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We present the fabrication of conformal, hydrolytically degradable
thin films capable of administering sustained, multiagent release
profiles. Films are constructed one molecular layer at a time by
using the layer-by-layer, directed-deposition technique; the sub-
sequent hydrolytic surface erosion of these systems results in the
release of incorporated materials in a sequence that reflects their
relative positions in the film. The position of each species is
determined by its ability to diffuse throughout the film architec-
ture, and, as such, the major focus of this work is to define
strategies that physically block interlayer diffusion during assem-
bly to create multicomponent, stratified films. By using a series of
radiolabeled polyelectrolytes as experimental probes, we show
that covalently crosslinked barriers can effectively block interlayer
diffusion, leading to compartmentalized structures, although even
very large numbers of ionically crosslinked (degradable or nonde-
gradable) barrier layers cannot block interlayer diffusion. By using
these principles, we designed degradable films capable of ex-
tended release as well as both parallel and serial multiagent
release. The ability to fabricate multicomponent thin films with
nanoscale resolution may lead to a host of new materials and
applications.

The ability to engineer surfaces that present multiple func-
tionalities when and where they are needed could lead to

important advances in electrooptical devices, separations, and
biomaterials (1, 2). For example, in the area of drug delivery,
there is a need for low-cost ‘‘smart’’ coatings that balance the
ability to release complex drug profiles with the flexibility of
incorporation into a range of biomaterials, including those with
large area sizes or nonplanar geometries, such as pins, sutures,
prosthetic bones, devices, and microparticles. The layer-by-layer
(LbL) electrostatic assembly technique is ideally suited for such
applications because it allows for absolute control over the order
in which multiple functional elements are incorporated into a
growing film (3). However, the development of truly stratified,
multicompartment LbL films has been largely unsuccessful with
many biomacromolecules because of the phenomenon of inter-
layer diffusion, which results in blended structures lacking
regular, controlled order (4). In this work, we systematically
probe a range of strategies designed to solve this problem by
placing physical barriers between various components within a
single film to control interlayer diffusion. We measure the effect
of each type of barrier with a system consisting of a hydrolytically
degradable polymer (Fig. 1, polymer 1) alternately deposited
with a series of radiolabeled polyelectrolytes. Top-down film
degradation results in the release of components in a sequence
that reflects their relative positions in the film; thus, we can
quantify the effects of various barrier strategies aimed at limiting
diffusion behavior. With this approach, we uncover a set of
strategies that allow for the production of compartmentalized
films capable of passively releasing complex, tuned release
profiles. In addition to uncovering fundamental strategies to
control interlayer diffusion in LbL films, this work may lead to
important applications in drug delivery by allowing for the
fabrication of nanoscale materials coatings capable of releasing

sustained, multidrug schedules from surfaces of virtually any
composition or geometry under physiological conditions.

The LbL electrostatic assembly technique entails the sequen-
tial adsorption of monolayers of oppositely charged polymers,
colloids, or other materials onto a solid substrate to form a
cohesive, ionically crosslinked thin film (3). Multilayers can be
deposited rapidly and inexpensively atop large area surfaces of
any geometry while allowing for nanometer-scale control over a
range of physical properties (3, 5). Furthermore, the all-aqueous
processing of LbL systems allows for the incorporation of
sensitive biomolecules, such as proteins and DNA (6–10). More
broadly, the technique also can be extended to include any
molecular species that is either charged or can be encapsulated
in a charged ‘‘carrier’’ (i.e., dendrimer, micelle, chaperone, or
nanoparticle), thus making it possible to incorporate a wide
range of species without regard to molecular weight or intrinsic
charge. On the basis of these attributes, we hypothesized that
degradable LbL systems based on a hydrolytically degradable
polyion, such as polymer 1, might be useful for a range of drug
delivery applications, particularly those involving the release of
complex schedules of drugs (11–13) (see Fig. 7, which is pub-
lished as supporting information on the PNAS web site). How-
ever, although promising, this technology has been limited
because of the inability to control the relative positions and
distributions of multiple species residing within a single film,
resulting in highly disorganized architectures (ref. 14 and
K.C.W., D.M.L., and P.T.H., unpublished data). The phenom-
enon responsible for this lack of control is referred to as
interlayer diffusion, the tendency of some species to diffuse
throughout LbL systems during the deposition process. All
polyelectrolytes fall into one of two broad classes with respect to
interlayer diffusion: diffusing polyelectrolytes (i.e., many
polypeptides and polysaccharides) are able to rapidly diffuse
throughout LbL architectures during assembly, resulting in
poorly organized, blended structures, whereas nondiffusing
polyelectrolytes (i.e., most synthetic, strong polyelectrolytes)
cannot, resulting in spatially organized structures wherein each
deposited species is only able to interact with neighboring layers
in close proximity (usually two to three layers) (4).

