
have been developed for TCI systems. Such strategies could
be casy-to-use methods of vaccination. For the practical use
of these TCI formulations, the safety and efficacy of TCI
must be confirmed. Therefore, knowing the function of
immunocytes, such as APCs, T cells, macrophages and kerati-
nocytes, in the skin is important. Analysis of the immuno-
logical characteristics of each type of cell (e.g., surface
marker expression and cytokine production) can help eluci-
date the molecular and/or cellular mechanisms that underlie
the immunity of the skin. In addition, recent studies using
two-photon confocal microscopy or genetically modified
mice have enabled direct observation of the kinetics and
distribution of immune cells in the skin and the interaction
between APCs and T cells in draining lymph nodes and
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have lead to understand skin immunity iz vive [126,127]. Such
studies are useful for the development/improvement of trans-
cutaneous vaccination formulations and can guarantee the
safety and efficacy of TCI systems. Moreover, transcutaneous
delivery of adjuvant is required for more effective immune
responses, the reduction of antigen dose and/or number of
administrations and the expansion of applications to various
diseases. Advances in understanding the functional properties
of immunocytes in the skin contribute to the development of
adjuvants suitable for TCI by providing information on the
delivery target of antigen and adjuvant. Thus, if the bias
of immune responses can be controlled by the appropriate
selection of TCI methods and/or adjuvants, TCI systems
could be used to create strategies against Alzheimer’s disease,
autoimmune diseases and cancer. Basic scientific research
must be actively evolved to the translational research to assess

application of TCI systems to human. We believe that the
practical use is achieved early by promoting the consistent
studies from basic research to clinical trial led by TCI
researchers including us.
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ARTICLE INFO ABSTRACT

Article history:

The MicroHyala® microneedle (MN) patch was developed to provide a simple, safe, and effective drug
delivery system. In this study, we examined the performance and characteristics of our fabricated MN
patch to identify potential quality issues with future commercial application. Mechanical failure force
analysis identified that the strength of the MN patch was affected by environmental humidity, because
higher moisture levels weakened the strength of the MN. Incorporation of all-trans retinoic acid (ATRA) or
ovalbumin (OVA) into the MN patch decreased the mechanical failure force by almost 50% of the strength
of placebo (without drug) patches. ATRA-loaded MN patches displayed good stability after storage at
4-°C, with more than 90% and 85% of the drug remaining in the patch after 8 and 24 weeks of storage,
respectively. Tetanus toxoid- and diphtheria toxoid-loaded MN patches stored for 12 months induced
robust antigen-specific immune responses similar to the responses by freshly prepared MN patches. Flu-
orescence imaging findings suggested that prolonged antigen deposition was induced by MN-mediated
fluorescein isothiocyanate-labeled (FITC)-OVA vaccination. Overall, although the strength of MN requires
improvement, our developed MN patch appears to be an effective pharmaceutical product providing a
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simple, safe, and relatively painless approach.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Transdermal drug delivery is an attractive administration
option for small-molecule and macromolecule products, includ-
ing vaccines, because of its accessibility, safety, painless drug
administration, potential for self-administration, and avoidance of
enzymatic degradation in the gastrointestinal tract or liver. How-
ever, the physical barrier of the stratum corneum, the outer layer
of the skin, causes poor permeability across the skin and limits
the bioavailability of macromolecules, thus limiting the progress
of transdermal administration (Arora et al., 2008; Prausnitz,
2004; Prausnitz and Langer, 2008). To overcome this limitation,
microneedle (MN) patches consisting of micron-scale needles

Abbreviations: MN, microneedle; ATRA, all-trans retinoic acid; TT, tetanus tox-
oid; DT, diphtheria toxoid; OV, ovalbumin; FITC-OVA, fluorescein isothiocyanate-
labeled ovalbumin; HPLC, high-performance liquid chromatography; ERH, equi-
librium relative humidity; ID, intradermal; PBS, phosphate-buffered saline; HSD,
honestly significant difference; ANOVA, analysis of variance.
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assembled on a transdermal patch have been developed using fab-
rication technology of the microelectronics industry (Kim et al,,
2012a; Prausnitz et al., 2009).

