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P
olyelectrolyte multilayers have at-
tracted much interest for their versa-
tility, ease of preparation, and ability

to conformally coat virtually any
substrate.1�6 Pioneering studies demon-
strated that proteins could be assembled
into such multilayers7,8 and retain their
functionality,9 stimulating a broad interest
in potential biomedical applications of
these materials.3,10 Further, the ability of
multilayers to be built from biocompatible
and bioresorbable polyelectrolytes has led
to additional applications, including modifi-
cation of cell adhesion on surfaces,11 tissue-
and skin-bonding films,12 coatings directly
applied to epithelial or endothelial cell lay-
ers in situ,13,14 or even coatings on living
single cells.15�17

In concert with a growing interest in ap-
plying multilayers to biomedical applica-
tions, erodible multilayers that deconstruct
in aqueous conditions via disassembly
and/or breakdown of the constituent poly-
mers have begun to be explored as poten-
tial controlled release drug delivery
films.18�21 Drug-loaded degradable multi-
layers have been explored for the sustained
release of small-molecule antibiotics,
protein therapeutics, or plasmid
DNA.3,7,18,19,21�24 The mild aqueous condi-
tions for encapsulating molecules into
multilayer films preserve the bioactivity of
fragile biomolecules such as proteins and
nucleic acids.21,22,25 By employing degrad-
able polyelectrolytes as building blocks, the
ability to tune the degradation kinetics of
multilayer assemblies has been demon-
strated and used to control the release ki-
netics of compounds embedded in these
films.20,26 Applications envisioned for such
drug-loaded films include antimicrobial or

anti-inflammatory coatings on implants
and drug-releasing coatings for stents.24,27,28

Given the ability of multilayers to be
conformally coated on a broad range of
substrates to load both small-molecule and
macromolecular drugs and to regulate the
release of drugs over a period of hours to
days, we became interested in the poten-
tial of these polyelectrolyte films in a new
application area: transcutaneous drug deliv-
ery. Skin is an attractive site for noninva-
sive delivery of therapeutics, due to the
ease of access to this organ and the ability
of transcutaneous delivery to limit first-pass
drug metabolism and alter the pharmaco-
kinetics and pharmacodynamics of
drugs.29,30 Epicutaneous immunization, the
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ABSTRACT We describe protein- and oligonucleotide-loaded layer-by-layer (LbL)-assembled multilayer films

incorporating a hydrolytically degradable polymer for transcutaneous drug or vaccine delivery. Films were

constructed based on electrostatic interactions between a cationic poly(�-amino ester) (denoted Poly-1) with a

model protein antigen, ovalbumin (ova), and/or immunostimulatory CpG (cytosine�phosphate diester�guanine-

rich) DNA oligonucleotide adjuvant molecules. Linear growth of nanoscale Poly-1/ova bilayers was observed.

Dried ova protein-loaded films rapidly deconstructed when rehydrated in saline solutions, releasing ova as

nonaggregated/nondegraded protein, suggesting that the structure of biomolecules integrated into these

multilayer films is preserved during release. Using confocal fluorescence microscopy and an in vivo murine ear

skin model, we demonstrated delivery of ova from LbL films into barrier-disrupted skin, uptake of the protein by

skin-resident antigen-presenting cells (Langerhans cells), and transport of the antigen to the skin-draining lymph

nodes. Dual incorporation of ova and CpG oligonucleotides into the nanolayers of LbL films enabled dual release

of the antigen and adjuvant with distinct kinetics for each component; ova was rapidly released, while CpG was

released in a relatively sustained manner. Applied as skin patches, these films delivered ova and CpG to Langerhans

cells in the skin. To our knowledge, this is the first demonstration of LbL films applied for the delivery of

biomolecules into skin. This approach provides a new route for storage of vaccines and other immunotherapeutics

in a solid-state thin film for subsequent delivery into the immunologically rich milieu of the skin.

KEYWORDS: layer-by-layer · transcutaneous delivery · vaccine · polymer
assembly · biodegradable
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topical delivery of vaccine antigens into the epidermis

or dermis of skin, offers the advantages of needle-free

delivery while targeting an immune sentry-rich natural

portal of pathogen entry.31�33 We hypothesized that

drug-loaded multilayers coated on the surface of a skin-

adhesive patch or wound dressing could provide sev-

eral attractive features for transcutaneous drug deliv-

ery: (i) interactions of embedded proteins with the

multilayer components might stabilize proteins against

aggregation on drying, facilitating storage of protein

therapeutics in a dry state; (ii) the concentration of a

substantial cargo of drug into an ultrathin coating di-

rectly apposed to the surface of the skin would provide

a strong diffusive driving force promoting penetration

of drug cargos into the skin; (iii) multilayers could be de-

signed to release multiple components and separately

regulate the kinetics of release of individual drug com-

ponents to optimize a therapeutic response; and (iv) the

versatility of multilayer assembly would allow this con-

cept to be implemented in a variety of transcutaneous

delivery settings, including coatings of simple skin-

adhesive patches, woven-fiber adhesive dressings, or

microneedle arrays.

