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ABSTRACT: This investigation sought to develop methods that permit broad and tunable control over the erosion
of multilayered polyelectrolyte assemblies and the release of anionic polymers in physiologically relevant media.
We report the fabrication and characterization of multilayered fikw®0 nm thick using sodium poly-
(styrenesulfonate) (SPS) and different combinations of three different hydrolytically degradable polydmines (

3). We investigated two different approaches to film fabrication: (1) fabrication using solutions comprised of
defined mixtures of two different polyamines, and (2) fabrication of films composed of different numbers of
layers of two different polyamines. In general, films fabricated using polyamine solutions composed of defined
mixtures of two different polyamines had erosion and release profiles that were dictated almost entirely by the
most hydrophobic polyamine used to fabricate the films. In contrast, the fabrication of films having different
numbers of layers of different polyamines permitted broad and tunable control over film erosion and the release
of SPS. For example, films having the architectutéSPS)(2/SPS), released SPS with profiles that were
intermediate to those of films fabricated exclusively from polyther polymer2. Further, we demonstrated that

it is possible to exert systematic control over the release of SPS by varying the relative numbers of layers of
(1/SPS) or 2/SPS) incorporated into the films. The approaches reported here provide tunable control over the
rate of the release of anionic polymers from surfaces coated with ultrathin multilayered films. This work could,
with further development, contribute to the design of ultrathin films that permit tunable control over the release
and delivery of therapeutically relevant macromolecules, such as proteins or DNA, from surfaces.

Introduction do not diffuse readily through these ionically cross-linked
The layer-by-layer deposition of oppositely charged poly- materials. Approaches that pe_rmit contro_l over the rates and
electrolytes on surfaces is a versatile method for the bottom-up_ex"ems to Whlch_these assemb_lles erode, disintegrate, or dls_solve
assembly of multilayered thin filnis:# This method of fabrica- in aqueous media would contribute to the development of_ films
tion provides nanometer-scale control over the compositions anddesigned to release macromolecular payloads. Toward this goal,
thicknesses of films assembled from a broad range of water- Se€veral groups have described approaches that permit the

soluble polymers, and it permits the assembly of films on a triggered disruption or gradual erosion of multilayered as-
wide variety of macroscopic and microscopic objects. This §emblles. Notable examples!nclude films tha’gerpde or degrade
procedure is particularly attractive for the fabrication of films N response to changes in environmental pH or ionic strefigth,
constructed from biologically derived polyelectrolytes, and it the enzymatic degradation of film componefft3?4%° the
has contributed significantly to the design of assemblies of addition of reducing agent§> the application of electrical
interest in the contexts of biology, medicine, and biotech- Potentials;”>%5%r the addition of small molecules that disrupt
nology35-13 Research motivated by potential biomedical ap- receptor-ligand |ntleract|on§f‘f56 Research in our group has
plications of these materials has ignited recent interest in the focused on the design of multilayered assemblies fabricated from
application of multilayered assemblies as platforms for the hydrolytically degradable pQIyam|né_§:32 The incorporation
controlled release of drug¥ 24 and other therapeutically of degra_ldable_ polygmmes into multlla_yered films prowdes_a
relevant agent&-39 Here, we describe an approach to the design mechanism with which to promote erosion when these materials
of ultrathin multilayered films that permits both broad and are exposed to agueous environments. For example, we have
tunable control over the erosion of the films in aqueous media demonstrated in several past studies that poly(esteine)1
and the release of incorporated anionic polymers. The approachtan be used to fabricate multilayered films that erode and sustain
reported here could, with further development, contribute to the the release of synthetic anionic polymérsi”# plasmid
design of ultrathin assemblies that permit tunable control over DNA,?*~3 or therapeutically relevant polysacchariéi$when
the release of therapeutically relevant polyelectrolytes, such asincubated under physiologically relevant conditions (e.g., PBS
proteins and DNA, from surfaces coated with multilayered films. buffer, pH 7.4, 37°C).32

