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Abstract

Multidrug regimens can sometimes treat recalcitrant diseases when single-drug therapies fail. 

Recapitulating complex multidrug administration from controlled release films for localized 

delivery remains challenging because their release kinetics are frequently intertwined and an 

initial burst release of each drug is usually uncontrollable. Herein we demonstrate kinetic control 

over protein release by crosslinking Layer-by-Layer films during the assembly process. We used 
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biodegradable and naturally derived components and relied on copper-free click chemistry for 

bioorthogonal covalent crosslinks throughout the film that entrap, but do not modify the embedded 

protein. We found that this strategy restricted the interdiffusion of protein while maintaining its 

activity. By depositing a barrier layer and a second protein-containing layer atop this construct, we 

generated well-defined sequential protein release with minimal overlap that follows their spatial 

distribution within the film.
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The development of chemical and biological therapeutics has profoundly improved the 

lifestyles and life expectancies of people worldwide, but single-drug treatments can 

sometimes be ineffective for especially recalcitrant diseases that have developed drug 

resistances or have temporal progression through different phases. For these cases, 

combination therapies with spatiotemporally optimized multi-drug regimens can profoundly 

improve biological effect. In fact, the sequential treatments of erlotinib prior to 

doxorubicin[1], siRNA followed by a small molecule[2], and antibiotics in sequence[3] have 

shown significant improvements over simultaneous administration..

Spatiotemporal treatment is especially important during the administration of growth 

factors[4]. In the complex and multimodal process of wound healing, the judicious 

introduction of factors in a specific sequence can help drive the wound through the different 

phases of proper remediation[5]. Studies have shown that the simultaneous introduction of 

multiple factors can be ineffective or even inhibitory[6], whereas temporally discrete, 

sequential administration can markedly improve results[6i, 6j, 7]. In addition, sustained 

growth factor administration is essential to improving biological response because of rapid 

elimination; basic fibroblast growth factor and vascular endothelial growth factor have half-

lives of 3 min[8] and 50 min[9], respectively. As growth factors and other signaling 

molecules can elicit a variety of responses, their indiscriminate systemic or bolus application 

can be deleterious. For these reasons, among others, it is desirable to deliver such drugs 

from an implant or scaffold located in close proximity to the target site with pre-

programmed release kinetics, thus minimizing the concentration-related side effects 

typically associated with systemic delivery and eliminating the need for additional, 

potentially invasive procedures to administer more drug, which would likely improve patient 

compliance and therapeutic outcome[10].

Recapitulating a multi-drug dosing regimen with a biodegradable, controlled release 

formulation remains a challenge, as drug release kinetics frequently have significant overlap, 

especially during the early phases of release. Some approaches have utilized combinations 

of different hydrophobic polyesters (e.g., poly[lactic-co-glycolic acid] or PLGA, poly[ε-

caprolactone], and poly[3-hydroxybutyrate-co-3-hydroxyvalerate]) in strategic 

arrangements[11], as well as their combinations with hydrogels[12]. Others have simply used 

scaffolds based on modified alginate[13] or gelatin[6h, 14] to manipulate release kinetics. The 

most common outcome is the acceleration or deceleration in drug elution, but it still remains 
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difficult to achieve well defined multi-therapeutic release kinetics without some level of 

simultaneous release, often with an initial burst release. For the release of growth factors, 

biologic drugs, and more broadly, any synergistic therapeutic systems that require complex 

time dependent release, we sought to design ultrathin film coatings that could exhibit truly 

staggered and sustained release profiles for multiple therapeutics, as well as the ability to 

control loading.

Using the Layer-by-Layer (LbL) assembly approach, we and several others have shown the 

capability of incorporating high loadings of growth factors into thin films with controlled 

release and unique biological effect[15]. This is a desirable approach because films can be 

assembled from benign aqueous solutions with minimal risk of inactivating sensitive 

biologics. In addition, its modularity in generating stacked composite films, such as a 

VEGF-film deposited atop a BMP2-film, has shown that one can easily achieve 

simultaneous co-release of both growth factors[15d]. The interdiffusion that occurs during 

film assembly creates a thoroughly blended nanoscale film that can be highly desirable in 

some situations, but is also detrimental when aiming to exert more precise control over 

release behavior. Striking a balance between the chemical and/or physical means of 

controlling interdiffusion, while maintaining significant loadings of active drug, desirable 

release kinetics, and facile assembly conditions makes it an extremely challenging problem.