Here we report on studies testing each aspect of

this hypothesis, in a model setting of protein- and DNA-

loaded multilayer thin films coated on model skin patch

substrates. We demonstrate that biodegradable multi-

layers can be loaded with a model protein antigen at

doses physiologically relevant to vaccination, that dried

multilayers release the embedded protein in a mono-

meric, unaggregated form on rehydration and erosion

of the films, and that model patch substrates coated

with multilayers and applied to tape-stripped skin (a

simple procedure often used to permeabilize the outer

layers of the stratum corneum in transcutaneous vacci-

nation studies34�36) rehydrate and dissolve in situ, re-

leasing protein into the epidermis. Using a transgenic

mouse model where epidermal antigen presenting cells

(Langerhans cells) express green fluorescent protein

(GFP)-tagged major histocompatibility complex mol-

ecules, we demonstrate that protein antigen released

from multilayer patches is acquired by these immune

cells in the skin within hours of application of the film.

Finally, we demonstrate the incorporation of multiple

drug cargos in films, illustrated for the case of vaccine

design by embedding a protein antigen together with

an adjuvant molecule, single-stranded CpG DNA oligo-

nucleotides. We show that antigen and adjuvant can be

loaded together in decomposable multilayer coatings

and released with distinct kinetics, as may be desirable

for temporally controlling the induction of an immune

response (or other therapeutic response). Using the mu-

rine skin model, we show that both vaccine compo-

nents can be delivered to Langerhans cells in the epi-

dermis from skin-applied multilayer films.

RESULTS AND DISCUSSION
To fabricate a PEM film capable of releasing macro-

molecular cargos into skin, we utilized polyelectrolytes
belonging to the family of poly(�-amino esters), known
to degrade hydrolytically under physiological condi-
tions, focusing on two members of this family desig-
nated Poly-1 and Poly-2 (Figure 1 and Supporting Infor-
mation, Figure S1).37 The biocompatibility of Poly-1 has
been established in earlier studies, and we have previ-
ously employed this polymer to fabricate LbL films with
controlled erosion and tunable drug release
profiles.19,22,38 As a model protein cargo, we examined
the assembly of multilayers containing ovalbumin (ova),
a 45 kDa globular protein routinely used as a model vac-
cine antigen.39�41

We first prepared PEM films by alternating adsorp-
tion of Poly-1 and ova from aqueous buffers onto glass
slides, utilizing electrostatic interactions between the
protein and polymer to mediate assembly and monitor-
ing protein incorporation via the absorbance of
fluorophore-conjugated ova. On the basis of the pI of
ova (�4.6) and the pKa of Poly-1 (between 4.5 and 8),
we tested film assembly at pH 5�7, varying the pH of
both Poly-1 and ova adsorption solutions (Figure S2 in
Supporting Information).37 As summarized in Figure 1b,
film growth was approximately linear for deposition
buffer pH values of 5/6 and 6/6 for Poly-1/ova bilayers.
Maximal incorporation of ova was achieved by adsorb-
ing both Poly-1 and ova at pH 6. For ova adsorption
buffers at pH � 6, loading decreased, possibly due to
decreasing charge density of Poly-1, which contains ter-
tiary amine groups, at higher pH.19 Measurement of
the total amount of ova released from completely dis-
solved films showed that, for films assembled at pH 6,
40 bilayer films carried 5 �g/cm2 ova protein total (40
bilayer films are ca. 150 nm). In the context of vaccina-
tion, this order of dose/area is well within a meaningful
range as antibody responses have been reported for
transcutaneous antigen doses as low as 3 �g.42�44

When dried as-assembled (Poly-1/ova)n PEM films on
glass were rehydrated in phosphate-buffered saline
(PBS, pH 7.4), films prepared across all deposition con-
ditions exhibited rapid protein release, as illustrated in
Figure 1c. Characterization of (Poly-1/ova)40 film thick-
ness versus time following rehydration revealed rapid
dissolution of the films coinciding with protein release.
These films fall apart significantly more rapidly than
others assembled with other proteins or
biopolymers19,21 and also greatly exceed the rate of
polyaminoester hydrolysis anticipated for Poly 1. For
this reason, we believe that ova, which is a relatively
small and globular protein with low surface charge den-
sity, is able to readily diffuse out of the Poly 1 films
upon contact with aqueous solution, leading to a
charge destabilization of the electrostatically assembled
thin film and subsequent rapid dissolution of the film.
Though the pH/ionic strength conditions used for PEM
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assembly here are near the buffer conditions used for