Many past studies describing the application of multilayered  Although a growing number of reports describe the incor-
assemblies in the context of controlled release have focused ornporation of functionality that permits film disruption or erosion,
the use of these materials as membranes or as reservoirs thathe development of approaches that can be used to achieve broad
permit the diffusion-controlled release of small drug-like and tunable control over erosion and release has remained a
molecules®4 23 The application of these assemblies to the challenge. Picart et 48 and, subsequently, Ren et 3.
controlled release of macromolecular spe#ie¥ introduces demonstrated recently that it is possible to tune the rates at which
additional challenges, because polymeric molecules typically enzymatically degradable multilayered films erode by chemi-

cally cross-linking the polysaccharitfeor poly(amino acid®
* Corresponding author. E-mail: dlynn@engr.wisc.edu. components of these films. As an alternative approach, we
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o} ¢ refractive index of 1.58 for the multilayered films. Thicknesses were
\POMNMN/\)J\O/\} determined in at least four different standardized locations on each
n substrate and are presented as an average (with standard deviation)
Polymer 1 for each film. All films were dried under a stream of filtered
compressed air prior to measurement. -UXsible absorbance
values for PBS solutions used to determine film release kinetics

o] o]
%V\OMNMN/\)\OA/\)“ were recorded on a Beckman Coulter DU520 UV/vis spectropho-

tometer (Fullerton, CA).

Polymer 2 Materials. Poly(sodium 4-styrenesulfonate) (SPS, M#70 000)
o o and sodium acetate buffer were purchased from Aldrich Chemical
<\/\/\ A~ ~ K /\/\} Co. (Milwaukee, WI). Test grade n-type silicon wafers were
© NMN © n purchased from SiTech, Inc. (Topsfield, MA). Commercially

available samples of linear poly(ethylene imine) (LPEI, MW/
25 000) were obtained from Polysciences, Inc. (Warrington, PA).
Phosphate buffered saline was prepared by dilution of commercially
reported that the rates of erosion of films fabricated using available concentrate (EM science, Gibbstown, NJ). Poly(ester-
hydrolytically degradable polyamines could be extended by amines)l (M, = 7700),2 (M, = 6200), and3 (M, = 8500) were
varying the hydrophobicity of the polyamines used to construct synthesized as described previou®hAll materials were used as
these films2627 For example, whereas films fabricated from received without further purification unless noted otherwise.
alternating layers of polyamin& and sodium poly(styrene- ~ Deionized water (18 1) was used for washing steps and to
sulfonate) (SPS) erode over a period of 2 days, analogous filmsPrepare all buffer and polymer solutions. All buffers and polymer
fabricated from polyamine®or 3, which are more hydrophobic ~ SClutions were filtered through a On membrane syringe filter

) . prior to use unless noted otherwise. Compressed air used to dry
and degrade more slowly than p.olyam[h&arode over periods films and coated substrates was filtered through auth4dnembrane
of 6 days and 14 days, respectively. The results of these pas%yringe filter.
studies demonstrate that film erosion can be extended or " preparation of Polyelectrolyte Solutions.Solutions of LPEI

prolonged by manipulating the structures of the polyamines usedand SPS used for the fabrication of LPEI/SPS precursor layers (20
to fabricate multilayered films. Unfortunately, however, the mM with respect to the molecular weight of the polymer repeat
range of erosion and release profiles that could be achieved usinginit) were prepared using a 50 mM NaCl solution in 1&Mater.

this approach was generally restricted by the number of LPEI solutions contained 5 mM HCI to aid polymer solubility. SPS
degradable polyamine structures that were available or couldsolutions used for the deposition of all other polyamine/SPS layers
be readily synthesized. (20 mM with respect to the molecular weight of the polymer repeat

This investigation sought to determine whether it was possible anit) vxl/erercr:Tpgr?dt.in waﬁcer al‘”d the 250|Ut(ij()3n pH d"‘]ﬁas éi.dj“.Sted to
to tune the erosion of multilayered films constructed from - using - Solutions of polymeds 2, and3 used for dipping

. 7 . . (5 mM with respect to the molecular weight of polymer repeat units)
degradable polyamines by fabricating assemblies using blends, o prepared in sodium acetate buffer (100 mM, BH.1).

