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P
olyelectrolyte multilayer (PEM) films
consist of self-assembled layers ob-
tained by the alternated deposition

of polyanions and polycations.1 The ap-

proach is very popular because of the ease

in constructing such films, by either dip-

ping, spin-coating, or alternated or simulta-

neous spraying. The interest in the concept

lies in the fact that almost any charged mol-

ecule that has affinity for another species

can be used for the film assembly. Even un-

charged molecules can be included in the

architectures via hydrogen bonding or hy-

drophobic interactions with other

macromolecules.

Polyelectrolyte multilayer films have

been suggested for various applications, in-

cluding optoelectronics, fuel cells, and bio-

medicine. In this latter domain, numerous

publications have been devoted to bioma-

terial surface coatings, preparation of micro-

or nanoparticles, or free-standing mem-

branes, with the aim to confer to the result-

ing material specific properties enabling in-

teractions with the surrounding proteins,

cells, or tissue.2

Properties Favoring Biological Applications.
The facility to “biofunctionalize” polyelec-
trolyte films renders them particularly at-
tractive for biological applications. Bio-
functionalization can be easily achieved
by adsorbing or including in the architec-
ture any biologically active molecule
(i.e., growth factor, drug, peptide, en-
zyme, DNA, siRNA, etc.).3�6 The active
molecules can be delivered to the cells af-
ter enzymatic degradation of the archi-
tecture induced by the cells. Another in-
teresting concept for drug delivery from
PEM films is based on the use of hydrolyt-
ically degradable polyions.7 Generally,
the embedded drug molecules, in par-
ticular proteins, retain their bioactivity
once released from the film onto which
they were adsorbed or embedded.

The work by Su et al. in the present issue
goes a significant step further.8 These au-
thors show that previously dried films as-
sembled with ovalbumin, a model vaccine
antigen, and poly(�-amino esters), a family
of hydrolytically degradable polyelectrolytes,
are degraded after initial contact with skin.
Moreover, the active antigen molecules are
taken up by the cells once they are in the
presence of an aqueous medium or in the tis-
sue (skin) (Figure 1). These observations are
important for clinical or medical use since
the dry form allows easier and longer stor-
age possibilities (e.g., in the form of a patch)
and embedded samples could be prepared
long before use in clinical applications.

An important property of these assem-
blies is related to the possibility of varying
the amount of the embedded drug. It has
been shown that embedding the molecules
within the PEM architecture can be en-
hanced considerably by the use of expo-
nentially or supralinearly growing films, in-
stead of linearly growing ones.9 Indeed,

See the accompanying Article by Su et
al. on p 3719.
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The interest in polyelectrolyte

multilayer films lies in the fact

that almost any charged

molecule that has affinity for

another species can be used

for the film assembly.

ABSTRACT A paper in this issue

discusses the use of multilayered

polyelectrolyte films incorporating a

hydrolytically degradable polymer for

transcutaneous drug or vaccine

delivery. Dried films could be

deconstructed rapidly, and a model

protein antigen (ovalbumin) and/or

immunostimulatory molecules could

be released with different kinetics.

Both molecules could also be delivered

to antigen-presenting cells in the skin

(Langerhans cells). The described

approach provides a new route for

the storage of vaccines. Successful

antigen processing and presentation

to lymphocytes remain ongoing

challenges before the concept can be

used in the next generation of

vaccines.
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supralinear growing films may at-

tain thicknesses in the micrometer

range after only a modest number

of deposition cycles. The drug or

protein brought into contact with

an exponentially grown, often

strongly hydrated film, diffuses

through the whole film, which acts

as a reservoir. In this way, more ac-

tive molecules can be taken up,

compared to the case of a linear

film, where both the thickness and

the compact nature of the film are

detrimental to storing molecules.

