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Microneedle (MN)-based DNA vaccines have many advantages over conventional vaccines administered by hy-
podermic needles. However, an efficient strategy for delivering DNA vaccines to intradermal cells has not yet
been established. Here, we report a new approach for delivering polyplex-based DNA vaccines using MN arrays
coated with a pH-responsive polyelectrolyte multilayer assembly (PMA). This approach enabled rapid release of
polyplex upon application to the skin. In addition to the polyplex-releasing MNs, we attempted to further max-
imize the vaccination by developing a polymeric carrier that targeted resident antigen presenting cells (APCs)
rich in the intradermal area, as well as a DNA vaccine encoding a secretable fusion protein containing amyloid
betamonomer (Aβ1–42), an antigenic determinant. The resulting vaccination systemwas able to successfully in-
duce a robust humoral immune response compared to conventional subcutaneous injection with hypodermal
needles. In addition, antigen challenge after immunization elicited an immediate and strong recall immune re-
sponse due to immunogenic memory. These results suggest the potential utility of MN-based polyplex delivery
systems for enhanced DNA vaccination.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

DNA vaccines have been considered as an attractive alternative to
conventional vaccines due to easy and inexpensive production, superior
stability in ambient temperature, and the ability to generate potent
cellular and humoral immune responses [1,2]. DNA vaccines are also
considered safer and are tolerated better compared with live or atten-
uated vaccines; however, their use in clinical settings remains limited
because of their poor immunogenicity, especially in non-human pri-
mates and humans [2–4]. DNA vaccinations rely mainly on cellular de-
livery of plasmid DNA to induce expression of an encoded antigen,
and thus lack of a proper delivery system for DNA vaccines is considered
to be one of themost critical reasons for their low level of immunity [5].
Electroporation and gene gun-based ballistic delivery methods have
been used to obtain improved immunization results; however, these
methods often cause pain and discomfort to the patient, as well as re-
quire special expertise for handling equipment and complicated treat-
ment procedures. Thus, electroporation and gene gun-based ballistic
delivery methods are not suitable for prophylactic purposes, especially
in certain regionswhere the necessary facilities and health care person-
nel are not available [6,7]. Non-viralmethods of gene delivery, including

cationic polymers and lipids that can form polyplexes with DNA vac-
cines are another promising approach, since DNA polyplexes are effi-
ciently protected from enzymatic degradation and exhibit increased
cell transfection efficiency [8,9]. Likewise, cationic polymer carriers con-
tainingmannose moieties have been reported tomediate targeted DNA
delivery to professional antigen presenting cells (APCs), includingmac-
rophages and dendritic cells [10,11]. However, cationic polymer-based
DNA vaccines still require a trained healthcare professional to perform
the injection with a hyperdermic syringe.

Recent development of microneedles (MNs) has enabled painless
cutaneous delivery of various bioactivemolecules to epidermal and der-
mal regions replete with resident professional APCs [12,13]. Results of
MN-based delivery of inactivated viruses, polypeptide antigens, and
plasmid DNA encoding antigenic determinant units have been shown
to be either as potent or generate even higher immunogenicity than
intramuscular injections, even at a low dose [13–16]. As they can be
self-administered, MNs also increase patient compliance, thereby elim-
inating patient anxiety and injuries caused by hyperdermic needles
[17]. Therefore, MNs are a promising candidate platform for delivery
of DNA vaccines. MNs coated with naked DNA vaccines can induce sig-
nificant antibody- and cell-mediated immune responses, thereby pro-
viding protective immunity [18]. However, a repeated dip-coating
procedure in highly concentrated and viscous solutions of plasmid
DNA is required due to the lack of interaction between plasmid DNA
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and the surface of metalMNs [18,19]. Likewise, it may be difficult to ob-
tain a film coating of uniform thickness on MN surfaces, which may be
directly related to the DNA loading amount. Due to the lack of interac-
tion with theMN surface, coated DNA filmsmay be prone to separation
from theMNwhen it is stored for an extended period of timedepending
on storage condition. Recently, building layer-by-layer (LbL) deposition
of polyelectrolyteswas identified as an efficientmethod for the prepara-
tion of DNA-coatedMNs [17,20]. In this approach, the film thickness and
DNA loading amount can be precisely controlled by alternating deposi-
tion of DNA and cationic polymer films.

In this study, we designed an efficient cutaneous gene delivery
system to achieve enhanced DNA vaccination as well improved pa-
tient compliance. We fabricated MNs based on a pH-responsive poly-
electrolyte multilayer assembly (PMA), which enabled rapid release
of polyplex DNA vaccines upon application to the skin. We utilized a
polydopamine (pDA)-based surface coating method to generate a base
film, which provided a uniform cationic charge density on the surface
of MNs. The versatile coating method was inspired by the amino acid
composition of adhesive proteins of marine mussel threads, which can
be used as a facile coating for a variety of material surfaces including
polymers and metals [21,22]. Next, a pH-responsive PMA composed of
alternating heparin and albumin films was built up on the base film.
Albumin was employed to facilitate pH-dependent disintegration of
PMA due to its charge inversion characteristics according to hydrogen
concentration in the surrounding medium. Specifically, albumin has a
pI value of 4.9 and is positively charged at pH values less than its pI
value but become negatively charged at physiological pH. Heparin–
albumin PMA acts as a stable matrix to support DNA polyplexes,
which are localized in the outer most layer of PMA, and enable imme-
diate release of polyplexes by rapid disintegration of PMA films in
the skin upon injection of MNs. Importantly, released polyplexes can
mediate enhanced cellular transfer of DNA vaccines. Specifically, use
of polyplex- or cationic magnetic particles as a carrier for DNA vaccines
has been shown to produce higher rates of transfection and better
immunization results than vaccination with naked DNA, suggesting
the importance of carrier-mediated gene delivery in DNA vaccination
[23,24]. MNs coated with a releasable polyelelctrolyte multilayer, from
which polyplexes were formed spontaneously through hydrolysis of
cationic polymer layers, were recently used to achieve significantly en-
hanced DNA vaccination in non-human primates [25]. In addition,
owing to the instant release of polyplexes, patients can conveniently
useMN-based vaccination devices without the need for healthcare pro-
fessionals. Along with pH-responsive polyplex-releasing MNs, APC-
targetable cationic gene carrier and DNA vaccines encoding secretable
antigens can be used to maximize antigen presentation by dermal resi-
dent APCs. Here, we evaluated the therapeutic potential of a MN-based
cutaneous DNA vaccination system for Alzheimer's disease.