A number of researchers, in addition to us, have sought to control interdiffusion within LbL 

films using different film components and types of architectures, each with varying degrees 

of success. Early pioneering work found that barrier layers of linearly-growing (PAH/SPS)n 

could inhibit interdiffusion during film assembly by separating exponentially-growing (poly-

L-lysine/hyaluronic acid), or (PLL/HA)n, films into multiple “compartments”[16]. 

Analogously, PLGA barriers deposited from aerosolized chloroform solutions also 

compartmentalized (PLL/HA)n films[17]. The degradable nature of PLGA allowed for 

localized, cell-based film degradation, but also remains subject to a localized pH decrease 

typical of PLGA, which can lower protein activity. Additionally, the exposure to harsh 

solvents and complex processing steps needed for its fabrication provides reasons to pursue 

fully water-based nanolayer assembly approaches. Further investigations into different types 

of LbL barrier layers showed that electrostatically-crosslinked (polyvinylbenzyl ammonium 

chloride/SPS) or (PBA/SPS) films were ineffective at preventing the mixing of two dyes, 

while the increased tortuosity presented by the clay platelets in (PBA/laponite) films slowed 

mixing, and thermally-crosslinked, covalent barriers of (PAH/PAA) fully inhibited dye 

diffusion[18].

Expanding on the concept of compartmentalization, use of fully hydrolytically degradable 

components could facilitate true control of drug release rates and generate interesting, 

tunable release behaviors. By thermally-crosslinking even a single bilayer of 

(polyallylamine/polyacrylic acid), we found it could act as a barrier and thus delay the 

release of a polysaccharide from a hydrolytically-degradable film buried underneath[19]. 

While providing the initial proof that sequential release was possible, the crosslinking 

required heating to 215°C for 20 min, which would denature biologics and yield undesired 

side reactions with other components in the film. In another approach, we found that 

graphene oxide sheets were able to also act as a barrier layer by modulating the release of an 
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underlying model protein, ovalbumin[20]. Again this demonstrated the possibility of using a 

barrier layer to influence the film's release kinetics, but relied on a non-degradable graphene 

oxide layer that is not at this time generally regarded as safe (GRAS)[21] and may present 

possible protein-denaturing effects[22]. More recently, we have used laponite clays to 

achieve time lag between release of a small molecule and a growth factor. Unfortunately, 

even with these approaches, constant interdiffusion during assembly leads to significant 

phase mixing that makes it difficult to achieve well-defined sequencing, particularly with 

multiple proteins. For in vivo delivery systems, it would be ideal to deliver multiple drugs 

with minimally overlapping release profiles from a completely biocompatible and 

biodegradable film without the use of non-aqueous solvents, heat or other process conditions 

that can severely lower the activity of biologic drugs.

We posited that controlling interdiffusion in the film during the actual assembly process 

would allow us to judiciously embed therapeutics in different regions of the film at will. In a 

surface-erosion model, as previously demonstrated for hydrolytically degradable LbL 

films[23] the therapeutic's location and depth in the film would govern its release order and 

kinetics; thus, when incorporating a hydrolytically degradable component throughout the 

film, deposition of a sacrificial barrier layer could putatively delay the onset of release and 

enable truly sequential release behavior. Herein, we describe our approach to introduce 

crosslinking in situ (i.e., as the film is deposited) using copper-free click functionalities in a 

hydrolytically degradable LbL film. The bio-orthogonality of the click reaction ensured no 

unwanted side-reactions (e.g., with the embedded protein). We also found that the protein 

was effectively isolated to its designated region in the film, and that the subsequent addition 

of a degradable barrier layer effectively suppressed the onset of release, with the extent of 

suppression scaling with barrier thickness. With the addition of a second protein-containing 

layer, the film demonstrated exquisite control over release kinetics and allowed for 

sequential release.

In an earlier report studying the use of LbL assembled multilayered films[23c], we found that 

we could generate protein-loaded thin films using completely naturally-derived materials 

whose degradation products are generally recognized as safe (GRAS) by the FDA. These 

films were able to controllably sustain the release of protein over multiple days under 

physiological conditions. The growth behavior of these films[23c] and many other protein-

containing LbL assembled films[24] has revealed exponential increases in film thickness as a 

function of layers deposited. This phenomenon has been well documented for certain LbL 

systems and has been explained by an “in-and-out” diffusion hypothesis that suggests the 

diffusivity of weakly charged polymeric species (i.e., proteins, polysaccharides, weak 

polyelectrolytes) in the film contributes significantly to this growth behavior; the diffusion 

and absorption of excess polyelectrolytes into and out of the film during assembly causes 

this exponential film growth[24d]. It is also hypothesized that there is a “diffusional zone” 

with finite thickness throughout which interdiffusion can readily occur over the timeframe 

of the adsorption step[24e].