or combinations of different polymers. In principle, such an  go|ytions of polycation blends used for dipping were prepared by
approach could provide broad control over the erosion of films mixing two individual polycation solutions (i.e., solutions of
fabricated from a small pool of polyamine starting materials. polymersi, 2, or 3) at predetermined volumetric ratios to give the
Here, we report on the fabrication and characterization of desired polymer/polymer ratios discussed in the text (total polymer
multilayered films assembled using SPS and different combina- concentration of these mixtures was 5 mM with respect to the
tions of polyamined, 2, and3. We find that, in general, flms ~ molecular weight of polymer repeat units. For example, a 50/50
fabricated using polyamine solutions composed of defined Mixture of polymerl and polymer2 was 2.5 mM in polymerl
mixtures of two different polyamines have erosion and release @1d 2.5 mM in polymeg). _ _ _

profiles that are dictated almost entirely by the most hydrophobic _ Fabrication of Multilayered Films. Films were deposited on
polyamine used to fabricate the films, However, we demonstrate P'anar silicon substrates precoated with a multilayered film

- : - : - composed of 10 bilayers of LPEI and SPS (terminated with a
that it is possible to design films with broadly tunable release topmost layer of SPS) to ensure a suitably charged surface for the

profiles by fab_ricating films c_omposed of differe_nt numbers of adsorption of polymerd—3, as previously describeéd28 These
layers of two different polyamines. For example, films composed precursor layers were fabricated using an automated dipping robot
of multiple layers of polymerl/SPS and multiple layers of  (Riegler & Kirstein GmbH, Potsdam, Germany). Multilayered films
polymer 2/SPS erode and release SPS at rates that arefabricated from polymerd—3 and SPS were fabricated on these
intermediate to those of films fabricated exclusively from precursor layers manually using an alternating dipping procedure
polymer /SPS or polyme2/SPS. Using this approach, it is  according to the following general protocol: (1) Substrates were
possible to tune systematically the erosion and release profilesSuPmerged in a solution of polycation for 5 min, (2) substrates were
of these materials over a broad range simply by varying the removed and immersed in an initial water bath for 1 min followed

; : . _ by a second water bath for 1 min, (3) substrates were submerged
relatlv_e numbers_ of Iayers_ of each polyamine that are incorpo in a solution of SPS for 5 min, and (4) substrates were rinsed in
rated into a multilayered film.

the manner described above. This cycle was repeated until the
. desired number of polycation/SPS bilayers (typically eight) had been
Materials and Methods deposited. For experiments aimed at fabricating films using
General Considerations.Silicon substrates (e.g., 0:62.0 cm) solutions of polycation blends, this protocol was adopted with the
used for the fabrication of multilayered films were cleaned with exception that the polycation solution was composed of a mixture
methylene chloride, ethanol, methanol, and deionized water, andof two polycations, as described above. For experiments designed
dried under a stream of filtered compressed air. Surfaces were therto evaluate the influence of polymer deposition sequence on film
activated by etching with an oxygen plasma for 5 min (Plasma Etch, growth and erosion, films were first fabricated using solutions of
Carson City, NV) prior to film deposition. The optical thicknesses polymersl, 2, or 3 and SPS to yield a predetermined number of
of films deposited on silicon substrates were determined using a polyamine/SPS layer pairs (e.q.,= 2, 4, or 6). The polycation
Gaertner LSE ellipsometer (632.8 nm, incident arrglé0®). Data solution was then replaced with a solution containing a second,
were processed using the Gaertner ellipsometer measurementifferent polyamine and fabrication was continued until a total of
program. Relative thicknesses were calculated assuming an averageight polycation/SPS layers had been deposited. For experir&eig{7

Polymer 3
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aimed at characterizing film growth profiles by ellipsometry, films
were dried after every two cycles of the above procedure using
filtered compressed air. Films to be used in erosion experiments
were either used immediately or were dried under a stream of
filtered compressed air and stored in a vacuum desiccator until use.
All films were fabricated at ambient room temperature.