Although MN technology was first developed in the early 1970s,
few studies demonstrated the its usefulness as a tool for trans-
dermal drug delivery, until the advancement of microelectronics
technology in the 1990s. MN fabrication technology has rapidly
progressed since then. MNs have been made from silicon, metal, or
polymer (Kimetal.,2012a; Kis et al.,2012). The majority of research
papers published thus far used nondissolving MNs. Metal-based
MNs coated with water-soluble formulations facilitate the success-
ful delivery of agents such as insulin (Gill and Prausnitz, 2007),
salmon calcitonin (Tas et al,, 2012), parathyroid hormone (PTH;
1-34) (Ameri et al., 2010), hepatitis B surface antigen (Andrianov
et al., 2009), inactivated influenza virus (Zhu et al., 2009), influenza
virus-like particle (Quan et al., 2010), bacillus Calmette-Guérin
(Hiraishi et al., 2011), and influenza virus hemagglutinin-DNA (Kim
et al,, 2012b; Song et al., 2012) into the skin.

Polymer MNs that dissolve in the skin have also been devel-
oped recently; these MNs display successful delivery and efficacy
(Sullivan et al., 2010). Compared with metal-based MNs, polymer-
based dissolving MNs have several potential advantages. Because
polymer-based MNs dissolve completely in the skin, they cannot be
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intentionally reused, which may help prevent the transmission of
blood-borne pathogens and diseases caused by reuse of needle and
syringes in developing countries. In addition, they can completely
eliminate biohazardous sharp waste after use and safety concerns
such as fractured metal needles piercing the skin (Al-Zahrani et al.,
2012).

In our earlier studies, we developed a sodium hyaluronate-
based dissolving MN patch called MicroHyala®. Sodium
hyaluronate is a component of skin tissue and is hydrophilic
in nature; thus, it may be biocompatible with the skin and safe
for exogenous material insertion, which has been verified by our
recent study involving healthy human volunteers (submitted for
publication). We also demonstrated that transcutaneous immu-
nization using the MN patch induces immune responses against
ovalbumin (OVA), adenoviral vectors, tetanus, diphtheria, malaria,
and influenza, with comparable efficacy to traditional hypodermic
needle-based immunization (Matsuo et al.,, 2012a,b). These safety
and efficacy findings indicate that our developed MN patch is
a promising delivery system. Considering its future commercial
application, there are several critical attributes necessary for
product quality. First, MNs need to be precisely inserted into the
skin without mechanical failure in order to ensure drug delivery
into the skin, which requires sufficient MN strength (Lee et al,,
2008). Second, MNs should dissolve in the skin’s interstitial fluid
within no more than a few hours (hopefully within a few minutes)
to minimize the patch application time; a shorter application
time may be better from the point of view of patient compliance.
Third, the stability of the drug loaded into the MN patch is an
important factor for efficacy. Furthermore, thermostable vaccine
formulations could facilitate increased vaccine coverage, espe-
cially in developing countries that lack an adequate healthcare
infrastructure for cold-chain storage (Bell et al., 2001; Berhane
et al., 2000).

In the present study, we investigated the performance and char-
acteristics of a sodium hyaluronate-based MN patch. We evaluated
the mechanical failure force of MNs and the dissolution character-
istics of drugs from MNs. In addition, the stability performance of
drug-loaded MN patches was assessed using all-trans retinoic acid
(ATRA; vitamin A acid) and the tetanus toxoid (TT)/diphtheria tox-
oid (DT) divalent vaccine as model compounds. We also described
the deposition of antigen in mouse skin by in vivo fluorescence
imaging after MN administration using comparisons with tradi-
tional hypodermic needle-based intradermal (ID) administration.

2. Materials and methods
2.1. Animals

Six-week-old female Wistar-ST rats and 7- to 10-week-old
female ICR mice were purchased from Japan SLC Inc. (Hamamatsu,
Japan). Seven- to nine-week-old female HR-1 hairless mice were
purchased from SHIMIZU Laboratory Supplies Co., Ltd. (Kyoto,
Japan). All animals were housed at the Osaka University animal
facility. All animal studies were conducted in accordance with the
guidelines provided by the Animal Care and Use Committee of
Osaka University.