In single protein films, we found that interdiffusion facilitates loading and blending on the 

nano-scale[15a, 15b, 25]. When combining two separately assembled protein-containing films 

into a composite film, with VEGF-loaded films stacked atop BMP-2-loaded films, both 
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proteins released simultaneously due to interdiffusion, despite their sequence of 

deposition[15d]; they each have their own unique release profiles, but both simultaneously 

begin releasing upon hydration. We hypothesized that by kinetically freezing the interlayer 

diffusion during film assembly via covalent crosslinks, we would be able to dictate the 

sequence of their release based on the order of deposition. As schematically represented in 

Figure 1, the assembly of one film on top of another typically leads to film blending, where 

the drug is distributed throughout the film (Figures 1A-B, upper panel). With crosslinking 

that limits interdiffusion, the drug would remain in the region to which it was deposited 

(Figures 1A-B, lower panel). The resultant surface erosion would reflect this drug 

distribution (Figures 1C-D) with immediate or delayed release for diffusive or non-diffusive 

systems, respectively. The in-situ generation of crosslinks by copper-free click chemistry 

would not only lower the diffusivity of large and intermediate sized biomacromolecules but 

also the other polyelectrolyte components within the LbL film matrix, thus lowering their 

mixing during assembly. Copper-assisted click crosslinking has previously been shown to 

facilitate LbL film assembly[26] especially as “click capsules”[27], but herein we endeavored 

to generate such crosslinks without the need of copper or any post-treatment.

To this end, we used a poly(β-L-malic acid) (PMLA) based LbL film architecture. PMLA is 

a bioresorbable, degradable polyanion with the added advantage of presenting available acid 

groups for side group derivatization. It is well tolerated in vitro and in vivo without toxicity 

or immunogenicity[28]. We functionalized separate batches of PMLA to contain either 

pendant azide or dibenzocyclooctyne (DBCO) functionalities (Scheme 1). The azide-DBCO 

click reaction is driven via the release of ring-strain without needing a copper catalyst and 

has been shown to be bioorthogonal and biocompatible[29].Through N,N′-

dicyclohexylcarbodiimide/N-hydroxysuccinimide mediated amide coupling (Figure S1), we 

achieved azide (PMLA-az) and DBCO (PMLA-DBCO) functionalization, which were 

confirmed by FTIR (Figure S2), with degrees of functionalization of 25.5 mol% and 28.9 

mol%, respectively, as determined by NMR. While assembling tetralayer films of (chitosan/

PMLA-az/protein/PMLA-DBCO)n would putatively minimize interdiffusion, we also 

envisioned that the hydrolytic degradation of the PMLA ester backbone would impart 

controlled release behavior.

For an understanding of the growth behavior in our films, we examined the thicknesses of 

different film architectures at 20 tetralayer intervals. For convenience and brevity, we adopt 

the nomenclature outlined in Table 1. As shown in Figure S3, using click crosslinking 

reduces the thickness of 20 tetralayer films from 514 ± 12 nm to 258 ± 18 nm for Lys and 

Lysx-linked films, respectively. Subsequent deposition of n-Barrier Film revealed a linear 

growth (R2 = 0.992) with 11.7 nm deposited per tetralayer, or ∼3 nm per layer for the 

combined Lysx-linked + n-Barrier film. This is in striking contrast to our previous data, in 

which the growth behavior of (chitosan/PMLA/protein/PMLA)n films increases 

exponentially with up to ∼69.2 nm (R2 = 0.9999) deposited per tetralayer[23c], suggesting a 

significant suppression of exponential growth and interdiffusion.