Erosion of Multilayered Films and Evaluation of Release
Kinetics. Experiments designed to investigate the erosion profiles
of multilayered polycation/SPS films were performed in the
following general manner: Film-coated substrates were placed in
a plastic UV-transparent cuvette and 1.0 mL of phosphate buffered 0 . ‘
saline (PBS, pH= 7.4, 137 mM NaCl) was added to cover 0 2 4 6 8
completely the film-coated portion of the substrate. The samples Number of Bilayers

were incubated at 37C and were removed at predetermined Figure 1. Plot of ellipsometric thickness vs the number of polyamine/
intervals for analysis by ellipsometry. For experiments designed SPS bilayers deposited for multilayered assemblies fabricated from

to monitor a decrease in film thickness, optical thickness values olyamine solutions comprised of mixtures of polymerand 3.

were determined in at least four different predetermined locations sypscripts denote the mole percentage of each polyamine in the solution
on the substrate and the sample was returned immediately to themixtures used to fabricate each film. Silicon substrates were precoated
buffer solution. For experiments aimed at monitoring the release with a multilayered film~20 nm thick composed of LPEI and SPS

of SPS into solution, the UV absorbance of SPS in the solution prior to fabrication (see text).

was recorded directly on these buffers at a wavelength of 226 nm.
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) ) On the basis of these past studies, we sought to determine
Results and Discussion whether it was possible to fabricate multilayered polyamine/

Investigation of Multilayered Films Fabricated from SPS films using mixtures of polymeis-3 and, subsequently,
Blends of Degradable Polyaminesie reported previously that ~ whether films fabricated in this manner would have erosion and
polymerl can be used to fabricate films that erode and sustain release profiles intermediate to films fabricated exclusively from
the release of anionic polyelectrolytes over a period of 2 days polymersl, 2, or 3. To evaluate the feasibility of this approach,
when incubated in physiologically relevant metfid®2°We also we fabricated multilayered films using an aqueous solution of
demonstrated recently that polyme&rsnd 3, which are more SPS and a second solution consisting of a defined mixture of
hydrophobic and degrade more slowly than polyrhecan be polymerl and polymei3. All films in this study were fabricated
used to fabricate films that erode over periods of 6 days and 14 on planar silicon substrates to facilitate the characterization of
days, respectivel§£2’ This past work revealed structure/property  film growth and erosion using ellipsometry. In all cases, silicon
relationships that can be used to expand the range of erosionsubstrates were precoated with a multilayered fit@0 nm thick
profiles of multilayered films fabricated from degradable composed of 10 alternating layers of LPEI and SPS (referred
polyamines. However, the number of erosion and release profilesto hereafter as bilayers) to ensure a suitably charged surface
that could be achieved using this approach (i.e., three) wasfor the adsorption of polymer and 3, as described previ-
limited to the number of degradable polyamine structures that ously?”-28 These substrates were then dipped alternately into a
were availablé’ Using this approach, for example, the design solution of SPS and a second solution containing a mixture of
of a film that erodes completely over a period between 6 and polymer 1 and polymer3 at one of four different solution
14 days would require the synthesis of a new polymer with compositions. To investigate a range of different solution
properties intermediate to those of polymé&raind 3. While compositions, we prepared four different polymer solutions
the synthesis of additional polymers is technically feasibté® comprised of 10, 25, 50, and 75 mol % polyn&fwith the
approaches that expand the usefulness of a limited pool of remainder comprised of polymér solutions were 5 mM with
polyamines could permit more direct and tunable control over respect to total polymer repeat units). Hereafter, we describe
film erosion and release. films fabricated in this manner using the notatio/$PS),