2.2. Fabrication of the dissolving MN patch

As described previously (Matsuo et al,, 2012b), the dissolv-
ing MN patch was fabricated at CosMED Pharmaceutical Co. Ltd.,
(Kyoto, Japan) using micromolding technologies with sodium
hyaluronate as the base material. Previously developed MN con-
tained collagen. In this study, we used a collagen-free MH as
collagen is suspected to induce inflammation in human. In brief,

sodium hyaluronate (JP grade, Kikoman Biochemifa Company,
Tokyo, Japan), dextran 70 (JP grade, Meito Sangyo, Nagoya, Aichi),
and Polyvidone (JPE grade, BASF Japan, Tokyo, Japan) were dis-
solved in distilled water at a ratio of 11:8:1 and then mixed with
ATRA (Sigma-Aldrich Inc,, St. Louis, MO, USA), OVA (Sigma-Aldrich
Inc.), fluorescein isothiocyanate-labeled-OVA (FITC-OVA; Molecu-
lar Probes, Eugene, OR, USA), or the TT/DT divalent vaccine (The
Research Foundation for Microbial Diseases of Osaka University,
Suita, Japan). The aqueous solution was casted onto micromolds
and then dried in a desiccator at room temperature. The dissolving
MN patches were obtained by removing them from the micro-
molds. Placebo dissolving MN patches were also fabricated in the
same manner, without an active pharmaceutical ingredient. The
MN patches contained more than 200 MNs/cm?2. To form the MN
transcutaneous patch system, patches with an area of 0.8 cm? were
fixed onto an adhesive film with a surface area of 2.3 cm?. Hence,
our dissolving MN patch system consisted of the MicroHyala®
patch with MNs that were 200 (MH200), 300 (MH300), or 800 pm
(MHS800) in length.

2.3. Moisture conditioning and moisture content measurement of
the MN patch

To condition the MN patch to different moisture contents,
the patch was placed in desiccators containing Tri-Sorb molecu-
lar sieves (Stid-Chemie Performance Packaging, Colton, CA, USA)
or a saturated solution of potassium acetate (Wako Pure Chemi-
cal, Osaka, Japan), magnesium chloride hexahydrate (Wako Pure
Chemical), potassium carbonate (Wako Pure Chemical), or sodium
chloride (Wako Pure Chemical). The desiccators were stored at
room temperature (25°C) for 1 week in an environment of 0, 22,
33, 44, or 75% relative humidity (RH) (Young, 1967). After removal
of the MN patch from the desiccator, the endpoint moisture level
was evaluated as a function of equilibrium relative humidity (ERH)
using a water activity analyzer (HygroLab; Rotronic AG, Bassers-
dorf, Switzerland).

2.4. Measurement of mechanical failure force for MNs

The force necessary for mechanical MN fracture was measured
using a TA-XT plus texture analyzer (StableMicro Systems, Surrey,
UK). An MN patch was attached to a test station by double-sided
adhesive tape. Axial force was then applied using a flathead 5-mm
diameter stainless steel cylinder to move the cylinder at a rate of
0.6 and 1.1 mm/min for MH300 and MHS800, respectively, and the
trigger force was set at 0.049 N.

2.5. Quantification of ATRA loaded into the MN patch

To determine the amount of ATRA loaded into the MN patches,
MNs were first removed from the base material using a razor.
The removed MNs were soaked in distilled water followed by
vortex mixing to completely dissolve them. Ethanol (Wako Pure
Chemical) was added to the sample solution followed by vortex
mixing, and the sample solution was then diluted with acetonitrile
(Wako Pure Chemical). The sample solution was filtered through
a membrane filter (0.45-pwm diameter) and analyzed using a high-
performance liquid chromatography (HPLC) method, as reported
previously (Tashtoush et al., 2007). In brief, a D-2000 Elite HPLC sys-
tem (Hitachi, Tokyo, Japan) was used. Chromatographic separation
was performed using a reverse-phase Nucleosil 5 pm C18 100A col-
umn (250 mm x 4.6 mm; GL Science Inc., Tokyo, Japan). The mobile
phase comprised 0.01% trifluoroacetic acid and acetonitrile (15:85,
v/v) at a flow rate of 1 ml/min. The column temperature was 40°C,
and the detection wavelength was 342 nm. The concentration of
ATRA in the sample solution was determined using a standard curve
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based on known concentrations of ATRA, which was converted to
the absolute mass of ATRA loaded into the MN patch with a dilu-
tion factor. The ATRA MN patch was packaged in a heat-sealed
aluminum laminated sachet under a refrigerated condition (4°C)
or at room temperature (25 °C) to examine the shelf-life.