In our above-described strategy, we deposited an initial 20 tetralayers of crosslinked protein-

containing film (chitosan/PMLA-az/lys/PMLA-DBCO)20, followed by additional 

crosslinked film devoid of protein (chitosan/PMLA-az/chitosan/PMLA-DBCO)n to act as a 
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sacrificial barrier layer. Lysozyme has one of the greater diffusivities among proteins in LbL 

films[30] and it is critical to confirm that it is segregated to the underlying layers with 

suppressed interdiffusion. To this end, we tracked the lysozyme profile through the film with 

X-ray Photoelectron Spectroscopy (XPS) by monitoring the sulfur signal as a function of 

probe depth. Coupling C60+ ion sputtering with XPS allowed us to intermittently etch ∼6.6 

nm of film from the surface and obtain surface-specific elemental information, analogous to 

an earlier strategy that tracked polymer interdiffusion in multilayer films[31]. By monitoring 

the sulfur content, an element uniquely characteristic of lysozyme in the film, we found its 

peak emerging above background after ∼40 cycles (Figure 2A). When examining the sulfur 

peak intensity as a function of probe depth (Figure 2B), the S2p signal remained stagnant 

until reaching ∼328 nm into the film, at which point the intensity significantly increased for 

an additional 80 nm before reaching a plateau. This step change reveals a gradual yet well 

defined transition from protein-free to protein-rich sections in the film, demonstrating the 

confinement of lysozyme to the portion of film beneath the barrier layer.

Stratification in the film architecture via crosslinking should not only isolate lysozyme to its 

designed region in the film but also minimize its loss as additional barrier layers are 

deposited. Figure S4 shows that in addition to the reduced thickness, there is a dramatic 

decrease in lysozyme loading when comparing Lys (30.1 ± 1.1 μg/cm2) and Lysx-linked films 

(6.4 ± 0.1 μg/cm2). Their loading densities of 586 μg/mm3 and 247 μg/mm3, respectively, 

also suggests that the fewer available carboxylates on PMLA-az and PMLA-DBCO and the 

limited interdiffusion from crosslinking lowers the extent of lysozyme complexation and 

film-incorporation. Comparing Lysx-linked films with Lysx-linked + n barrier layer films, we 

find that the additional barrier layers deposited do not significantly affect the total lysozyme 

loading.

Based on our analysis thus far, we have found reduced interdiffusion through in situ 

crosslinking and have sequestered lysozyme beneath a degradable barrier layer. Seeking the 

proof of principle for sequential release, we evaluated the effect of crosslinking and 

thickness of barrier layers on the kinetics of lysozyme release. Herein, and reported 

previously[23c], we found that LbL assembled Lys films sustain the release of lysozyme for 

up to two days (Figure 3A). By introducing crosslinking, we suppressed the initial burst 

release from Lysx-linked films and slightly extended the duration of release to three days. In 

both cases, release was initiated at the start of incubation. As progressively thicker barrier 

layer films of 20, 40, and 60 tetralayers were deposited, we found that the start of lysozyme 

release was correspondingly suppressed up to ∼0.5, ∼1, and ∼1.5 days, respectively (Figure 

3A, arrows). Transformation of lysozyme release profiles to their rates as shown in Figure 

3B further illustrates the effect that both crosslinking and barrier films have on the release 

kinetics; not only is the onset of release suppressed, its rate and period of release is also 

dramatically shifted. This heralds the possibility of pre-programmable release behavior 

without the need of external intervention.

For downstream biomedical applications, biocompatibility is vital; we found analogous 

(chitosan/PMLA)n films, without click functionality, to be non-cytotoxic[23c], and the 

addition of click functionality through amide linkages should have minimal, if any, impact 

on cell viability. To prove this, we incubated a weeks worth of release solutions from 
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Lysx-linked + 60 barrier films with NIH3T3 cells and quantified their effect on cellular 

metabolic activity (Figure S5). Cells incubated with these release media (in cell culture 

medium) showed no difference in viability compared to cell culture medium alone, thus 

further demonstrating this as a biocompatible and biodegradable method for generating 

controllable protein release.

We next tested the ability to release two therapeutics in sequential fashion from these thin 

films through the deposition of an additional protein-containing layer on top of a Lysx-linked 

+ n barrier film. As shown in Figure 4A, a triple-stacked composite film undergoing surface 

erosion would first release the protein from the upper layers (BMP2), then progress through 

the sacrificial barrier layer, and eventually release the buried protein in the lower layers 

(lysozyme). We deposited a rapidly releasing (chitosan/PMLA/BMP2/PMLA)20 film on top 

of Lysx-linked + 60 barrier films, as schematically represented in Figure 4A, and studied its 

release behavior. Shown in Figure 4B, we found that BMP2 is rapidly released upon 

hydration with more than 90% of its 9.1 ± 0.7 ng/cm2 eluting in the first 12 hours. Then, 20 

hours later, 1.0 ± 0.3 μg/cm2 lysozyme elutes for an additional 40 hours. Surprisingly the 

lysozyme loading for these films was reduced after BMP2 film deposition, which we suspect 

may be due to the effects of the BMP2 excipients (e.g., glycine, glutamic acid, sucrose, and 

polysorbate 80) whose preservative effects by reducing intermolecular interactions[32] can 

also disrupt LbL film interactions. Despite their impact, substantial protein remains in the 

film.