We hypothesized that multilayered films composed of where ‘X" refers to the polyamine used and™denotes the
combinations of polymer$—3 would have erosion and release number of polyamine/polyanion bilayers deposited. For films
profiles intermediate to those fabricated exclusively from each fabricated from mixtures of polyamines, additional subscripts
individual polymer. Several past studies have demonstrated thatare used to denote the mole percentage of each polyamine in
it is possible to incorporate two structurally similar polycatfdns  the solutions used to fabricate the films. For example, a film
or two structurally diverse polyaniot%s® into multilayered eight bilayers thick fabricated from a 50 mol % mixture of
films by fabricating films using polyelectrolyte solutions polymerl and polymer3 would be denoted asl{s3s¢/SPS}.
comprised of blends of different polyelectrolytes. For example, As described below, this notation does not imply the relative
Debreczeny et al. reported the fabrication of multicomponent amounts of polymedf or polymer3 actually incorporated into
multilayered films using a solution of polkAlysine) and a a film during fabrication.
second solution containing a mixture of two polyanions, poly-  Figure 1 shows a plot of the optical thicknesses df/&PS)
(L-glutamic acid) (PGA) and polyfaspartic acid) (PAA¥? film, a (3/SPS} film, and four different {,3/SPS} films
These investigators demonstrated that it is possible to control (fabricated using the four solution compositions noted above)
the relative amounts of PGA and PAA incorporated into films as a function of the number of polyamine/SPS layers deposited.
by changing the proportion of these two polyelectrolytes in The growth of each film was linear, and uniform thicknesses
solution. Similarly, Caruso and co-workers reported multilayered ranging from 60 to 70 nm were achieved after the deposition
films fabricated using a solution of poly(allyamine) (PAH) and of eight bilayers. These thickness and growth profiles suggest
a second solution containing either a mixture of SPS and poly- that the differences in the compositions of the polyamine
(acrylic acid¥® or a mixture of SPS and single-stranded DRfA.  solutions did not influence significantly the nature of the layer-
This work also demonstrated that the proportion of SPS in theseby-layer assembly process (over the range of mole percentages
films correlated with the relative concentrations of SPS in the investigated here). These six films were then incubated in
solutions used to fabricate the films. phosphate-buffered saline (PBS) at 37 to investigate th%DV
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A) described above. In each case, films fabricated using these
80 = (USPS)s solution mixtures also exhibited erosion and release profiles that
* (190310/SPS)s were nearly identical to those o2/SPS) or (3/SPS) films,
E 60 A (1753,/SPS) respectively (data not shown).
g : gz‘;:‘;zl;:;z The results above demonstrate that the fabrication of multi-
£ 40 o (3/5PS) layered films using solution mixtures of two hydrolytically
2 degradable polyamines yields films with erosion and release
F 20 profiles that are dominated by the influence of the more
hydrophobic polyamine. The reasons for this behavior are not
04 entirely clear. However, we speculate that this behavior could
0 50 100 150 200 250 300 reflect the competitive or preferential incorporation of the more
Time (Hr) hydrophobic polyamine used during the layer-by-layer assembly
B) process. Although electrostatic interactions are considered to
100 | be the primary driving force for the assembly of these films, it

is possible that polyme8, which is more hydrophobic than

g 30 4 polymer1, may adsorb preferentially during fabrication from

'§ solutions comprised of mixtures of polymégrand polymer3.

P If preferential adsorption does occur, the relative percentages

D g9

& = (1/SPS) of polymer1 and polymei3 incorporated into a film would not

o ¢ (150310/SPS)s reflect the relative percentages of these polymers originally used

o. 40

® A (1753:5/SPS)s to prepare dipping solutions. In the extreme, competitive

8 2 * (Lso3so/SPS) adsorption of polyme8 could result in films comprised almost

5 * (125375/SPS)s entirely of polymer3 and could explain the similarity of the

e . ® (3/5PS)s erosion and release profiles of films fabricated from mixtures
p 50 100 150 200 250 300 of polymer 1 and polymer3 to that of films fabricated

Time (Hr) exclusively from polymeRB (Figure 2). The possibly for such

Figure 2. (A) Plot of ellipsometric thickness vs time for polycation/ COMPpetitive incorporation to occur is supported by the results
SPS films fabricated from mixtures of polymekrsand 3 incubated in of a recent report by Quinn et al. on the fabrication of
phosphate buffer (pH= 7.4) at 37°C. Subscripts denote the mole  multilayered films using PAH and a second solution comprised
percentage of each polyamine in the polycation solutions used to of 3 mixture of DNA and SP& These investigators used readily

fabricate each film (see text). (B) Plot of percentage of SPS released . -
vs time for films characterized in Figure 2a. Percent SPS released waSObserved differences in the UV absorbance spectra of SPS and

calculated from the UV absorbance (at 226 nm) of the PBS solutions DNA to characterize the amounts of DNA in these films relative

used to incubate these assemblies. to amounts present in dipping solutions, and reported that, under
certain conditions, these films contained predominately PAH
and SPS.