In this study, we examine the effects of various physical barrier
strategies on both diffusing and nondiffusing systems by tracking
the release of radiolabeled polyelectrolytes that exhibit either
extensive diffusing behavior [heparin (HEP)] or nondiffusing
behavior [dextran sulfate (DS)] when incorporated into LbL
structures. We show that covalently crosslinked barriers depos-
ited between the two labeled components can effectively block
interlayer diffusion, leading to compartmentalized structures. In
contrast, even very large numbers of ionically crosslinked (de-
gradable or nondegradable) barrier layers cannot block inter-
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layer diffusion. By connecting interlayer diffusion with ultimate
film architecture and release properties and by further studying
the fabrication parameters that allow us to control interlayer
diffusion, we uncovered a set of guiding principles that should
significantly aid future attempts to build highly organized LbL
structures. Furthermore, the demonstration that these films can
release multiple agents either in parallel or in series may have
important implications for drug delivery and controlled release
materials.

Results and Discussion
Build Up and Release Properties of Single-Component Films. As a
basis for these studies, we selected two radiolabeled polysaccha-
rides, HEP and DS, which exhibit growth behavior associated
with diffusive and nondiffusive species, respectively (4). Fig. 1a
is a plot of the transmission mode Fourier-transform infrared
spectroscopy (FTIR) absorbance recorded from films contain-
ing either polymer 1�Hep or polymer 1�DS. Specifically, the
absorbances from sulfonic acid groups at 1,035 cm�1 (HEP) and
1,017 cm�1 (DS) were measured after the deposition of indicated
bilayers. All measurements were taken from the same spot on
the surface of the film in transmission mode on infrared-
transparent, zinc selenide substrates. Fig. 1a Inset shows the film
thickness versus number of deposited bilayers for a polymer
1�DS film. Both FTIR and ellipsometry demonstrate that the
quantity of DS incorporated into the film is linearly proportional
to the number of adsorption cycles, a commonly observed
characteristic of many LbL systems. Linear build-up behavior is
characteristic of films whose constituent polyions adsorb directly
onto the film surface during each deposition step. Interlayer
diffusion does not occur in these systems, which, as a result, form
spatially organized structures wherein species deposited at a
given step are able to interact only with neighboring species that
are in close proximity (e.g., two to three layers) (3, 15, 16). In
contrast, HEP-based films exhibit an exponential increase in
absorbance with increasing numbers of adsorbed layers. Expo-
nentially growing films, which are most commonly composed of
hydrophilic polyelectrolytes or biologically derived materials
(i.e., peptides and polysaccharides), are poorly organized
blended architectures characterized by the complete ‘‘in’’ and
‘‘out’’ diffusion of adsorbing species throughout the growing film
during the film’s assembly process (4, 17–19). A series of recent
studies offer mechanistic explanations (19, 20) and direct evi-
dence (4) for this process, wherein a species deposited at a given
step can reside in any position throughout the film.