2.6. Dissolution of ATRA from MNs and delivery to skin

MNs were imaged by brightfield stereomicroscopy (VHX-1000;
Keyence Corporation, Osaka, Japan). To prevent moisture uptake by
environmental humidity that may affect needle failure force and
dissolution characteristics, MN patches were packed in moisture
impermeable package, heat-sealed aluminum laminated sachet,
before use, and used for the study immediately after opening the
package. The back skin of the HR-1 hairless mice was pierced with
the ATRA-loaded MN patch (MH800) using a handheld applicator
(Matsuo et al., 2012b) under isoflurane inhalation anesthesia. The
patch was left in place for 30, 60, or 120 min and covered with a
wound management film (BIOCLUSIVE; Johnson & Johnson Medi-
cal, Ltd., Tokyo, Japan). After removing the patch, the efficiency of
drug delivery into the skin was determined by comparing (i) the
residual amount of ATRA on the MN patch after skin insertion, (ii)
the amount of ATRA deposited onto the skin surface, and (iii) the
amount initially loaded. The amount of ATRA deposited onto the
skin surface was evaluated by applying adhesive tape (Scotch tape,
3M, St. Paul, MN, USA) to the skin surface; immersing the tape in
distilled water, ethanol, and acetonitrile (6:4:90, v/v); and deter-
mining the amount of ATRA by HPLC. Using a mass balance, the
amount of ATRA delivered into the skin was determined by sub-
tracting the amount remaining on the MN patch and on the skin
surface after insertion from the amount originally on the nonin-
serted MN patch.

2.7. Fluorescence imaging for antigen deposition assessment

Hair on the back of the ICR mice was shaved using clippers and
completely removed using a depilatory lotion (Kracie, Tokyo, Japan)
under isoflurane inhalation anesthesia. This hair removal proto-
col is frequently employed in our laboratory for MN vaccination
studies and is similar to procedures used in the literature (Hiraishi
et al,, 2011). The FITC-OVA (1 pg protein)-loaded MN patch was
administered. The patch was pressed into the skin using a handheld
applicator and left in place for 60 min covered with a wound man-
agement film. After removal of the patch, the skin was harvested,
frozen in OCT compound (Sakura Finetechnical Co., Ltd., Tokyo,
Japan), and cut into 8-pm-thick sections using a cryostat. Histo-
logical examination of the skin was performed on frozen sections
that were mounted with Prolong Gold antifade reagent with DAPI
(Invitrogen, Carlsbad, CA) and then photographed using fluores-
cence microscopy (BZ-8000; Keyence Corporation, Osaka, Japan).

To perform in vivo fluorescence imaging, the HR-1 hairless
mice were treated with an FITC-OVA (10 p.g protein)-loaded MN
patch (MH300), ID injection of phosphate-buffered saline (PBS)
containing FITC-OVA (10 g protein/30 1), or ID injection of
FITC-OVA (10 g protein/30 1) that was removed from the MN
patch and reconstituted by ID injection in PBS on the back skin
under isoflurane inhalation anesthesia. The reconstituted solution
consisted of 10 ug FITC-OVA, 386 j.g sodium hyaluronate, 284 p.g
dextran 70, and 36 j.g polyvidone in 30 .l PBS. Fluorescence images
were obtained using the CRi Maestro EX in vivo imaging system
(Cambridge Research and Instrumentation, Woburn, MA). To cap-
ture the FITC image, a blue filter for excitation at 455 nm and a blue
emission filter at 515 nm were used. The exposure time was 200 ms,
and spectral resolution for all imaging was 10 nm. Measurements of

integrated fluorescence intensity for the injection site were made
by Maestro version 2.10 software.

2.8. Vaccination and ELISA assay for 1gG

To evaluate the stability of the hyaluronate-based MN patch,
combined TT (20 p.g) and DT (10 pg)-loaded MN patches (MH800)
were stored at 4, 25, or 40°C for up to 12 months before vacci-
nation. Hair on the back of the Wistar-ST rats was removed using
clippers and a depilatory lotion. The stored MN patch was pressed
into the skin using a handheld applicator under isoflurane anesthe-
sia, covered with a wound management film, and left in place for
6 h. The freshly prepared MN patches were also administered as a
comparable vaccination. Vaccinations were repeated 5 times every
2 weeks. At the indicated periods, sera were collected from the rats
to determine the antigen-specific IgG titers by ELISA according to
previously described protocols (Matsuo et al., 2011). The endpoint
titers of antigen-specific antibodies were expressed as the recip-
rocal log, of the last dilution that had an absorbance value of 0.1
absorbance units after subtracting the background.