For clinical drug delivery, it is also

important to be able to tune the du-

ration of the release. An example of

this is shown in Figure 2. Here, a

drug (pyroxicam, Px) was com-

plexed with cyclodextrin (CD) and

embedded in different poly-

(glutamic acid)/poly(L-lysine) (PGA/

PLL) buildups. When exposed to the

leukemia cell line THP-1, the inten-

sity and duration of the amount of

secreted tumor necrosis factor-

alpha (TNF-�) can be tuned by the

number of polyelectrolyte layers de-

posited above the active molecule.

Another consideration in fabri-

cating drug delivery constructs is

the possibility of inducing a cascade
of reactions, which may increase
the potency or efficacy of the ac-

tive drug molecule. For example,

by including complexes of plasmid

DNA and poly(ethyleneimine) in

polyelectrolyte films aimed at cell

transfection in addition to a peptide

molecule (NDPMSH) bound to poly-

(L-glutamic acid) as a signal mol-

ecule, both active molecules were

able to react with melanoma cells

independently.10 This led to cell

transfection and cell activation via

the peptide signaling pathway in a

synergistic manner to enhance cell

transfection rate.10 It has also been

demonstrated that embedding two

types of transfection vectors ex-

pressing human transcription fac-

tors enabled targeting of either the

nucleus or the cytoplasm reaction

(Figure 3).11 Depending on the ar-

chitecture, the distance from the

surface, and the number of poly-

electrolyte layers separating the

two embedded active constructs, a

sequential response was obtained.11

By reversing the deposition se-

quence of both vectors in the archi-

tecture, the transfection sequence

could also be reversed.

Similarly, the work by Ham-

mond’s and Irvine’s groups in this is-

sue shows that the release kinetics

of the vaccine component (ovalbu-

min) could be tuned by combining

with a short oligonucleotide de-

signed to increase the efficacy of

the antigen. The release times in the

range of 2�6 days are of particular

interest for clinical use, and specifi-

cally, distinct delivery schedules of

vaccine components may be par-

ticularly important in a vaccine

strategy.

Figure 2. Inhibition of tumor necrosis factor-alpha (TNF-�) secretion by stimu-
lated THP-1 cells grown on multilayered films containing a cyclodextrin�
pyroxicam (CDPx) complex. Cells were deposited on multilayered films built with
poly(ethyleneimine) (PEI), poly(L-glutamic acid) (PGA), and poly(L-lysine) (PLL). The
variation in inhibition indicates that there is an optimal balance between the com-
position and number of polyelectrolyte layers in the film: (a) PEI-(PGA-PLL)6-Px,
(b) PEI-(PGA-PLL)6-CDPx, (c) PEI-(PGA-PLL)6-CDPx-PLL-(PGA-PLL)3, (d) PEI-(PGA-
PLL)3-CDPx-PLL-(PGA-PLL)3-CDPx-PLL-(PGA-PLL)3, (e) PEI-PGA-(PLL-CDPx)3. Repro-
duced with permission from ref 6. Copyright 2004 Wiley-VCH Verlag GmbH & Co.
KGaA.

Figure 1. (1) Schematic representation of a PEM patch on a substrate that is applied onto tape-stripped ear skin. (2) Oval-
bumin is released from the patch as the multilayer disassembles and penetrates into the basal layer of the epidermis. Repro-
duced with permission from ref 8. Copyright 2009 American Chemical Society.
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Biofunctionalized Polyelectrolyte Films
In Vivo. Safe and effective systemic
delivery remains a major challenge
still impeding the use of new thera-
peutics in the clinic. Most of the tri-
als for clinical applications concern-
ing drug delivery in vivo were
performed via multilayered poly-
electrolyte capsules.12 In this re-
spect, targeting polyelectrolyte
films in the form of capsules to-
ward specific cells could offer tre-
mendous help because deleterious
side effects could be avoided. This
approach has been pursued, in par-
ticular, in cancer therapy applica-
tions. For clinical use, this route was
developed generally through intra-
venous injection. Intravenous ad-
ministration requires particles with
reduced size to allow their passage
in small blood capillaries. The
charged particles often nonselec-
tively bind to proteins rapidly upon
injection into the biological fluid,
rendering targeting from the active
molecule inefficient. For delivery to
be effective, specific capsules have
to be transported to a specific tis-
sue. One of the strategies employed
has been to insert magnetic nano-
particles in the shell of the capsules
and to direct the particle to a spe-
cific area by magnetic field.13 Other
possibilities are particle functional-
ization with targeting ligands or
monoclonal antibodies targeting
transmembrane glycoproteins ex-
pressed by cancerous cells.14 For
these approaches, only very few as-
says have been performed directly
in vivo in animal models to date.

