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Fig.2. Comparison of serum antibody responses induced by TC, dMNA, or ID immunization. Four groups of mice (n = 5) were immunized transcutaneously with gauze patches
drenched with 50 ul antigen solution in physiological saline containing 10 or 100 g OVA with or without 10 g CT. Other two groups of mice (n=5) were immunized with
dMNA patches containing 10 or 100 g OVA. Another group of mice (n=>5) was ID injected with 50 ul of antigen solution in physiological saline containing 10 ug OVA.
Immunizations were performed at week 0 and week 2. OVA-specific serum 1gG titers were determined at 2 weeks (A) and 4 weeks (B) after the primary immunization. The

geometric mean and the SEM are shown for each group.

3.3. Antibody dose-response relationships induced by
dMNA-patch application and ID injection

To compare the efficiency of dMNA patch immunization with
that of ID injection, dose-response relationships using decreas-
ing OVA doses were assessed. Three groups of five mice were
applied with dMNA patches containing 10, 2.5, or 0.5 j.g OVA. Other
four groups of five mice were injected intradermally with 50 wl
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antigen solution containing 10, 2.5, 0.5 or 0.1 pg OVA. All groups
of mice were immunized at week 0 and week 2 and their serum
OVA-specific IgG titers were measured 2 weeks after each immu-
nization.

Fig. 3 shows the result of primary (A) and secondary
(B) immunization. A similar manner of dose-dependency was
observed in mice undergoing dMNA patch immunization or
ID injection. Thus, antibody-inducing efficiency of OVA-loaded
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Fig. 3. Dose-response of serum antibody production by dMNA-patch application or ID injection. Groups of mice (n=5) were immunized by dMNA patches containing 0.5,
2.5, or 10 g OVA, or ID intra-dermal injection using 50 .l antigen solution in physiological saline containing 0.1, 0.5, 2.5, or 10 ug OVA. Immunizations were performed at
week 0 and week 2. OVA-specific serum IgG titers were determined at 2 weeks (A) and 4 weeks (B) after the primary immunization. Each circle or square represents the
serum antibody titer for each mouse. Each horizontal line and each vertical line represents the geometric mean and the SEM of the significant titers, respectively, for each

group.
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Fig.4. Persistence of serum antibody responses induced by dAMNA-patch application
or ID injection. Groups of mice (n=5) were immunized by dMNA patches (circles)
containing 10 g OVA or ID injection (squares) with 50 .l antigen solution in phys-
iological saline containing 10 g OVA at week 0, week 2, and week 4. OVA-specific
serum IgG titers were determined at 2, 4, 6, 16, and 44 weeks after the primary
immunization. The geometric mean and the SEM are shown for each group.

dMNA patches was apparently comparable to that of ID
injection.

3.4. Persistence of serum antibody production induced by dMNA
patches

To elucidate the persistence of antibody production in serum fol-
lowing dMNA-patch application, the time-course of OVA-specific
IgG titers was recorded (Fig. 4). Two groups of mice (n=5) were
immunized 3 times: at week 0, week 2, and week 4 with either OVA-
loaded dMNA or ID injection of OVA solutions. Both vaccination
media contained 10 ug OVA. Antibody titers in mice immunized by

Table 1
Net OVA skin delivery by OVA-loaded dMNA patches.

the dMNA patches were maintained evenly during 38 weeks after
the last immunization, which was comparable with those induced
by ID injections.

3.5. Estimation of net OVA skin delivery by dMNA patches

Some residuals of MNs were observed on the dMNA patches
after skin application (Fig. 1D), implying that not all but some parts
of OVA loaded in the dMNA were delivered into the skin. In order to
estimate the amount of OVA delivered into the skin, i.e. net deliv-
ery, we quantified OVA content in the dMNA patches before and
after dermal application. The dMNA patches were halved, i.e. each
containing 50 MNs. One half was kept intact while the other was
applied to the mouse skin for 3 min. The intact MNs and the patch
residuals were dissolved separately in PBS and OVA levels were
measured by ELISA. The difference in OVA content between the
intact MNs and the residuals indicated the net OVA delivery into
the skin.

Table 1 shows the net OVA delivery by three different dMNA
preparations, containing ~10-fold increasing OVA doses. The low,
middle and high dose dMNA preparations (referred to as dMNA-L,
dMNA-M and dMNA-H, respectively) were made from the “drug
glue” composed of 860 mg of sodium chondroitin sulfate, 0.5 mg of
EB and 0.4 mg, 4 mg or 40 mg of OVA, respectively according to the
procedure described in Section 2. All dMNA patches with different
OVA doses effectively delivered significant OVA levels compris-
ing ~20-80% of the original dAMNA OVA content. Two weeks after
dMNA patch application, OVA-specific IgG titers were determined.
Although the net OVA delivery into the skin of individual mice
was not stable, every mouse showed significant antibody responses
according to OVA levels loaded on the different dMNA patch prepa-
ration.