2.9. Challenge study for tetanus toxin

For the challenge study, the rats vaccinated with stored MN
patches were subcutaneously injected in the hind leg with a lethal
dose (1 pg) of tetanus toxin (Sigma-Aldrich, Inc.) 1 month after the
final vaccination. The rats were observed daily for 4 days to record
mortality.

2.10. Statistical analysis

The data obtained were analyzed by Student’s t-test,
Tukey-Kramer's honestly significant difference (HSD) test, or
analysis of variance (ANOVA) using JMP software ver. 8.0 (SAS
Institute Inc., Cary, NC, USA). In all cases, p<0.05 was considered
significant.

3. Results

3.1. Fabrication of the MN patch and investigation of mechanical
failure force

MN patches fabricated using micromolding technologies were
designed to be sufficiently long to penetrate across the stratum
corneum barrier and into the skin but sufficiently short to pre-
vent pain (Gill et al., 2008). The MNs used in this study were 200
(MH200), 300 (MH300), or 800 um (MH800) in length.

To assure drug delivery into the skin, MNs need to be precisely
inserted into the skin without mechanical failure. The mechani-
cal failure force of MNs was assessed according to a previously
described method (Park et al.,, 2005). A force displacement curve
revealed that force initially increased with the displacement of the
stainless steel cylinder pressed against MNs, followed by a sudden
decline in force, which was interpreted as the point of MN fail-
ure (Fig. 1A). After the failure force test, MNs were evaluated by
brightfield stereoscopic microscopy (Fig. 1B).

Because of the hygroscopic nature of sodium hyaluronate, our
fabricated MN patch may easily absorb moisture after exposure to
high humidity, which may affect needle strength. We first condi-
tioned MN patches to various humidity conditions, obtaining MN
patches with different moisture levels. The moisture level of the
MN patch was assessed as the water activity of ERH (Heidemann
and jarosz, 1991). After 1 week of storage in a desiccator, the mois-
ture levels changed relative to the storage humidity (Fig. 2A). The
water activity of the MN patch before storage was 18.5%, and this
increased to 59.1% after storage at 75% RH for 1 week. We next
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Fig. 1. Mechanical failure force analysis of microneedles (MNs). Force was measured as a function of the displacement of the stainless steel cylinder pressed against the MNs,
(A) Representative failure behavior of MNs under an axial load. Needle failure was identified by a sudden drop in force. (B) Brightfield stereomicrograph of MNs after an axial

failure test.

measured the mechanical failure force of MNs using the moisture-
conditioned MN patches (Fig. 2B). Data are presented as the force
per needle required for failure using a needle density and the flat
surface area of the stainless steel cylinder for axial loading. The
mechanical failure force was dependent on the moisture level of
the MN patch (ANOVA, p<0.01). When the water activity of the
patch was 59.1%, the failure force was 0.14 N per needle, which
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Fig. 2. Water activity and mechanical failure force for placebo MNs. (A) Water activ-
ity of MH800 after storage under various humidity conditions. The water activity was
measured using a water activity analyzer. As a control, the water activity before stor-
age was also measured. (B) Mechanical failure force of MH800 as a function of water
activity. The force required to fracture 55 MNs was measured using a TA-XT plus tex-
ture analyzer. Data represent the average = standard deviation of 3 measurements
each.

was nearly 50% lower than that of a dried MN patch (18.5% water
activity after storage at 0% RH).

To better understand the influence of active pharmaceutical
ingredients on needle strength, ATRA and OVA were selected as
our model small molecule and macromolecule compounds, respec-
tively, and loaded into MN patches. The failure forces of ATRA MNs
were less than 0.1 N per needle, with ranges of 0.04-0.056N for
MH300 (Fig. 3A) and 0.073-0.1 N for MH800 (Fig. 3B). Compared
with the failure force of placebo MNs (Fig. 2B), the failure force
was decreased by approximately 50% on incorporation of ATRA.
The amount of ATRA in the MN patch did not affect the failure force
at the amounts evaluated (ANOVA, p>0.05). Similarly, the failure
forces of OVA MNs (Fig. 3C, D) were lower than those of placebo
MNs, irrespective of the amount of OVA loaded (ANOVA, p>0.05).