analysis of rehydration and disassembly, our previous

studies based on multilayer complexes of Poly-1 and

anionic polysaccharides illustrated that subtle changes

in solution pH can have dramatic effects on film disas-

sembly kinetics.19 The overall release kinetics were mod-

estly altered either by using the more hydrophobic

poly(�-amino ester) (Poly-2) for film assembly or by de-

creasing the ionic strength of the dipping solutions

from 100 to 10 mM to reduce charge screening and in-

crease electrostatic interactions between the polyions

during assembly, resulting in more tightly associated

PEM films (Figure 1c). Although there are undoubtedly

additional strategies that could be used to further regu-

late protein release from these films, for our initial stud-

ies, we hypothesized that rapid film dissociation on re-

hydration could be potentially advantageous for

allowing maximal delivery of antigen/adjuvant mol-

ecules into barrier-disrupted skin prior to sealing of the

epidermis (discussed further below).

These basic characterization measurements were

made for films on glass substrates, which may not be

ideal for application on skin. However, as there is virtu-

ally no restriction in the choice of the substrate for LbL

assembly, we next tested assembly of Poly-1/ova films

on substrates that might be useful in skin patch formu-

lation. We tested poly(dimethylsiloxane) (PDMS) as an

elastomeric substrate that could form the basis of eas-

Figure 1. (a) Schematic illustration of the events taking place following the application of PEM patch onto skin. (1) PEM
patch on a substrate is applied onto tape-stripped ear skin. (2) Ova is released from the patch as the multilayer disassembles,
and ova then penetrates to reach the LCs located at the basal layer of the epidermis. (b) Growth curve of (Poly-1/ova) multi-
layers for two different deposition conditions, as assessed by absorbance from fluorophore-conjugated ova incorporated
in films. (c) Cumulative normalized kinetics of ova release from LBL films rehydrated in PBS (pH 7.4 at 25 °C), for films pre-
pared with Poly-1 vs Poly-2 and for Poly-1 deposition at low or high ionic strength. Representative thickness changes with
time for a Poly-1/ova film assembled at high ionic strength. (d) Photograph of (Poly-1/ova-Texas Red)40 film assembled on a
flexible PDMS substrate. (e) Native PAGE analysis of ova released from (Poly-1/ova)40 films after a 30 min rehydration in
PBS, for films prepared by depositing ova at a fixed pH 6 and Poly-1 at pH 5.5, 6, or 6.5, respectively. Protein released from
films is compared to controls of ova solutions in PBS pH 7.4 or in the multilayer deposition solution (pH 6, 100 mM NaOAc
buffer).
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ily handled macroscopic patches, exploiting its well-
known utility in microcontact printing to achieve inti-
mate contact between drug-loaded multilayers and the
inhomogeneous surface structure of skin. As illustrated
in Figure 1d, film assembly was readily achieved on flex-
ible PDMS substrates, and incorporation of fluorescent
ova (ova-Texas Red) was readily observed from the blue
hue of multilayer films on the transparent rubber.

We next tested whether ova protein assembled into
Poly-1 LbL films, dried, and then rehydrated and re-
leased into buffer remained intact and unaggregated
by running both nonreducing SDS�PAGE (Figure S3 in
Supporting Information) and native PAGE on superna-
tants taken from (Poly-1/ova)40 films assembled at dif-
ferent pH values, dried, and then rehydrated in PBS for
30 min. As seen in Figure 1e, almost all of the ova re-
leased from Poly-1 films existed as monomeric protein
running at the same position as unmanipulated control
ova solutions in PAGE gels, indicating that the struc-
tural integrity of ova was preserved during both inte-
gration into and subsequent release out of the films.
Ova released from films did not show significant signs
of aggregation either with itself or with released Poly-1,
as indicated by the lack of protein detected at posi-
tions above the main band of free ova in the PAGE gels.
Lack of aggregation or degradation in the released ova
suggests that proteins can be incorporated into Poly-1
LbL films, dried, and released in a native monomeric
state on rehydration without irreversible complexation
to the polycation component of the films, an important
outcome for the bioactivity of therapeutics or for the
correct elicitation of antibody responses for vaccine
antigens.