4. Discussion

OVA-loaded dMNA patch application to the skin efficiently
induces antigen-specific antibody responses in the sera of mice.
Dose-response analyses revealed that the efficiency of dMNA patch
immunization was comparable to that of conventional ID injec-
tions. Although TC immunization using gauze patches drenched

Mouse no. OVA contents (Lg) Net delivery (jg) Net delivery (%) Anti-OVA IgG titer
Intact After application

1 0.137 0.026 0.112 81.4 7

2 0.150 0.053 0.097 64.9 7

3 0.173 0.130 0.044 25.1 6
dMNA-L1 4 0.174 0.120 0.055 314 6

5 0.145 0.101 0.044 30.6 7

Mean 0.156 0.086 0.070 46.7 6.6

SD 0.015 0.040 0.028 223 0.49

6 1.76 117 0.59 337 7

7 1.81 1.34 0.47 26.2 8

8 1.30 0.97 0.34 259 9
dMNA-M 9 1.34 0.30 1.03 772 9

10 1.60 1.22 038 24.0 8

Mean 1.56 1.00 0.56 374 8.2

SD 0.211 0.367 0.249 202 0.75

11 185 13.8 48 25.6 10

12 17.0 9.6 7.4 43.5 9

13 16.5 10.8 5.7 34.7 10
dMNA-H 14 164 123 4.1 25.0 ]

15 14.0 8.8 5.2 369 8

Mean 16.5 111 54 332 9.2

SD 1.47 1.80 1.13 7.0 0.75
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with OVA solutions with or without an adjuvant also successfully
induce OVA-specific antibody responses, booster immunization
with high antigen doses (100 p.g) are required to induce signifi-
cant responses, even if CT were used as the adjuvant. In general,
TC immunization requires comparatively high doses of antigen
(and adjuvant) to induce robust immune responses because of
the barrier function of the stratum corneum [21-30]. The low effi-
ciency of TC immunization has hindered its practical use. Our
results illustrate that MN arrays potentially circumvent the diffi-
culties inherent in TC immunization. MN arrays could penetrate the
stratum corneum forming channels for antigen delivery while dra-
matically increasing the antigen delivery efficiency up to the level
afforded by conventional needle injection. Furthermore, MN arrays
could be applied by a simple and convenient technique similar to
TC immunization.

Recently, various approaches for vaccination using MN sys-
tems have been proposed: (1) pretreatment of solid MNs to pierce
the stratum corneum followed by topical vaccine application, (2)
solid MN coated with dry vaccines, and (3) hollow MNs for inject-
ing liquid vaccines [5,31,32]. We believe that dissolving MNs are
another potentially promising approach affording several advan-
tages, including (1) no sharp residuals after inoculation, (2) no risk
of remaining pieces of unexpected broken MNs in the skin, and (3)
a simple production procedure and single-step molding.

Practically, dissolving MNs should satisfy several properties,
including (1) safety of base MN material, (2) antigen integrity
during the production process, and (3) mechanical strength and
sharpness enabling penetration of the stratum corneum. In this
study, we used chondroitin sulfate as the base material for dissolv-
ing MNs. Formulations containing chondroitin sulfate as the main
ingredient have been approved as drugs for osteoarthritis in Japan
and Europe. These formulations have been safely used orally, intra-
muscularly, or intravenously [33,34]. Therefore, we could expect
that chondroitin sulfate can be used safely as the base material for
dissolving MNs.

Chondroitin sulfate is dissolved in water to form a highly viscous
gel at ambient temperature, enabling production of MNs without
heating. This characteristic of chondroitin sulfate is advantageous
to make MNs containing heat-labile proteins such as antigens
[35-37].

In general, water-soluble materials are mechanically weaker
than metals or silicon. To acquire enough strength for pene-
trating skin, we reduced the MN aspect ratio, making complete
skin insertion of MN shaft difficult. Therefore, we gener-
ated MNs with two layers—antigen was loaded into the "tip”
layer while the “base” layer comprised only the base mate-
rial, chondroitin sulfate. In our previous study, this approach
improved the efficiency of insulin delivery through the skin
[38].

As a result, OVA-loaded dMNA composed of chondroitin sul-
fate successfully penetrated the stratum corneum and delivered the
loaded macromolecules into the skin in a short time. OVA deliv-
ered by dMNA patches induced robust antigen-specific antibody
responses with dose-response efficiencies comparable to ID injec-
tions, indicating that the antigen retained its integrity during the
dMNA production process. The quantitative analysis of antigen in
dMNA patches before and after application revealed that signif-
icant amounts of antigen loaded in the dMNA were effectively
delivered into the skin. The duration of the dMNA patch applica-
tion was short (only 3min) in this study. To prolong the period
of insertion of dMNA into the skin might improve the delivery
efficiency.

In conclusion, antigen-loaded dMNA patches composed of chon-
droitin sulfate successfully delivers the antigen percutaneously
through a simple and convenient technique. This application
efficiently induces robust antigen-specific antibody responses.

Antigen-loaded dMNA patches are a promising antigen-delivery
system for percutaneous vaccination.
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