Fig. 1b depicts the chemical structures of the repeat units of
polymer 1, HEP, and DS, the three polymers used in this study.
Polymer 1 is a cationic, degradable poly(� amino ester) synthe-
sized by the conjugate addition-step polymerization of a diamine
and a diacrylate; it represents one member of a library of �2,350
degradable poly(� amino esters) recently synthesized and
screened for their abilities to deliver DNA to cells in culture (21).
Both model drug compounds, HEP and DS, are polysaccharides
that possess similar structural attributes, including strong (sul-
fonic) acid groups on each repeat unit and relatively low
molecular weights.

To better understand the degradation and release behavior
exhibited by the two model polyelectrolytes, we simultaneously
measured release and degradation of single-component films
containing each species. Fig. 2 shows degradation and release
from 20 bilayer polymer 1�HEP and polymer 1�DS systems,
respectively, after immersion in PBS buffer at pH 7.4. As
previously documented, complete degradation and consequent
release from polymer 1�HEP systems occurred within 20 h. Film
thickness was observed to decrease linearly after a brief swelling
period of 0.5–2.0 h upon first being exposed to aqueous solution
(13). DS-based films exhibited similar degradation and release
behavior, although with kinetics �5-fold slower than their
HEP-based counterparts. The initial release observed in both
cases within the first few hours of degradation likely reflects
passive release from the surface, as the outermost layer of each
film consists of the labeled compound. The fact that this effect
is more pronounced in the case of HEP likely reflects the
presence of interlayer diffusion, which results in a thick outer
layer of diffusible material at the film surface (4). Interestingly,
in both cases, film thickness was observed to decrease linearly
with time; furthermore, the apparent roughness of the film
surface, taken from the standard deviation in film thickness
measured at 10 predetermined spots on the surface, was ob-
served to remain constant, or even decrease, with time. Taken
together, these data suggest top-down surface erosion of the
films; one would anticipate that patchy or bulk degradation
would result in a much larger standard deviation and nonlinear
degradation behavior. [Recent atomic force microscopy inves-
tigations also provide further physical support to the mechanism
of top-down degradation (11, 22).] Given the linear degradation
and surface erosion observed in both sets of thin films, the vastly
different kinetics of degradation and release exhibited by these
two systems reflect differences in film organization, wherein the
diffusive character of HEP contributes to loose gradient films

Fig. 1. Assembly of LbL films. (a) A plot of FTIR absorbance versus number of thin-film bilayers demonstrates LbL assembly of polymer 1�HEP (}) and polymer
1�DS (Œ) films exhibiting exponential and linear growth, respectively. (Inset) Thickness versus number of bilayers for polymer 1�DS films. (b) Chemical structures
of degradable polymer and model drugs used in this study.
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with larger quantities of HEP in the top layers, compared with
their relatively more stratified and more densely ion-crosslinked
DS counterparts, which have a constant distribution of DS
throughout the film.

To further verify that release occurs by means of surface
erosion and to explore the relationship between interlayer
diffusion and release properties of degradable LbL constructs,
we constructed a series of 20, 50, and 80 bilayer films containing
either polymer 1�HEP (Fig. 3a) or polymer 1�DS (Fig. 3b). For
the case of polymer 1�HEP systems, the release behavior reflects
intuition for the case of an exponentially growing system with
top-down degradation behavior. The slope of the release curve
differs dramatically between films of varying thickness, a reflec-
tion of the fact that exponentially growing systems result in the
formation of disorganized films with increasing amounts of the
diffusible species (HEP) at each deposition step (initial release
rates of 0.4, 3.7, and 7.9 �g�cm�2�h�1 were observed for 20, 50,
and 80 bilayer films, respectively). Moreover, each HEP-based
system was observed to release its contents rapidly (in �20 h)
without regard to its thickness, again a likely reflection of the fact
that the majority of the model polyelectrolyte is contained in the
upper layers after multiple deposition cycles (4). In sharp
contrast, release from polymer 1�DS films of increasing thick-
ness results in all cases in an initial phase of linear release
followed by a ‘‘leveling off’’ as degradation is completed. Inter-
estingly, as might be expected for the case of top-down release
from a series of linearly growing films, we observed that all three
films released DS at a relatively equivalent rate during the linear
release phase (release rates of 0.07, 0.06, and 0.08 �g�cm�2�h�1