erosion profiles of these materials. Figure 2a shows a plot of o
the optical thicknesses of these materials as a function of  Unfortunately, the structural similarity of polymets2, and
incubation time. The decrease in film thicknesses observed for 3 d0€s not permit the differentiation of these polymers on the
(1/SPS}) and @/SPS) films are consistent with the results of ~ Pasis of UV/visible spectrophotometry or methods of analysis
our previous study, in which films fabricated from polynger ~ Such as infrared spectroscopy. As a result, we have thus far
were found to erode more slowly than films fabricated from Peen unable to determine directly the relative amounts of
polymer 1.2627 Interestingly, however, the erosion profiles of ponmersl_, 2,_and3 incorporated into these multl_lgyered films
the four films fabricated using solutions consisting of mixtures after fabrication. However, we performed additional control
of polymer1 and polymes were almost identical to the erosion ~ €XPeriments to determine whether solutions of polyrger
profiles observed for the control film fabricated from polymer Prépared at low concentrations identical to those used in the
3 (Figure 2a). mixtures above (but without the add_|t|on of p_olymr)rcould
During the erosion experiments described above, we also P® used to support the growth of multilayered films. The growth
characterized the release of SPS as a function of time byproflles of films fabricated using solution concentrations of
monitoring the UV absorbance (at 226 nm, the absorbance POlymer3as low as 0.5 mM (equivalent to the amount present
maximum of SPS) of the PBS solutions used to incubate thesein the 10 mol % solutions used above) were nearly identical to
materials. Figure 2b shows SPS release profiles (based orthe growth profile of the 19o3:0/SPS film shown in Figure 1.
normalized UV absorbance values) of the six films characterized This result suggests that the low concentration of polyer
in Figure 2a. These data demonstrate that the release of SPgresentin the solution mixtures used to fabricatng{d/SPS)
from films fabricated using mixtures of polyméand polymer  film could be sufficient, in principle, to support the growth of
3 occurred with release profiles that were nearly identical to @ (/SPS} film if competitive adsorption were to occur. We
that of the B/SPS}) film. Taken together, the data in parts a note hgre that the_pOSS|b|I|ty of competitive adsorption resulting
and b of Figure 2 demonstrate that the fabrication of films using from differences in the molecular weights of these polymers
solution mixtures of polymet and polymer3 does not yield (.rather than.dlfferences in hydrophoblcny) represents a less
films that erode or release SPS with profiles that are intermediateikely scenario, as the molecular weights of the polymers used
to those of films fabricated exclusively from polyme=and3 in this study [polymed (M, = 7700), polyme® (M, = 6200),
(over the range of mole percentages investigated here). We notéind polymer3 (M, = 8500)] are all similar.
here that we also investigated the fabrication and erosion of To investigate further the possible preferential adsorption of
multilayered films assembled using SPS and polycation solutions polymer3 in the examples above, we prepared three additional
consisting of mixtures of polymerand polymer2, and polymer (1,3/SPS} films using solutions composed of polymérand
2 and polymer3, over the same range of mole percentages extremely low mole percentages (e.g., 2.0, 1.0, and 0.5 moé%q?/
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A) diamonds) shows the growth profile of A$PS} film fabricated
—~ 100 using a solution of polymeB at 0.025 mM [equivalent to the
g concentration of polymeB in a solution mixture used to
B 80 fabricate a {995305SPS} film]. Although thickness was
§ observed to increase linearly as a function of the number of
E 60 bilayers under these conditions, the final thicknesses of films
» = (1/SPS)s fabricated at this polymer concentration were significantly lower
& 401 * (1595305/SPS)s than those of films fabricated using solutions of polyrhefone,
§ A (1993,/SPS)s polymer 3 alone, or mixtures of polymet and 3 [at a total
8 20 1 ® (1553,/SPS)s polymer concentration of 5 mM (Figure 3b)]. These results
C * (/SPS)s suggest that films fabricated from mixtures of polynieand

X polymer3 at very low percentages of polymefe.qg., a (lo9.530.5/

0 50 100 Ti 150H 200 250 300 SPS} film] likely contain significant amounts of polymet.
ime (Hrs) As noted above, additional analytical work will be required to
B) determine quantitatively the extent to which the compositions