3.2. Dissolution characteristics of MNs

In our previously published studies, we demonstrated that
placebo MNs completely dissolved in 60 min after insertion into
mouse or rat skin (Matsuo et al., 2012b). In this study, we selected
ATRA as a model compound to evaluate the dissolution charac-
teristics of drug-loaded MNs. Because of the poor water solubility
of ATRA (Didja et al.,, 1989), we considered it a good model com-
pound for evaluating the dissolution capability of our fabricated
MNs for comparisons with placebo or water-soluble compound-
loaded MNs.

Brightfield micrographs of ATRA MNs before and after inser-
tion demonstrated that the MNs were almost completely dissolved
120 min after application (Fig. 4A). To better understand the degree
of ATRA delivery, the amount of ATRA delivered into the skin was
measured using HPLC by subtracting the amount of drug remaining
in the MN patch and on the skin surface after insertion from the
amount originally loaded into the noninserted MN patch. After
insertion into the skin for 120 min, almost all the ATRA was released
into the skin at a delivery rate exceeding 90% (Fig. 4B). However,
60 min of application was not sufficient for complete delivery (76%
deliveryrate), and the needle bottom remained on the base material
(Fig. 4A).

3.3. Localization and deposition of antigen delivered by the MN
patch

To monitor the delivery of antigen into the skin, the mice were
administered FITC-OVA as a model antigen. Fig. 5 represents his-
tological sections of the insertion site in mouse skin after insertion
of the MNs for various application times. The resulting needle track
crossed the epidermis and into the superficial dermis and revealed
that antigen was delivered (green spot) to both of these layers. With



574 Y. Hiraishi et al. / International Journal of Pharmaceutics 441 (2013) 570~-579

0.08 -+
0.06 -
0.04 -+

Force {N)/needle

0.02 ~

0.00 -
1.4 1.8 2.1 7.8

Amount of Retinoic acid (ug)/patch

C o014 -

0.12 A

dl
©
oY
o

1

0.08 -
0.06 -~
0.04 ~

Force (N)/nee

0.02 -+

0.00 -
171 70.6 136.5

Amount of OVA {ug)/patch

B o014 -

0.08 A
0.06 -
0.04 A
0.02 -
0.00 -

Force {N)/needle

14 1.8 119 253
Amount of Retinoic acid (ug)/patch

(W)

0.14 ~
0.12 -
0.10 A
0.08 -+
0.06 ~
0.04 A
0.02 A

Force (N)/needle

0.00
12.3 64.6 127.1
Amount of OVA (ug)/patch

Fig. 3. Mechanical failure force for MNs as a function of the amount of drug loaded. (A) All-trans retinoic acid (ATRA)-loaded MH300, (B) ATRA-loaded MH800, (C) ovalbumin
(OVA)-loaded MH300, and (D) OVA-loaded MH800. Data represent the average = standard deviation of 3 measurements each.

a 3-h application time, antigen remained around the insertion site.
With longer application times, the antigen gradually diffused in the
superficial dermis.

We next monitored the deposition of antigen in vivo
after administration of FITC-OVA into mouse skin using the
FITC-OVA-loaded MN patch by drawing comparisons between ID
immunization using an FITC-OVA PBS solution or reconstituted
FITC-OVA solution obtained from the MN patch using a 26-gauge
hypodermic needle. Fluorescence micrographs demonstrated that
the amount of antigen injected by the ID method reduced drasti-
cally 3 h after administration, whereas a slight green spot remained
up to 47 and 24 h when the reconstituted solution and PBS solu-
tion were injected intradermally, respectively (Fig. 6A). In contrast,
intense antigen deposition corresponding to the administration site
of the MN patch was observed up to 47 h after administration, and
a small green spot remained after 74 h. Fig. 6B shows the kinetics
of the integrated fluorescence intensity for the injection site, which
indicated that MN patch administration resulted in prolonged anti-
gen deposition compared with other administration methods.

