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The development of new methods for the fabrication of thin films approaches do not allow control over the sequence by which
that provide precise control over drug release profiles could lead incorporated layers are released or exposed.
to significant advances in the fields of drug delivery and biotech- ~ We hypothesized that the deposition of hydrolytically degradable
nology. The layer-by-layer (LBL) deposition of polyelectrolytes polyelectrolytes could be used to construct thin films that would
has emerged as a versatile and inexpensive method for thedegrade and release incorporated components under physiological
construction of polymeric thin films, often with nanometer-scale conditions. Scheme 1 illustrates our general approach using a
control over the spatial distribution of ionized species within a degradable polycation and a nondegradable polyanion. In this
film.12 Despite the incorporation of new functionality into such System, the polycation is expected to play a dual role, serving as a
films, there remain few examples of functional multilayer as- Structural component of the film as well as a transient element
semblies designed t@leaseincorporated materidl-5 Further, to designed to trigger release; similarly, the polyanion serves as a
the best of our knowledge, no system has been reported whichstructural component and as an entity to be released or delivered.
allows controlled release of film components under physiological ~ The success of this strategy clearly requires either that a
conditions? Herein, we describe the construction of hydrolytically ~Polycation with a suitably slow degradation rate be selected or that
degradable thin films via LBL deposition of degradable polycations fabrication be carried out under conditions that slow or minimize
with nondegradable polyanions. Our studies suggest that thesedegradation during the LBL process. We selected @osyiino
structures erode gradually under physiological conditions and that ester)1 for use in initial experiments, on the basis of the relatively

they are suitable for the incorporation and subsequent release ofS/0W degradation rate of this polymer at acidic ptig,(> 10 h at
functional polyanions such as DNA. pH = 5.1, 37°C).” As polymer1 has also been shown to form

Sukhishvili, et al. have demonstrated that hydrogen-bonded electrostatic _complexe_s with polya_nions such as DNA in solution,
multilayer films incorporating weak poly(acids) dissolve upon we hypothesized that |two_uld readily adsorb to negatively charged
changes in environmental pH and that these systems could be use&urfaces and model_polyamons such as poly(styrene sulfonate) (SPS)
to release model fluorescent dyeAdditionally, Schier, et al. and poly(acrylic acid) (PAA) commonly used for LBL assembly.

recently demonstrated the NaCl-induced “deconstructfoot, o o
disruption, of layered polyelectrolyte assemblies incorporating calf QOM\NMN/\)J\O/\}
thymus DNAS® These systems represent important advances toward n
the development of functional delivery systems using the LBL 1

:‘gcﬂnlqlljteﬁ. Howevter,t'multllayere(?gc(;) r:\jmtjﬁt'?n generallytlrequwtes We first investigated the deposition of films constructed from
igh salt concentrations (ca. 6:6. ) that are currently no polymer 1 using SPS as a model polyanion. Multilayers were

suitable for release under physiological conditions, and these deposited on planar silicon substrates using the alternate dipping
method!-? substrates were precoated with 10 bilayers of linear poly-

Scheme 1. (A) Construction of Degradable, Layered Thin Films (ethylene imine)(LPEI)/SPS or poly(dimethyldiallylammonium

via Layer-by-Layer Deposition of Hydrolytically Degradable

Polycations and Nondegradable Polyanions; (B) Degradation of chloride) (PDAC)/PAA (ca. 106200 A thick) terminated with
Polycations Layers via Hydrolysis with Release of Anionic polyanion layers to ensure a suitable charged base surface for the
Components - adsorption ofl.8 Repetitive dipping of substrates into dilute aqueous
[’Lﬁ)ZZ':’Z:‘E:::::Z: === solutions of polymer (pH= 5.1, 150 mM NaCl, {] = 5 mM with
g T respect to polymer repeat unit) resulted in the deposition of
E— A multilayered films ranging from 10 to 100 nm thick, as determined
Substrate _ by ellipsometric analysis of dried films (Figure 1). Assembly
Polyelectrolyte Multilayer " . .
+ conditions were carefully chosen to avoid the range of conditions
e e for which degradation occurs rapidly.
Lt T B As shown in Figure 1, film growth was proportional to the

number ofl/SPS bilayers deposited (for up to 10 bilayers) with an

average bilayer thickness of 7#Q@0.0 nm. Analysis of films

Hydralysis and deposited on gold-coated substratgs u_sing reflective FT_IR revealed
a carbonyl stretch at 1734 cth confirming the incorporation of

into the multilayered structure. Films constructed using PAA, a

* To whom correspondence should be addressed. E-mail: hammond@mit.edu;weak polyacid, were considerably thicker under equivalent fabrica-
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T University of Wisconsin - Madison. tion conditions. For example, films composed of 10 bilayers of
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1250 - possess a lower overall effective cross-link density than more
1050 compact films constructed from strong polyelectrolytes such as
SPS?11the less cross-linked morphology may support more rapid
permeation of water and breakdown of the polymer layers.

The ellipsometric data in Figure 2 suggest that film erosion occurs
gradually, rather than by the bulk deconstruction observed for weak
polyacid or salt-deconstructed systeinsPreliminary AFM analy-

Number of Bilayers sis of partially eroded films is also consistent with this gradual
Figure 1. Plot of ellipsometric film thickness vs number of bilayers ~€rosion processsurface roughness values for partially eroded films
deposited for &/SPS multilayer film. Black bars represent the thickness (RMS roughness= 6.9 nm) were less than the thickness of an
of a LPEI/SPS film used as a sublayer during film deposition. average bilayer{10 nm), and surfaces were consistent oventt
portions of the film. We continue to investigate the factors gov-
erning erosion at various length scales and spatial resolutions, as
the ability to control erosion in a “top-down” manner could intro-
duce significant advantages from a release standpoint and allow
precise control over the sequences by which one or more incor-
porated components are released. The differences in the erosion
rates for films incorporating either SPS or PAA (as described above)
also suggest a means of tuning release profiles for a broad range
of systems.

We have also constructed films from 40- to 80-nm thick using
polymerl and calf thymus DNA as a model functional polyanion.
Our initial experiments show that these films erode slowly upon

12 3 5 7 9 1 13 16 20 40 incubation under physiological conditions, suggesting that this
Time (h) approach could be useful for the release of genetic material in gene
Figure 2. Plot of ellipsometric film thickness vs time forldASPS multilayer delivery applications. We continue to characterize the degradation
film incubated in PBS buffer at 37C (pH = 7.4, [NaCl] = 150 mM). of films incorporatingl and other degradable polycations with a
Black bars represent the thickness of a nondegradable LPEI/SPS film used e, {6 controlling erosion rates and developing tailored systems
as a sublayer during film deposition. . .
for the release of incorporated therapeutics.
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Dried films were placed in PBS buffer (pH 7.4, [NaGH 150
mM) and incubated at 37C to investigate the erosion of films
incorporating polymetl under physiological conditions. In most
cases, the surfaces of films formed fra/8PS and/PAA remained
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