The Future of Layer-by-Layer Films as a
Tool for Vaccine Delivery. Besides the
problems described above for drug
delivery, vaccine delivery raises spe-
cific difficulties. Among them is the

need to target the
body’s defense system
represented by antigen-
presenting cells such as
dendritic cells (DCs),
which are responsible
for the appropriate im-
mune responses. Oligo-
peptides have demon-
strated efficient
responses once used
for the prevention of
various diseases. Differ-
ent delivery strategies
have been proposed
that are based on the
use of liposomes, emul-
sions, particles, or cap-
sules also prepared by
the layer-by-layer (LbL)
method. The Caruso
group used a cysteine-
modified polypeptide
bound to poly-
(methacrylic acid).15 The
films were constructed
based on hydrogen
bonding with poly(vi-
nylpyrrolidone). The sys-
tem was found to be-
come active in the
presence of a natural re-
ducing agent, glu-
tathione. The work by Ir-
vine’s and Hammond’s
groups in this issue
demonstrates for the
first time the possibility
of using multilayered
polyelectrolyte films
with embedded active
molecules as a vaccine
delivery system in vivo using a patch
model applied to tape-stripped skin
(Figure 1).

The assembly demonstrated by
Su et al. enabled the delivery of oval-
bumin together with adjuvant oligo-
nucleotide molecules aimed to im-
prove the efficiency of the vaccine
model molecule in an in vivo murine
ear skin model.8 This opens the route
for vaccination, but different hurdles
have yet to be surpassed. Antigen de-
livery to DCs is a complex problem in-
cluding antigen transport to DCs, an-
tigen uptake by DCs, and relevant

antigen processing and presenta-

tion, which are dependent on the

mode of DC activation and antigen

uptake, and finally, on the functional

role of the material itself. The strategy

reported by Irvine’s and Hammond’s

groups appears promising for achiev-

ing targeted and prolonged delivery

to DCs. Successful antigen processing

and presentation to CD4� and

CD8� lymphocytes remain the on-

going challenge. Once these chal-

lenges are overcome, one could fore-

see using this concept in the next

generation of vaccines.

Figure 3. Expression of the nuclear transcription factor SPT7 and en-
hanced green fluorescent protein (EGFP) in cytoplasm in COS cells
grown on the surface of (PLL-PGA)5 pCD-(PGA-PLL)5-PGA-PCD-(PGA-
PLL)5 multilayered films (A,B) or (PLL-PGA)5-pCD-pEGFP-pCD-(PGA-
PLL)5-PGA-pCD-h5PT7pTL-pCD-(PGA-PLL)5 multilayered films for 2
(C,D), 4 (E,F), and 8 h (G,H). The expression of SPT7 (red) and EGFP
(green) was detected by using mouse monoclonal anti-SPT7 and rab-
bit polyclonal anti-GFP as primary antibodies and Cy3-conjugated
goat antimouse and Alexa Fluor 488 goat antirabbit as secondary an-
tibodies (A,C,E,G). Nuclei were visualized by Hoechst 33258 (B,D,F,H).
PLL and PGA as in Figure 1, pCD (pyridylamino-�-cyclodextrin). Repro-
duced from ref 11. Copyright 2006 National Academy of Sciences.

Only very few assays

have been performed

directly in vivo in

animal models to date.
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