60 - of polymer 1 and 3 in these films reflects the defined
compositions of these polymers used to prepare the dipping
E 45 | solutions. We are currently investigating the synthesis of
= fluorescently labeled derivatives of these polyamines that could
ﬁ 30 . permit more direct characterization of the molecular composi-
£ tions of these films. In the context of this current study, however,
-g : (1/SPS); we do conclude that it is possible to manipulate the erosion
=15 (3/5PS)s and release profiles of these assemblies by using defined
¢ (1995305/SPS)g . - .
o (34SPS)s mixtures of polyamlnes_ that conta_un very low mole perce_ntages
0 . i i - of a more hydrophobic polyamine. Below, we describe an

0 2 4 6 8 10 alternate approach to the fabrication of erodible films that
permits broader and more systematic control over the tuning of

Figure 3. (A) Plot of percent SPS released vs time for polycation/ film eros-lon-and release_ profiles. . )

SPS films fabricated from mixtures of polymetsand3 incubated in Investigation of Multilayered Films Fabricated From
phosphate buffer (pt 7.4) at 37°C. Percent SPS released is based Multiple Layers of Different Polyamines. The layer-by-layer

on UV absorbance (at 226 nm) of the PBS solutions used to incubate tapyrication procedure described above also provides a straight-
these assemblies. Subscripts denote the mole percentage of eacel . .

polyamine in the polycation solutions used to fabricate each film (see 'orward method for the assembly of multilayered films com-
text). (B) Plot of ellipsometric thickness vs the number of polyamine/ Posed of multiple different layers of multiple different poly-
SPS bilayers deposited for the fabrication 088PS film using an electrolytes’®:38.4244.656¢or example, it is possible to fabricate
extremely low concentration of polym8r(0.025 mM) ). Also shown assemblies having the general architect¢(SPS)(Y/SPS),

are thickness growth profiles of polyamine/SPS films fabricated from - 5 pa - :
solutions containing only polymet (@), only polymer3 (M), or a by depositing h” bilayers of polyamineX and SPS (deposited

mixture containing 99.5% of polymeir and 0.5% of polymeB (4) first to form the bottommost layers of the film) followed by
(at a total polymer concentration of 5 mM). the deposition of m" bilayers of polyamineY and SPS

(deposited last to form the topmost layers of the film). Films
fabricated in this manner provide, in principle, opportunities to
engineer the release of incorporated macromolecules with
complex release profiles. Ongoing investigations in our labora-
tory are focused on controlling the architectures of these films
with a view toward fabricating assemblies that permit the staged

Number of Bilayers

of polymer 3. The thicknesses ofL(3/SPS} films fabricated
using polyamine solutions at these low mole percentages of
polymer 3 increased linearly as a function of the number of
bilayers incorporated. These films wer€0 nm thick, consistent
with the results shown in Figure 1 for the fabrication of films ; - 38
using higher mole percentages of polyrSetn contrast to the release of multlple.fllm comp_onen%év. We demonstrate here,
release profiles observed in Figure 2, however, we observedhowevefr' that thg |ncorpo_rat|on of mul'uple different Iayers of
significant differences in the release of SPS when these films Polyamines1—3 into mulilayered films can also provide a
were incubated in PBS. Figure 3a shows normalized SPS releasétraightforward and highly tunable approach to exerting control
profiles for (Les3/SPS), (10s31/SPS}, and (Les 30 5'SPS} films over film erosion and the release of SPS.
relative to the release profiles of films fabricated from polymer  Figure 4 shows a plot of ellipsometric thickness vs the number
1 or polymer3. The release profiles of these films were observed of bilayers deposited during the fabrication of HSPS)(2/
to be intermediate to the release profiles of films fabricated SPS) film and a @/SPS)(L/SPS) film (fabricated using the
exclusively from polymerl or polymer 3. Furthermore, the general approach described above). For tHERS)(2/SPS)
relative positions of these release profiles correlated systemati-film, thickness increased linearly for the deposition of the first
cally with the differences in the amounts of polyn&m the four /SPS bilayers and continued to increase with the same
solution mixtures used to fabricate the films. For example, films slope (6.4 nm/layer) during the deposition of the final fA(BPS
fabricated using solutions containing 0.5 mol % polyn3er  layers to give a final film thickness of 70 nm. In contrast, the
released SPS more rapidly than films fabricated using solutionsslope of the growth profile for the2(SPS)(/SPS) film
containing higher concentrations of polyn&(e.g., either 1.0 changed during the deposition of the final faliSPS layers
or 2.0 mol % polyme3). (from 6.4 to 4.0 nm/layer), resulting in a final film thickness
Control experiments demonstrated that it was possible to that was lower (10 nm less) than thHESPS)(2/SPS) film. In
fabricate B/SPS} films using solutions of polyme3 (alone, in addition, visual inspection oR(SPS)(1/SPS) films indicated
the absence of polymd) at the extremely low concentrations the presence of nonuniform optical patterns and irregular film
used in the above experiments. For example, Figure 3b (opencoverage over large areas of the silicon substrate. By con&?it/
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Figure 5. (A) Plot of percent SPS released vs time f&/SPS)(2/
SPS), films incubated in phosphate buffer (pH 7.4) at 37°C. (B)
Plot of percent SPS released vs time f@&SPS)(3/SPS), films
incubated in phosphate buffer (pE7.4) at 37°C. In each plot, release
profiles of @W/SPS), (2/SPS}, and @/SPS) films are shown for
comparison.