were observed for 20, 50, and 80 bilayer films, respectively) and
that the duration of this linear release phase was proportional to

the number of deposited bilayers (20, 49, and 97 h for 20, 50, and
80 bilayer films, respectively). The slow release kinetics of these
systems likely reflects the higher effective ionic crosslink density
of the thin films and much lower interlayer diffusivity of the
model polyelectrolyte within the multilayer matrix. Importantly,
these data suggest that the hydrolytic degradation of LbL
systems can provide quantitative insights into the architecture
and organization of these films. Moreover, this demonstration
suggests that the duration of time over which release occurs can
be broadly tuned in linearly growing (nondiffusing) systems
simply by changing the number of deposited layers.

Controlling Interlayer Diffusion to Modulate Multiagent Release Pro-
files. Having demonstrated the ability of hydrolytically degrad-
able LbL thin films to act as a probe to gain quantitative insight
into film organization and architecture, we next sought to
evaluate a range of strategies to control the relative positions of
multiple, labeled species within a single film by constructing
physical barriers to separate the two components. We con-
structed films first containing 20–40 base layers of polymer
1�HEP, followed by a set of ‘‘barrier’’ layers consisting of either
polymer 1�sulfonated poly(styrene) (SPS) (degradable), poly-
(diallyldimethylammonium chloride) (PDAC)�SPS (nondegrad-
able), thermally crosslinked poly(allylamine hydrochloride)
(PAH)�poly(acrylic acid) (PAA), or nothing at all. Finally, we
constructed a set of 20–40 surface layers of polymer 1�DS. In a
similar fashion, we also constructed films identical to the others,
except that the order of the labeled components was reversed
(DS base layers and HEP surface layers) (see Fig. 4).

As shown in Fig. 5, when a base layer of polymer 1�DS was
coated with a single bilayer of PAH�PAA (covalently

Fig. 2. Degradation (■ ) and drug release (Œ) from single component films used in this study. (a) Twenty bilayer polymer 1�HEP films. (b) Twenty bilayer polymer
1�DS films.

Fig. 3. Release from 20 (}), 50 (■ ), and 80 (Œ) bilayer films containing HEP (exponential) (a) and DS (linear) (b) with time (surface area normalized; error bars
are small).
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crosslinked for 20 min at 215°C), followed by the deposition of
polymer 1�HEP, we observed a multistage, serial release of first
the surface HEP followed by the underlying DS. Thus, the use
of a single covalently crosslinked PAH�PAA layer was sufficient
to separate the two components when deposited onto the surface
of the linearly growing polymer 1�DS system, as evidenced by
the two-stage release profile. After the �25-h time delay,
underlying DS was released with a linear profile. Interestingly,
the average rate of DS release was �60% slower than that
observed in corresponding films without covalently crosslinked
barrier layers. Additional experiments using single and multiple
crosslinked PAH�PAA barrier layers show that the duration of
the release delay and the rate of release after this delay can be
broadly controlled under this approach. For example, multiple
layers of PAH�PAA crosslinked for longer than 1.5 h (at 215°C)
virtually halted the release of all underlying DS (no release of DS
was observed for up to 45 days). This result may have important
and direct applications in drug delivery, because it suggests that
both the timing and rate of release of an underlying species can
be broadly controlled using as little as a single crosslinked
bilayer. Interestingly, we also found that when the order of the
two labeled components was reversed (HEP as the base layer and
DS as the surface layer) it was no longer possible to achieve serial
release of the two components using crosslinked spacer layers,
suggesting that the nature of the base film onto which the
crosslinked barrier layer is absorbed influences the final prop-
erties of the barrier layer (Fig. 8, which is published as supporting
information on the PNAS web site).