To assess antigen penetration into skin from LbL
multilayers, we employed a murine ear skin model of-
ten used for analysis of antigen delivery for epicutane-
ous vaccination.45,46 This site provides a clearly defined
draining lymph node (the auricular node) for immuno-
logical analysis, and Langerhans cells (LCs) within the
ear are readily visualized by microscopy, allowing direct
observation of protein delivery to these dendritic cells
in intact tissue. Importantly, despite differences be-
tween murine and human skin structure, murine stud-
ies have been remarkably predictive for human clinical
trials.32 In order for vaccine agents to reach viable im-
mune cells in the epidermis or dermis, the stratum cor-
neum (SC), the thin, nonliving, exterior lipid-rich barrier
layer of the skin, must be bypassed.47 One approach to
transcutaneous vaccination is to employ adjuvant com-
pounds that disrupt the integrity of the SC, such as chol-
era toxin derivatives or heat-labile enterotoxin from
bacteria.42,43 A simple and safe alternative is to physi-
cally disrupt the SC. This can be achieved using an ap-
proach such as glue or tape-stripping, based on the re-
peated application and removal of adhesives on skin, a
process shown to remove the outer 10�20 �m of the
SC. This barrier disruption process is painless, highly ef-

fective in augmenting the transfer of macromolecules
such as proteins or DNA into skin, and has been suc-
cessfully utilized in human clinical trials.46,48�50 An addi-
tional advantage is that physical barrier disruption it-
self has been shown to trigger activation of
keratinocytes and LCs in skin, providing some level of
“built-in” adjuvant response.44�46,49�52 We thus tested a
model where the dorsal ears of anesthetized mice were
tape-stripped followed by application of as-assembled,
air-dried (Poly-1/ova)40 films on either glass or PDMS
substrates, fixed in place by surgical tape against the ex-
posed ear skin, mimicking a common strategy used in
skin vaccination studies45,46 (Figure 1a). Tape-stripping
reproducibly removed significant portions of the SC but
did not disrupt the viable epidermis, as assessed by his-
tology (Figure S3 in Supporting Information).

To assess protein release from LbL films into tape-
stripped skin, films carrying fluorescent ova were as-
sembled on PDMS patch substrates and applied to
tape-stripped ear skin of C57Bl/6 mice or transgenic
MHC II-GFP mice, whose Langerhans cells express GFP-
tagged MHC molecules and are thus intrinsically la-
beled in the tissue. For comparison, we applied gauze
pads loaded with an equivalent amount of fluorescent
ova in saline to tape-stripped skin, mimicking the ap-
proach typically taken in vaccine studies. Mice were eu-
thanized 48 h later, the PDMS patch or gauze was re-
moved, and the skin sites were examined by confocal
microscopy. Optical sections revealed the penetration
of ova released from LbL films into the epidermis down
to depths where LCs reside, 10�15 �m below the sur-
face of tape-stripped skin (Figure 2a,b; LCs are readily
distinguished by their branched/dendritic morphol-
ogy). In separate experiments using C57Bl/6 mice, LCs
deep in the epidermis below the main front of skin-
penetrating ova were observed with pockets of inter-
nalized ova (Figure 2c), indicating that the cells were
able to take up the delivered protein antigen from their
surroundings. At the 48 h time point, LCs were ob-
served with less pronounced dendritic morphology
and at deeper depths than seen in fresh skin explants,
suggesting that the cells were activated and in the pro-
cess of beginning their slow migration to lymph
nodesOa process known to occur over a few days.53,54

In contrast, ova solutions applied to tape-stripped skin
showed much less protein accumulation in the skin, and
LCs were present at depths and densities in the epider-
mis more reminiscent of untreated skin (Figure 2b).

Immune responses are initiated in lymph nodes,
where antigen-bearing dendritic cells directly inter-
act with T- and B-lymphocytes, and thus antigen de-
livery to the nodes is critical for primary immune re-
sponses. Transport of antigens from the skin to the
local lymph nodes can occur through direct draining
of antigen deposited into the skin via lymphatic ves-
sels or by cell-mediated transport, where activated
LCs or other dendritic cells internalizing antigen in
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the skin migrate to the lymph nodes. To determine