3.4. Stability performance of the MN patch

ATRA is known to be chemically unstable. When ATRA is
exposed to light, heat, or oxidants, it is rapidly degraded into iso-
merized products (Brisaertetal., 1995; Lim et al., 2004). To evaluate
the stability performance of our sodium hyaluronate-based MN
patch and its possible shelf-life, we selected ATRA as a model
compound. ATRA MN patches packaged in heat-sealed aluminum

laminated sachets were stored in a refrigerated condition (4 °C) for
3 different manufacturing lots or at room temperature (25 °C) for 1
lot. The amount of ATRA in the MN patch was assayed by HPLC and
expressed as the percentage of the initial (without storage) amount
(Fig. 7). The amount of ATRA in the patch was significantly reduced
after storage at room temperature (25°C) for 1 week (78.14+11.6%,
Student’s t-test, p<0.05), and continued storage up to 24 weeks
resulted in additional loss of ATRA to 44.8 £ 23.3% (Student’s t-test,
p<0.05). Conversely, there was no significant loss of ATRA under
the refrigerated condition (4 °C) for 24 weeks (86.1 4+ 5.4%, Student’s
t-test, p=0.08), and all 3 lots exhibited similar trends for stability
during refrigerated storage.

We next used the combined TT/DT-loaded patches in an
additional stability assessment. The vaccination efficacies of
antigen-specific IgG titers were evaluated as a stability characteris-
tic indicator. The vaccination protocol and animal model (rat) were
those of previously reported methods (Matsuo et al., 2012a). The
TT/DT-loaded MN patches were exposed to various storage con-
ditions and then administered into the exposed back skin of rats.
After 6 months of storage at 4, 25, or 40 °Cin heat-sealed aluminum
laminated sachets, both anti-TT and anti-DT IgG titers increased
with increasing numbers of vaccinations (Fig. 8A, B). Continued
storage for up to 12 months at the same temperatures (Fig. 8C,
D) followed by vaccination also resulted in the induction of pro-
nounced antigen-specific1gG levels comparable with those induced
by freshly prepared MN patches (Tukey-Kramer HSD, p>0.05).
Furthermore, the storage temperature did not affect the immune
response induced by loaded TT (20 ug) and DT (10 p.g) (ANOVA,
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Fig. 4. Dissolution of ATRA-loaded MNs. (A) Stereoscopic micrographs of MNs (scale bar, 200 wm). The MN patches were pressed into the back skin of HR-1 hairless mice
and left for 30, 60, or 120 min. After 120 min, almost all the MNs were dissolved. (B) Percentage of ATRA delivered into the skin as a function of the application time.

p>0.05). Although further investigation is necessary with lower
antigen amounts and different animal species, these results sup-
port that our MN patch was highly immunogenic in rats even after
long-term storage for 12 months.

To ensure the immunogenicity of the stored MN patch, we con-
ducted a challenge study. The rats vaccinated with the stored MN
patches were injected with a lethal dose of 1 ug tetanus toxin 1
month after the final vaccination. The nonvaccination group was
not included in this study because of animal care guidelines. The
rats were observed daily for 4 days to record mortality. The data
illustrated that all animals vaccinated using the stored MN patches
survived the tetanus toxin challenge (Table 1).

4. Discussion

Over the past 15 years, the field of MN technology has rapidly
progressed, with more than 350 research papers being published.
Many pharmaceutical companies have entered this field. The
Soluvia® microinjection system consisting of short, hollow, steel
needles is now available for vaccination (Kim et al., 2012a). The
metal-based MN patch from ZOSANO has moved into a Phase Il
clinical trial for the administration of PTH (1-34) for treating osteo-
porosis (Cosman et al., 2010). With regard to dissolving polymer
MN patches, to our knowledge, no commercially available prod-
ucts are yet available in the pharmaceutical field. Our MicroHyala®
patch is the only dissolving MN patch available; it has only been
used for cosmetic products. For further exploration of our patch
in the pharmaceutical field, we have been investigating the pos-
sibility of its application in vaccination. We have demonstrated
its effectiveness with various antigens (Matsuo et al., 2012a,b).
As a next step, we are investigating the possibility of commer-
cial application. Commercial products require several attributes to
assure their quality, such as dissolution of a drug from the MN
patch and identification of the degradation products. Assays of
content uniformity, needle strength, aseptic integrity, and stability

performance will be required for the MN patch. In this study, as
an initial step to assess these attributes, we evaluated the nee-
dle strength, dissolution characteristics, and stability of the patch
using model compounds. Furthermore, the therapeutic use of ATRA
as a dermatological treatment (Darlenski et al., 2010), antitumor
agent (Ozpolat and Lopez-Berestein, 2002; Zuccari et al., 2005),
and immunomodulator (Skountzou et al., 2006) motivated us to
evaluate the feasibility of ATRA MN patches.