Remarkably, all of the noncovalent (noncrosslinked) barrier
layers designed to physically separate the HEP and DS systems
(Fig. 4) resulted in simultaneous release of both components
(see Figs. 9–14, which are published as supporting information
on the PNAS web site). In most cases the barrier layers failed to
even slow the release of the initially deposited base layers (Fig.
6). To further verify these findings, the above series of films was

repeated at a range of fabrication conditions (pH, ionic strength,
and number of deposited barrier layers), yet all resulted in
simultaneous, rapid release in every case studied (data not
shown). These data suggest that noncovalent, electrostatically
assembled barrier layers cannot block interlayer diffusion and,
therefore, cannot be used to create compartmentalized struc-
tures involving diffusive polyelectrolytes. This finding is partic-
ularly interesting in light of a recent study that showed that
compartmentalized films containing linearly and exponentially
growing regions could be constructed simply by depositing
different films directly on top of one other (23). The incongru-
ities between this study and ours could be a result of a number
of factors, including different polymer systems, molecular
weights, and deposition conditions; moreover, they suggest that
factors outside of the nature of growth that a given system
exhibits may powerfully influence the final film architecture.

To more clearly demonstrate the effect of barrier layers on the
average release rate from the aforementioned two-component
systems, release rate is normalized and charted versus the type
of barrier layer used in Fig. 6. In Fig. 6a, it is apparent that the
average release rate (taken as the average slope of the initial,
linear portion of the release curve) of systems composed of an
underlying layer of linearly growing DS can be broadly con-
trolled by using both multiple layers of a nondegradable system
PDAC�SPS or as little as a single layer of crosslinked PAH�
PAA. Furthermore, by tuning any of the parameters affecting
the degree of crosslinking (e.g., crosslinking time, temperature,
or number of crosslinked layers), the release rate can be dra-
matically altered (crosslinking times of �1.5 h at 215°C and
barriers containing more than five crosslinked layers, resulted in
one- to two-order-of-magnitude decreases in release rate) (data
not shown). Thus, milder crosslinking conditions (such as lower
temperatures) may allow for a greater degree of flexibility in
tailoring release profiles. Furthermore, aqueous, chemical
crosslinking techniques using common biochemical reagents
such as carbodiimides may represent a suitable alternative to
thermal crosslinking when low temperature fabrication is re-
quired. Nevertheless, these proof-of-principle studies suggest
that sampling a range of approaches to control the release of
underlying species can yield effective results, particularly when
the underlying species lacks the ability to diffuse throughout the
film.

Taken together, the data in Figs. 5 and 6 yield a set of
interesting hypotheses with respect to diffusion and release from
multicomponent, hydrolytically degradable LbL films. First,
when initially deposited layers contain a highly diffusible species,
such as HEP, subsequent deposition of additional layers has little
to no effect on its release because the diffusible species is likely
able to migrate through tightly interacting networks within the

Fig. 4. Schematic depicting strategies employed in this study to construct
physical barriers to control interlayer diffusion in multicomponent films.

Fig. 5. DS (base layer, Œ) and HEP (surface layer, })-loaded layers separated by a single, crosslinked layer of (PAH�PAA) exhibit sequential release. (a) Fraction
of mass-released versus degradation time. (b) Fractional release rate versus time.
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film, effectively ensuring that it always resides near the film
surface (4). However, when initially deposited layers contain a
linearly growing species, such as DS, subsequent deposition of
new species can have a significant impact on its release because
the linearly growing system provides a structural substratum on
which a tightly interacting network of barrier layers can be
formed (which can then serve to hinder its release during
degradation by physically separating it from subsequently ad-
sorbed species). We demonstrate that a relatively simple under-
standing of the nature of build up and diffusion within a given
system can allow one to engineer stratified, multicompartment
architectures with complex release profiles and that these pro-
files can be broadly controlled to suit the demands of a particular
application.