whether protein antigen released from LbL films ap-

plied to skin was transported to draining lymph

nodes, murine ears were tape-stripped and LbL films

on glass substrates carrying Alexa Fluor-conjugated

ova were applied to the skin using surgical tape. As

before, we compared LbL films to skin treated with

gauze loaded with an equivalent amount of ova in

saline. After 48 h, the skin-draining auricular lymph

nodes were excised, digested, and recovered leuko-

cytes were stained with antibodies for flow cytome-

try analysis. At this time point, ova fluorescence

could be directly visualized within intact lymph node

tissue at low magnification (Figure 3a). CD11c is gen-

erally regarded as a marker for dendritic cells, while

CD11b is used to mark cells of myleoid lineage in-

cluding monocytes and macrophages. Murine LCs

and other dendritic cells migrating from skin have

been shown to express both CD11c and CD11b sur-

face molecules.55,56 As illustrated in Figure 3b,c, pro-

tein transport to the lymph nodes was detected fol-

lowing treatment with a (Poly-1/ova)50 LbL patch

when examining both the total lymph node cell

population as well as individual cell subsets. Though

CD11c�CD11b� dendritic cells make up only a few

percent of the total lymph node cells (e.g., as shown

in the CD11c vs CD11b flow cytometry plot for ova�

cells), these cells were greatly preferentially enriched

in the ova� cell population, with �64% of ova� cells

being of the CD11c�CD11b� subset (Figure 3b). As

shown in Figure 3c, �14% of all CD11c�CD11b� den-

dritic cells acquired fluorescent ova following LbL

Figure 2. (a) Overlay confocal micrographs (upper panel) taken at 5 �m intervals showing the penetration of Texas Red-
conjugated ova (red) released from LbL films into tape-stripped ear skin of a MHC II-GFP mouse following application of a
Poly-1/ova PDMS patch for 48 h. Corresponding GFP fluorescence confocal micrographs (lower panel) showing Langerhans
cells (LCs, green) appearing at z depths of 10�15 �m below the tape-stripped skin surface, just above the epidermis�dermis
boundary. (b) Representative vertical cross sections and quantitative plots of fluorescence intensity normalized to maxi-
mum values for ova (red) and LC fluorescence (green) in skin treated with ova-loaded LbL films (filled symbols) or gauze
pads with ova solution (open symbols). (c) Micrograph from an independent experiment, demonstrating colocalization of Al-
exa Fluor 488-conjugated ova (green) released from a Poly-1 LbL film and immunostained LCs (red) in the skin of a C57bl/6
mouse observed at a deeper depth where free ova in the surroundings is no longer detected, suggesting that activated LCs
have taken up penetrated antigen and begun migration to lymph nodes. All scale bars are 20 �m.
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film release of ova into the skin. Compared to tape-
stripped skin treated with ova solution, �1.8-fold
more DCs and 2-fold more macrophages were posi-
tive for ova in the draining lymph nodes following
LbL film delivery of the protein. Ova�CD11c� den-
dritic cells exhibited up-regulation of the cell-surface
activation markers CD40, CD86, and MHC II com-
pared to ova� dendritic cells (Figure 3d), suggest-
ing that antigen-bearing DCs originating from skin
acquired a mature phenotype during migration to
the draining lymph nodes, consistent with prior
studies.57,58 Mature dendritic cells are poised to
present antigen and provide the appropriate stimu-
lation required to trigger T- and B-cell activation.
Thus, protein antigen released into barrier-disrupted
skin from LbL films is delivered to skin-draining

lymph nodes, where it accumulates in mature den-
dritic cells.

An attractive property of multilayers for controlled
drug release is the ability to load multiple components
into multilayer films and potentially tune the release ki-
netics of these cargos separately via the architecture
of the films.19 To explore multicomponent drug deliv-
ery in the context of a transcutaneous vaccine, we next
assembled LbL films incorporating both a protein anti-
gen and an adjuvant cargo. Adjuvants are compounds
typically co-injected with vaccines to increase their po-
tency, reduce the required antigen dosage for a protec-
tive response, and/or elicit immune memory with an
appropriate protective profile.59 We tested the co-
incorporation of ova antigen in LbL films with CpG
DNAs, short single-stranded oligonucleotides that con-

Figure 3. (a) Confocal micrograph of intact auricular lymph node draining the ear site where ova-loaded LbL film was applied, show-
ing ova fluorescence (green) accumulated in the tissue (scale bar � 20 �m). (b) Left panels: Flow cytometry plots showing the propor-
tion of total lymph node cells carrying ova (percentages quoted quadrant corners) as detected in the draining lymph node follow-
ing skin treatment with ova-loaded LbL films or PBS as a control for 48 h. Right panels: Plots of CD11b vs CD11c for ova� (green
quadrant) and ova� (red quadrant) cells from the lymph nodes of mice treated with ova-loaded LbL films, showing that the majority
of ova-bearing cells were CD11b�CD11c� Langerhans cells and dendritic cells. (c) Percentages of ova� cells detected in macrophage
and dendritic cell population subsets of skin-draining lymph nodes determined by staining recovered leukocytes for CD11c and
CD11b surface markers. (d) Flow cytometry histograms of surface expression of co-stimulatory molecules CD40, CD86, and MHC II
by ova�CD11c� dendritic cells (green line) and ova�CD11c� dendritic cells (red line) recovered from lymph nodes of mice treated with
ova-loaded LbL films.
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tain unmethylated CpG (cytosine�phosphate
diester�guanine) sequences characteristic of bacterial
DNA. CpG DNA oligos are ligands for Toll-like receptor-9
on dendritic cells and other innate immune cells and
are a potent adjuvant currently in clinical trials for a va-
riety of vaccine and cancer immunotherapy applica-
tions.60 Immunologically, adjuvant signals such as CpG
trigger dendritic cell activation, which is accompanied
by a down-regulation of antigen internalization by
these cells.61 Thus, we hypothesized that, for vaccina-
tion, films capable of releasing antigen coincident with
or prior to adjuvant release would be attractive. Further,
sustained adjuvant delivery (mediated in basic immu-
nological studies by repeated injections) has been
shown to help break tolerance to tumor antigens in
the setting of cancer vaccines, and so the ability to re-
lease adjuvant molecules for a period of several days
could be a second important opportunity for LbL vac-
cine films.62