Overall we have developed a kinetically discrete protein delivery platform, where release of 

the temporally second therapeutic (lysozyme in the present case) is initially suppressed and 

does not coincide with release of the first therapeutic (BMP2 in the present case). This is 

even more evident when examining the rate of fractional release, shown in Figure 4C. We 

find two distinct schedules of release with each demonstrating unique release behaviors 

resulting in spatiotemporal separation of BMP2 and lysozyme for their sequential delivery. 

This is markedly different than many other dual release formulations, which purport 

“sequential release” behavior, but in fact have an uncontrolled initial co-release of the 

second therapeutic with the first.

We have designed a biodegradable and biocompatible thin film localized delivery 

formulation with kinetically discrete and controlled drug release. LbL assembly allowed us 

to use benign conditions to incorporate significant quantities of active protein and with 

copper-free click chemistry, bio-orthogonal crosslinking during film assembly significantly 

reduced interdiffusion to maintain film stratification. Depth-dependent elemental analysis of 

these films revealed sequestration of lysozyme to its designed region, beneath a barrier 

layer, and release studies showed that the combination of crosslinking and barrier layers 

suppressed the initial burst release and effectively delayed the onset of release with 

increasing barrier layer thickness. Depositing an additional protein-containing LbL film on 

top of this construct yielded a sequential release behavior as dictated by logical film 

construction. This demonstration of spatiotemporally discrete protein delivery reveals the 

possibility of localized, non-overlapping multi-therapeutic administration from a 

biodegradable thin film that can be tuned for a broad variety of biomedical applications.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of the proposed assembly and degradation process of multilayer films without 

(upper panel) and with (lower panel) crosslinking, where the therapeutic (green spheres) is 

loaded into films composed of polycations (blue) and degradable polyanions (red). Each 

film undergoes typical LbL film assembly (A), however those films with crosslinking retain 

their stratified structure while non-crosslinked films are highly interdiffused (B). Surface 

erosion either degrades a blended film where the therapeutic is distributed throughout the 

film, or a stratified film with the therapeutic sequestered to where it was deposited (C). The 

release profiles reflect the effect of crosslinking, and hence interdiffusion, on kinetics of 

drug release (D).
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Figure 2. 
Depth profiling XPS analysis of sulfur content using a C60+ ion bombardment of Lys x-linked 

+ 20 Barrier Layer Films. Stacked spectra in the S2p region after 1, 20, 40, 50, 60, and 80 

cycles corresponding to probe depths of approximately 7 nm, 131 nm, 263 nm, 328 nm, 394 

nm, and 525 nm, respectively (A). Integrated S2p area counts after every sputter cycle is 

shown as a function of probe depth from the film surface (B).
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Figure 3. 
The effect of crosslinking and barrier layer thickness on the lysozyme release (a) and rate of 

fractional lysozyme release (b) into PBS, pH 7.4 at 37°C.
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Figure 4. 
Characteristics of sequential release from composite multilayer films with a schematic view 

of the proposed film architecture and surface-based erosion (A). Protein release profiles (B) 

and their rates of fractional release (C) into PBS, pH 7.4 at 37°C.
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Scheme 1. 
Chemical structures of poly(β-L-malic acid) (PMLA) and its derivatives functionalized with 

an azide moiety (PMLA-Az) and dibenzocyclooctyne moiety (PMLA-DBCO).
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Table 1
Film Nomenclature

Film Architecture Number of Tetralayers Abbreviation

(Chitosan/PMLA/Lysozyme/PMLA)n 20 Lys Film

(Chitosan/PMLA-az/Lysozyme/PMLA-DBCO)n 20 Lysx-linked Film

(Chitosan/PMLA-az/Chitosan/PMLA-DBCO)n 20 Barrier Film

(Chitosan/PMLA-az/Lysozyme/PMLA-DBCO)n 20 + Lysx-linked+ n

+ (Chitosan/PMLA-az/Chitosan/PMLA-DBCO)n 0 → 60 Barrier Film
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