Conclusions
In this work, we systematically probed a series of strategies
designed to physically separate multiple components within a
LbL film by blocking interlayer diffusion. We measured the
effect of each type of barrier by using an experimental system
consisting of a hydrolytically degradable polymer alternately
deposited with a series of radiolabeled polyelectrolytes. With this
approach, we uncovered a set of strategies that allow for the
production of compartmentalized, or stratified, films capable of
releasing complex, tuned release profiles. In particular, we show
that covalently crosslinked barriers can effectively block inter-
layer diffusion, leading to compartmentalized structures, al-
though even very large numbers of ionically crosslinked (de-
gradable or nondegradable) barrier layers cannot block
interlayer diffusion. Perhaps most interestingly, we demonstrate
that wide-ranging materials properties can be obtained from a
single, relatively simple set of materials by judiciously applying
strategies to control interlayer diffusion. Combining the at-
tributes of the LbL processing technique, which allows for the
rapid, all-aqueous, conformal fabrication of nanoscale coatings
that are highly uniform and tunable, with the ability to spatially
order active agents and control release kinetics for multiple
species may yield significant opportunities in drug delivery,
separations, electrooptical materials, and other fields.

Materials and Methods
Materials. Polymer 1 [Mn � 10,000 (Mn is number-average
molecular weight)] was synthesized as previously described (24).
HEP sodium salt (Mn � 12,500) was obtained from Celsus
Laboratories (Cincinnati). DS sodium salt (Mn � 8,000), poly-
(sodium 4-styrenesulfonate) (Mn � 1 million), PAH (Mn �
70,000), and PDAC (Mn � 100,000) were obtained from Sigma–

Aldrich. Linear poly(ethylenimine) (Mn � 25,000) and PAA
(Mn � 90,000) were purchased from Polysciences. Silicon wafers
(test grade n-type) were purchased from Silicon Quest (Santa
Clara, CA). [3H]HEP sodium salt [1 mCi (1 Ci � 37 GBq), 0.30
mCi�mg, Mn � 12,500] and [14C]DS sodium salt (100 �Ci, 1.5
mCi�g, Mn � 8,000) were obtained from American Radiolabeled
Chemicals (St. Louis). Radiolabeled and corresponding unla-
beled polymers were chosen with similar molecular weights and
polydispersities to mimic the behavior of the unlabeled species
as closely as possible. All materials and solvents were used as
received without further purification.

General Considerations. A Harrick PDC-32G plasma cleaner was
used to etch silicon substrates (3 � 2 cm) after they were rinsed
with methanol and deionized water and dried under a stream of
dry nitrogen. LbL thin films were deposited with an automated
Zeiss HMS-series programmable slide stainer. Absorbances
from growing films were measured by FTIR with a Nicolet
Magna IR 550 Series II spectrometer. Zinc selenide substrates
used for transmission FTIR analysis were prepared by the same
method used for silicon substrates. Ellipsometric measurements
for film thickness were conducted by using a Gaertner variable
angle ellipsometer (6,328 nm, 70° incident angle) and GEMP 1.2
(Gaertner Ellipsometer Measurement Program) software inter-
face. The release of radiolabeled polymers was quantified by
using a Tri-Carb liquid scintillation counter (model U2200,
Packard). The amount of radiolabel in each sample vial was
measured by using 3H, 14C, and dual counting protocols, each of
which were shown to be both consistent and highly accurate over
a broad concentration range (30–100,000 dpm�ml) in calibration
experiments performed before drug release. Thermal crosslink-
ing of PAH�PAA films was performed by incubating films in a
Yamoto DVS400 gravity convection oven at 215°C for the time
intervals indicated in Fig. 6.