To regulate the release of antigen and adjuvant in
composite films containing ova and CpG, we explored
different sequences of layering in order to determine
the impact of film architecture on the loading and re-
lease kinetics for the two components. We were also in-
terested in examining potential interactions between
ova and CpG within the film structure. Using Poly-2 as
a complementary polycation for the two polyanionic
cargos, co-delivery films containing ova and CpG were
constructed with several different architectures (Figure
4a): control films of ova (A) or CpG (E) alone with Poly-2,

CpG layered on top of ova (B), alternating ova and CpG
(C), or ova layered over CpG (D). In each case, 20 bilay-
ers of Poly-2/ova and Poly-2/CpG were included. AFM
imaging of dried films (Figure 4b) showed that each film
composition exhibits a distinct surface morphology:
films containing ova were generally rougher than CpG-
loaded films (mean rms roughness 31 � 3 nm for (Poly-
2/ova)20 films vs 8.5 � 2 nm for (Poly-2/CpG)20 films).
As described earlier, the release characteristics of the
ova films suggest a high degree of interdiffusion of ova
within the film and high concentrations of ova at the
top surface, typical of interdiffusion growth behavior.63

The roughness of the surfaces of the ova films may be a
result of this interdiffusion and accumulation of ova
protein in the top layers. Film structures A and D, which
were both terminated with multiple Poly-2/ova bilay-
ers, were quite similar in their rough surface topogra-
phy, whereas film structures B and C were rougher than
E (pure Poly-2/CpG) films even though each film termi-
nated with a Poly-2/CpG bilayer. These results suggest
the presence of ova near the surface in some substan-
tial concentration in each of these two film architec-
tures, as well, and thus indicate the potential for inter-
diffusion of the adsorbing species during assembly. We
postulate that ova is a more diffusive species within
the LbL layers compared to the more densely charged
CpG oligonucleotides, despite its larger molecular
weight. It has been shown that charge density is a key
controlling element in the ability of macromolecular
species to diffuse within multilayer films.20,64,65 The CpG-

Figure 4. (a) Schematic architectures of antigen (ova) and adjuvant (CpG DNA) co-delivery films tested. (b) AFM surface morphology of
the corresponding dried films (10 � 10 �m2 images, z scale of 200 nm). (c) Kinetics of ova and CpG release from dried LbL films rehy-
drated in PBS (pH 7.4, 25 °C). Released ova and CpG were measured by collecting non-overlapping fluorescence signals (�max,Ova � 665
nm, �max,CpG � 560 nm, respectively). Overlay of normalized ova and CpG release curves from film architecture B.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 11 ▪ 3719–3729 ▪ 2009 3725



only films illustrate a more linear release over much

more extended time frames that correspond well with

surface hydrolysis of the multilayer films. This hypoth-

esis is further supported by the release profiles col-

lected in Figure 4c, showing rapid release of ova from

films rehydrated in PBS for all film architectures, similar

to the results observed for pure Poly-1/ova films. In con-

trast, a sustained release of CpG adjuvant over 3 days

is observed in all cases. Although each film architecture

was prepared with the same number of bilayers of ova

or CpG, the total amount of each component within the

final films varied significantly with film architecture. In

earlier work, we found that if an underlying multilayer

system exhibits a high degree of interdiffusion during

its construction, then a second set of multilayers as-

sembled atop the first will often also exhibit interdiffu-

sion into the pre-existing film;19 this behav-
ior provides opportunity for high loadings of
both components via diffusion and trap-
ping of excess molecules within the film. No-
tably, architecture “B” with ova deposited
first under bilayers containing CpG enabled
the loading of large quantities of both com-
ponents in the film and exhibited attractive
staggered release kinetics, with the majority
of antigen rapidly released within 24 h,
while the CpG adjuvant exhibited sustained
release over a period of �3 days. Although
further tuning of component loading and in-
dividual release kinetics can be readily envi-
sioned by manipulation of film assembly
conditions and the choice of polycation
components, the staggered release of anti-
gen and adjuvant presented here demon-
strates the potential of this approach to vac-
cine and other drug cargo delivery.