2. Materials and methods

2.1. Materials

Polycarbonate MN arrays (1 × 1 cm) were purchased from Miti sys-
tems (Daejeon, Korea). Dopamine hydrochloride, sodium heparin
(17–19 kDa), bovine serum albumin (BSA), α-D-mannopyranosylphenyl
isothiocyanate, D-(+)-mannose, D-(+)-trehalose, fluorescein isothiocya-
nate (FITC), dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide
(NHS), deoxycholic acid (DA), branched polyethylenimine (bPEI 1.8 kDa
and 25 kDa) and methylthiazolyldiphenyl-tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis,MO). Cell culture reagents,
including Dulbecco's modified Eagle's medium (DMEM), phosphate-
buffered saline (PBS), and trypsin-EDTA, and ethidium monoazide
(EMA) were purchased from Invitrogen (Carlsbad, CA). Plasmid DNA
(pTarget-Ig-Aβ-Fc) containing an open reading frame of Aβ1–42 peptide,
a leader sequence of mouse Igκ, and the Fc domain of human immuno-
globulin, in a 5′ and 3′ order, respectively, was constructed as previously

described [26]. All other organic solvents were of analytical grade and
used without further purification.

2.2. Preparation of multilayered film-coated MN arrays

To build a cationic base layer, MN arrays were coated with poly-
dopamine (pDA) by immersing the array in a dopamine coating solution
(2 mg/ml, 0.1 M Tris buffer, pH 8.0). After overnight coating at 40 °C on
an orbital shaker, the array was rinsed with deionized water and dried
under reduced pressure. Multi-layered films (heparin/albumin) were
built on the pDA-coated MN array by alternating the dipping of the
array into heparin (5 mg/ml, 0.1 M citric acid buffer, pH 4.0) and albu-
min (5 mg/ml, 0.1 M citric acid buffer, pH 4.0) solutions for 5 min
each. The array was then rinsed twice with washing buffer (0.1 M citric
acid buffer, pH 4.0) before changing the dipping solution. This cycle was
repeated until 16 bilayers were deposited, and was terminated with an
outermost layer of heparin. The resulting array was then dipped in a
solution containingDNApolyplexes, washed twicewithwashing buffer,
and dried under reduced pressure. To prepare the polyplex coating
solution, plasmid DNA (pTarget-Ig-Aβ-Fc) and cationic polymers
(Man–DA3, see Supplementary data for synthetic procedure) were
separately diluted in citric acid buffer (0.1 M, pH 4.0) with or without
15% D-(+)-trehalose (w/v), gently mixed, and incubated for 15 min at
room temperature.

2.3. Scanning electron microscopy

The surface morphology of MN arrays was observed by SEM. For
SEM analysis, the array was placed on a carbon-coated support. The
samplewas then coatedwith gold in a Precision Etching Coating System
(Gantan 682 PECS, Gantan, Pleasanton, CA) and analyzed using a scan-
ning electron microscope (JSM-7600F, JEOL, Tokyo, Japan).

2.4. X-Ray photoelectron spectroscopy (XPS)

XPS (Sigma Probe, Thermo VG Scientific) analysis, which detects the
surface elemental compositions of functionalized materials, was per-
formed after each surface functionalization step. Unmodified polycar-
bonate substrates were received from Kumjeon Inc. (Seoul, Korea),
and the deposition procedure was performed as previously described.

2.5. Release of polyplexes from MN arrays

To observe the pH-dependent release of polyplexes,MN arrayswere
placed in PBS (pH 7.4) or citric acid (pH 4.1) and incubated on an orbital
shaker at 37 °C. Sampling was performed at predetermined time points
and replaced with an equivalent volume of fresh release medium. Plas-
mid DNAwas separated frompolyplexes by adding an excess amount of
heparin (final concentration = 10 mg/ml) and extracted by the addi-
tion of chloroform. Samples were then vortexed and centrifuged at
15,000 rpm for 15 min. The resulting supernatant was saved, concen-
trated by ethanol precipitation, and dissolved in deionized water. The
amount of DNA was quantified by PicoGreen assay (Quant-iTTM,
Invitrogen, Carlsbad, CA).

2.6. Animal experiments

In vivo experiments were performed to observe the capability of
multilayered film-coated MN arrays to induce antigen expression and
subsequent immune response after delivery of DNA polyplexes. All an-
imal studies were approved by the SKKU School of Pharmacy Institu-
tional Animal Care and Use Committee. Female BALB/c mice
(7 weeks old, Jungang Lab Animal Inc., Seoul, Korea) were used for all
animal studies. Mice were anesthetized by intraperitoneal injection of
Zoletil (10 mg/kg, Virbac Animal Health, Carros, France) and the hair
on the back of the mouse was removed by applying depilatory cream,
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