(1/SPS)(2/SPS) films were smooth and uniform (RMS rough-

ness was 3.3 nm as determined by atomic force microscopy).
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comparison.
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film was intermediate to the release profiles of the films
fabricated entirely from polymet or polymer2. Further, the
relative position of the release profile of this film was ap-
proximately midway between those of tHEFPS) and @/SPS)
films. We next sought to determine whether it was possible to
tune the release profiles of/SPS)(2/SPS), films by varying

the relative numbers of layers afSPS and?/SPS deposited
during fabrication. To investigate the potential of this approach,
we fabricated two additional films to give a series of three
multilayered films [(/SPS)(2/SPS}, (1/SPS)(2/SPS), and (U
SPS)(2/SPS)] in which the relative number of layers @&fSPS
and 2/SPS was varied systematically. Figure 5a shows the
normalized release profiles of these three films relative to those
of the (USPS) and @/SPS} films. Inspection of these data
reveals that the relative positions of these release curves vary
systematically according to the relative number2/8PS layers
incorporated into a film. For example, films fabricated from
six bilayers ofl/SPS and two bilayers &'SPS [i.e., USPS}-
(2/SPS))] released SPS faster than films fabricated from four
bilayers of /SPS and four bilayers &/SPS. Likewise, thel{
SPS)(2/SPS} film released SPS more slowly than these two
films, but faster than the2(SPS) film. These results demon-
strate that varying the relative numbers BfSPS layers
incorporated into these films provides a rational and straight-
forward method for tuning the release of SPS from erodible
multilayered films.

To evaluate the generality of this approach, we also inves-
tigated the fabrication and erosion of films fabricated from
multiple different layers of polymeR and polymer3. Figure
5b shows normalized release profiles of three films having the
structures 2/SPS)(3/SPS), (2/SPS)(3/SPS), and @/SPS)(3/
SPS) relative to the release profiles of two films fabricated
entirely from polymer2 or polymer3. Consistent with results
observed in Figure 5a, the relative release profiles of #ie (
SPS)(3/SPS), films correlated directly with the relative num-
bers of2/SPS or3/SPS layers deposited during the fabrication
of these materials.

When combined, the data in Figure 5, parts a and b,

On the basis of these results, which suggested nonuniformdemonstrate that it is possible to tune systematically the release

growth of /SPS)(/SPS) films, all subsequent studies were

of SPS over a period ranging from 2 days to 10 days by

directed toward the characterization of films having the structure fabricating films containing different numbers of layers of

(1/SPS)(2/SPS), for which the least hydrophobic polyamine
was deposited first.

polymers1, 2, or 3. We also sought to determine whether it
was possible to cover this range of release profiles by fabricating

Figure 5a shows normalized SPS release profiles measuredilms using only different combinations ol{SPS) or 8/SPS)

during the incubation of al{SPS)(2/SPS) film relative to the
release profiles of al{SPS} film and a @/SPS}) film. These
data demonstrate that the release profile of If8RS)(2/SPS)

(i.e., without making use of layers fabricated using poly@)er
Figure 6 shows normalized release profiles of three films having
the general structured/SPSY(3/SPS), (/SPS)(3/SPS), and CDV
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