Finally, we tested the ability of ova/CpG
composite films coated on PDMS “patches”
to deliver both antigen and adjuvant into
tape-stripped murine ear skin. Similar to the
experiments with Poly-1/ova films,
multilayer-coated PDMS patches loaded
with fluorescently tagged ova and CpG (ar-
chitecture B) were applied to ear skin of
MHC II-GFP mice for 48 h, then patches were
removed and the skin sites were analyzed
by confocal microscopy. Optical sections
tracked the penetration of both labeled ova
and CpG released from the film into the epi-
dermis of tape-stripped skin down to 15�20
�m below the tape-stripped surface (Figure
5a). Colocalization of GFP� LCs with ova and
CpG fluorescence (Figure 5b) was likewise
observed, suggesting LCs internalized both
penetrated antigen and adjuvant from their
surroundings. Interestingly, at the 48 h time
point LCs were detected at greater depths of

15�20 �m compared with films containing only ova,
possibly reflecting the effect of CpG activating LCs and
enhancing their migration toward lymphatics located
deeper in the skin en route to regional lymph nodes.
Similar results were observed for films with architec-
ture C. Thus, erodible ultrathin films loaded with anti-
gen and adjuvant compounds can deliver both compo-
nents into skin, providing delivery to dendritic cells in
the skin as required for the initiation of immune re-
sponses. Analysis of the immune response triggered
by such multilayer-coated patches is currently under-
way and will be presented in due course.

CONCLUSIONS
In summary, we demonstrated here protein-loaded

LbL-assembled films as platform materials for construct-

Figure 5. (a) Overlay confocal micrographs (top and middle panels) taken at 5 �m z in-
tervals (z depth indicated in upper left of each image) showing the penetration of
fluorophore-conjugated ova (red) and CpG (blue) released from LbL films (architecture
B from Figure 4a) into tape-stripped ear skin of MHC II-GFP mouse following patch ap-
plication for 48 h. Corresponding GFP fluorescence confocal micrographs (bottom
panel) showing LCs (green). (b) Representative horizontal (left) and vertical (lower right)
cross sections showing colocalization of fluorescent ova and CpG with GFP� Langer-
hans cells (indicated by white arrows; inset figure shows individual fluorescent channel
images of boxed region), suggesting uptake of penetrated antigen and adjuvant by the
dendritic cells. Similar results were also observed for film architecture C (data not
shown). Depths (below tape-stripped skin surface) of x�y confocal optical slices are
noted (in �m) in upper left of micrographs. All scale bars are 20 �m.
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ing skin vaccine or drug delivery patches. This study
provides a proof-of-principle for the use of dry LbL films
as skin vaccine patches, whereby films loaded are rehy-
drated in situ on barrier-disrupted skin, antigen and ad-
juvant are released into the epidermis where they are
taken up by skin-resident dendritic cells, and antigen is
transported to draining lymph nodes. The ability of
multilayer films to incorporate protein that can be
stored in a dry state prior to application and then re-
leased from rehydrated films in a nonaggregated/non-
degraded state may allow extended storage/shelf life
of vaccine formulations and address challenges in
vaccine distribution in developing countries. The
generality of LbL assembly suggests that a variety

of antigen and adjuvant molecules should be readily
incorporated into these films. In addition, the abil-
ity of multilayers to conformally coat substrates
should allow this approach to be used in tandem
with other techniques for breaching the stratum cor-
neum, such as using microneedles coated with
multilayer delivery films.19 To make this platform
truly generic for delivering a wide range of synthetic
antigens and adjuvants, biodegradable nanocarriers
might be embedded as delivery vehicles within LbL
films to segregate film assembly/release properties
from the characteristics of individual antigens/adju-
vant moleculesOan examination of such strategies
is the subject of ongoing studies.

METHODS
Materials. Poly(�-amino esters) were synthesized according

to previous literature.9 Alexa Fluor 488, Alexa Fluor 647, and
Texas Red-conjugated ovalbumin, NuPAGE 10% Bis-Tris gels,
10% Tris-glycine gels, and all PAGE reagents were purchased
from Invitrogen (Eugene, OR). All antibodies, antimouse PE-I-Ab,
antimouse APC-CD11c, antimouse PE-CD11b, antimouse PE-
CD40, and antimouse PE-CD86 were purchased from BD Bio-
sciences (San Jose, CA). CpG oligonucleotides were purchased
from Integrated DNA Technologies (Coralville, IA).