Our MicroHyala® patch is composed of sodium hyaluronate as
a base material. Sodium hyaluronate may be biocompatible as it
is a skin tissue component that is hydrophilic in nature. This will
be advantageous for safety. However, its hydrophilic nature may
adversely affect needle strength when the MN patch is exposed to
environmental humidity, and this could be a critical issue for usage
and storage in high humidity environments, especially in WHO Cli-
matic Zone IV countries (Kopp, 2006). The mechanical failure force
test results indicated that the needle strength decreased as the
moisture level of the MN patch increased. To simulate its usage
in high humidity conditions, MN patches (MH800) were stored at
55% RH and 25 °C or 95% RH and 37 °C for 30 min. Then, the patches
were pressed into the back skin of ICR mice using the handheld
applicator. After removal of the MN patch, the MNs remaining on
the patch were examined. The MNs stored at 55% RH and 25 °Cwere
successfully pressed on the skin of the mice, and they dissolved into
the skin. In contrast, the MNs stored at 95% RH and 37 °C bent from
the needle bottom, and they could not be pressed into the skin
(Supplementary Fig. S1). These data suggested that the MN patch
should be packaged in a moisture-impermeable container before
use, and immediate use after opening a package is recommended.
Facilitating increased vaccination coverage, especially in develop-
ing countries lacking adequate healthcare infrastructures, requires
further improvement in the strength of the needle to improve its
stability in high humidity by optimizing the base components.
For optimization of base material, we plan to perform a mate-
rial screening using a moisture sorption isotherm for a material,
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Fig. 5. Histological section of the back skin of ICR mice treated with fluorescein isothiocyanate-labeled (FITC)-OVA-loaded MH200, MH300, or MHS00 for 3, 6, 12, or 24 h.
After removal of the MN patch, the skin was harvested and frozen. Frozen sections (8-um-thick) were photographed using a fluorescence microscope. The resulting needle
track crossed the epidermis and into the superficial dermis, revealing that FITC-OVA was delivered (green spot) to both these layers. The nucleus was counterstained using
DAPI (blue). The white dotted lines indicate the surfaces of the stratum corneum, epidermis, and superficial dermis, respectively, from top to bottom.

which is the relationship between water content and equilibrium
humidity of a material. Preferable material for dissolving MNs need
to show low moisture content at the environmental humidity of
11-75%RH to keep sufficient needle strength, and high moisture
content at high humidity of more than 90%RH to dissolve quickly.
We currently consider adding a disaccharide as an improvement
option.

We also found that incorporating ATRA or OVA decreases the
needle strength compared with the strength of placebo MNs (no

Table 1
Rat tetanus toxin challenge study.

active pharmaceutical ingredient). According to a previous report,
the insertion force required for MNs with a tip diameter of 25 um
to pierce the skin is 0.058 N per needle (Park et al., 2005). Our
fabricated MN has a tip diameter of 30 wm, which may require a
similar insertion force as that reported by Park et al. For a suffi-
cient safety margin for skin insertion by application of gentle force
by the thumb, the needle strength must exceed 0.058 N per nee-
dle. However, the needle strength of ATRA- or OVA-loaded MNs
was less than 0.1 N per needle (Fig. 3). In this study, there was

Vaccination?® Tetanus toxin (Lg)° Survival ratio (survival ratftested rat)
Storage condition Method TT (ng)

4+C for 6 months MNs 20 1 5/5

25+-C for 6 months MNs 20 1 5/5

40 -C for 6 months MNs 20 1 5/5

4°C for 12 months MNs 20 1 515

25 +C for 12 months MNs 20 1 5/5

40 -C for 12 months MNs 20 1 5/5

2 Vaccinations were repeated 5 times every 2 weeks.
b Tetanus toxin (1 1g) was subcutaneously injected in the hind leg.