Thin-Film Fabrication. All films were constructed from dilute
aqueous solutions (2–10 mM) using the alternating dipping
method (3). All polymers used in degradable thin films were
prepared in 100 mM acetate buffer at pH 5.1 to avoid the
conditions under which polymer 1 degrades rapidly (t1/2 � 10 h
at pH 5.1 and 37°C) (24). Nondegradable base layers were
deposited from dipping solutions of linear poly(ethylenimine)
and poly(sodium 4-styrenesulfonate) in deionized water pH
adjusted to 4.25 and 4.75, respectively. Deionized water used to
prepare all solutions was obtained via a Milli-Q Plus (Millipore)
at 18.2 M�. For degradation experiments, 1� PBS buffer (137
mM NaCl�2.7 mM KCl�10 mM Na2HPO4, pH 7.4) was used.

Fig. 6. Normalized initial average release rate (micrograms per hours per squared centimeter) from base films containing DS (a) and HEP (b) coated with no
separation layers (control) or with a single layer of PAH�PAA crosslinked at 215°C for variable times, nondegradable PDAC�SPS, or degradable polymer 1�SPS.
Initial average release rates were calculated from the average slope of the linear portion of the mass-released versus time curve during the first 50 h (DS) or 10 h
(HEP) of degradation.
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Films used in this study were constructed on either silicon (for
ellipsometry and degradation studies) or zinc selenide (for
transmission-mode FTIR) planar substrates. In all cases, degrad-
able, polymer 1-based films were constructed directly on top of
10 bilayer, nondegradable base films containing linear poly(eth-
ylenimine) and SPS to ensure uniform adhesion to the substrate.
After deposition, films were removed from rinsing baths and
dried thoroughly under a stream of dry nitrogen to avoid
premature degradation.

Thin-Film Degradation Studies. All film degradation studies were
performed as follows. Films were immersed in 20 ml of the
appropriate buffer solution in a screw-top glass vial and tightly
sealed. At designated times, films were removed and dried
thoroughly under a stream of dry nitrogen, and thickness was
measured using ellipsometry at 10 predetermined locations on
the film surface (measurements were performed in triplicate).
After the measurements were taken, the films were reimmersed
in buffer solutions and resealed.

Release Studies. For drug-release experiments, radiolabeled LbL
thin films were first constructed by alternately depositing poly-
mer 1 and the indicated radiolabeled drug(s). Radiolabeled
deposition solutions containing [3H]HEP were prepared by
combining 1 ml of 50 �Ci�ml [3H]HEP (0.30 mCi�mg, Mn �
12,500) with 35 ml of 100 mM acetate buffer. Unlabeled HEP
(Mn � 12,500) was added to bring the total concentration of HEP

(unlabeled plus labeled) to 2 mg�ml (1.5–2 �Ci�ml 3H). Radio-
labeled deposition solutions containing [14C]DS were similarly
prepared by combining [14C]DS (1.5 mCi�g, Mn � 8,000),
unlabeled DS (Mn � 8,000), and 100 mM acetate buffer to yield
a total concentration of DS (unlabeled plus labeled) to 2 mg�ml
(1 �Ci�ml 14C). After fabrication of the indicated films, drug-
release experiments were performed by immersing each film in
50 ml of 1� PBS buffer in a 200-ml screw-top vial. A 1-ml sample
was extracted at the time points indicated in Figs. 2, 3, 5, and
8–14 and analyzed by adding 5 ml of ScintiSafe Plus 50% (Fisher
Scientific) before measurement. Degradation vials were tightly
capped between sample extractions to prevent evaporation of the
buffer solution. Raw data (given in disintegrations per minute)
were converted to micrograms of drug released using the
conversion factor 2.2 � 106 DPM � 1 �Ci, the specific radio-
activity of the drug, and our knowledge of the ratio of total drug
to labeled drug in the deposition solution (13).
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