Film Preparation. All LbL films were assembled with a modi-
fied programmable Carl Zeiss HMS DS50 slide stainer. Typically,
films were constructed on a glass slide with approximate size of
1 � 2 in2, which was treated in a plasma cleaner (Harrick Scien-
tific Corp.) with O2 plasma for 5 min prior to use. The substrate
was then dipped into Poly-1 solution (2.0 mg/mL in 100 mM
NaOAc buffer) for 10 min and followed by three sequential rins-
ing steps with pH-adjusted water for 1 min each. Then the sub-
strate is dipped into ova solution (0.10 mg/mL in 100 mM NaOAc
buffer) for 10 min and exposed to the same rinsing steps as de-
scribed above. The PDMS substrate was initially coated with
poly(allylamine hydrochloride) (50 mM, pH 7.5), followed by the
same protocol to build (Poly-1/ova)n multilayer as described
above. Co-delivery film of ova with CpG was constructed in a
similar manner with CpG solution (0.10 mg/mL in 100 mM
NaOAc buffer, pH 6, mixture of 10% TAMRA-labeled DNA).

Film Characterization. Protein loading on the film was quanti-
fied by measuring the absorbance of protein within the film us-
ing a UV/vis spectrophotometer (Varian Cary 600). Ova and CpG
release from the film was followed by measuring the fluores-
cence spectra of released ova-AF 488, ova-AF 647, and TAMRA-
CpG in PBS (Quantamaster Fluorimeter, PTI). Film thickness was
measured with a Tencor P-10 surface profilometer. Nonreducing
SDS�PAGE and native PAGE were performed using NuPAGE
10% Bis-Tris gel and 10% Tris-glycine gels, respectively. Samples
were diluted in LDS sample buffer for SDS�PAGE according to
the manufacturer’s instructions, heated to 90 °C for 2 min, and
ran using MES SDS running buffer at 200 V for 35 min. For na-
tive PAGE, samples were diluted in native sample buffer without
heating and ran under native running buffer at 75 V for 2.5 h. Fi-
nally, gels were stained with a silver staining kit (Pierce Biotech-
nology, Rockford, IL) according to the manufacturer’s
instructions.

In Vivo Murine Ear Skin Penetration. Animals were cared for in the
USDA-inspected MIT Animal Facility under federal, state, local,
and NIH guidelines for animal care. Tape-stripping was per-
formed on wild-type C5BL/6J mice (Jackson Laboratories, Bar
Harbor, ME) and MHC II-GFP mice (a gift from Professor Hidde
Ploegh) immobilized under isofluorane anesthesia. Ears were hy-
drated briefly with PBS before being subjected to tape-stripping
10 times using cellophane adhesive tape (Office Depot invisible
tape). Tape-stripped ears were subsequently swiped with PBS
and pat dry before the application of LbL films (on their support-

ing substrates) onto the dorsal side. The application site was
then sealed using Tegaderm and Nexcare medical tape (3M, Min-
neapolis, MN). Patches were kept on site for 2 days, following
which mice were sacrificed and their ears excised. After remov-
ing the patches and rinsing with PBS, ears were split into dorsal
and ventral halves. For wild-type mice, the cartilage-free dorsal
halves were immunostained overnight with antimouse PE-I-Ab

(MHC II) antibody (2 �g/mL) to mark the LCs present. The stained
ear sheet was then mounted on a glass slide, and 3D Z section
images were obtained on a Zeiss LSM 510 confocal microscope
using a 63� objective to visualize the penetration into skin. Rela-
tive fluorescence was determined by using Metamorph imag-
ing software to compute the integrated intensity of images
taken at each depth. Values obtained were then normalized
by the maximum value measured in the entire stack of images;
for the case of LC fluorescence, background signal was also sub-
tracted prior to normalization. Histological sections of intact
and tape-stripped mouse ears were prepared by fixing ears with
formalin for 20 h and embedding in paraffin. Sections were sliced
and stained with hemotoxylin and eosin.

Analysis of Cells in Auricular LNs. Auricular LNs recovered from
mice were digested in a cocktail of Liberase Blendzyme 2 (Roche
Applied Sciences, Indianapolis, IN) (0.28 WU/mL) and DNase I
(Sigma, St. Louis, MO) (50 ng/mL) prepared in serum-free RPMI
with gentle shaking for 1 h at ambient temperature. EDTA (5
mM) was added to quench enzymatic activity, and the suspen-
sion was allowed to settle for 10 min, following which the freed
cells in suspension were aspirated from the remaining undi-
gested tissue matrix. Recovered cells were rinsed once in PBS
containing 1% BSA and EDTA (5 mM), then twice in PBS contain-
ing 1% BSA before resuspending them in flow cytometry buffer
(1% BSA, 0.1% NaN3 in Hank’s balanced salt solution, pH 7.4) at 4
°C. The cells were blocked with anti-CD16/CD32 antibody (10 �g/
mL) for 10 min and then stained with fluorescent antibodies
against surface markers for 20 min on ice, followed by three
washes with flow cytometry buffer and addition of propidium io-
dide (PI) (1.25 �g/mL) for viability assessment. Stained cells were
analyzed on a BD FACSCalibur flow cytometer.
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