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Abstract

Layer-by-Layer (LbL) nanoparticles are an emerging class of therapeutic carriers that afford

precise control over key design parameters that facilitate improved drug and carrier

pharmacokinetics, and enhanced molecular-targeting capabilities. This paper advances the

development of these systems by establishing them as drug carriers, with the means to control

drug release in a systemic environment and retard particle clearance from circulation, promoting

improved biodistribution of the drug-containing system. Using dual-fluorescent tracking in vivo,

this work establishes a robust means of screening libraries of LbL systems generated, affording

simultaneous resolution over persistence and biodistribution of both the drug and carrier following

systemic administration of a single particle formulation. Employing a PLGA drug-containing core

as a substrate for LbL deposition, a range of coated systems were fabricated to investigate the

abilities of these films to stabilize drug for delivery as well as to improve the pharmacokinetics of

both the drug and carrier. Significant reductions in liver accumulation were observed for different

formulations of the layered architectures within the first 30 minutes of systemic circulation. LbL

architectures diminished liver localization of the surrogate drug, cardiogreen, by 10–25% ID/g

relative to native PLGA nanoparticles and modulated carrier accumulation in the liver >50% ID/g.

Further, enhanced persistence of the drug was observed with the coated systems, significantly

increasing the drug half-life from 2–3 minutes for free drug and 1.87h for the uncoated core to

4.17h and 4.54h for the coated systems. These systems provide an exciting, modular platform that

improves the pharmacokinetic properties of the therapeutic, reduces bolus release of drug from

nanoparticles, and enhances the safety and circulation half-life of the drug in vivo, proving them to

be highly clinically-relevant and a promising approach for future development of molecularly-

targeted and combination therapeutics.
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Introduction

Layer-by-Layer (LbL) assembly of polyelectrolytes on solid substrates is a well-

characterized, tunable approach[1] for generating functional thin films for a variety of

applications, including drug and gene delivery[2–5] and tissue engineering.[6, 7] For these

applications, this technique is advantageous in that the incorporation of a broad range of

therapeutics (e.g., proteins, nucleic acids, and small-molecule drugs) is carried out under

physiological conditions, non-covalently, thereby preserving the native properties of the

cargo while stabilizing it for delivery. Furthermore, surface-limited, sequential adsorption

affords nano-scale precision over the composition of each layer; these advantages, when

combined with the ability to incorporate a broad range of therapeutics and materials with

diverse functionalities, greatly facilitate the development of drug delivery platforms with

sophisticated control over the spatial and temporal release of film constituents.

While LbL has been successfully implemented on macroscopic surfaces with great promise

for many biomedical applications[4, 8–15], it has been a challenge to coat nanoscale

materials systems and achieve particles that can be sustained for systemic delivery[5]. Work

with gold nanoparticles has demonstrated the ability to generate conformal LbL coatings on

nanoscale templates, opening new and exciting opportunities for nanoparticle technologies

with applications in drug and nucleic acid delivery[16–27]; however, the translation of LbL-

based nanocarriers for systemic applications requires further examination of how LbL film

architectures can be manipulated to overcome systemic delivery barriers and to sustain drug

delivery in such complex biological settings. In our recent work, we investigated the impact

of different nanoparticle-bound film architectures on physiological stability, elucidating key

control variables necessary to generate a serum-stable particle, as well as the effect of

terminal polymer layers on subsequent biodistribution of the nanocarriers.[28] LbL

architectures that act as highly effective stabilizing layers were demonstrated to impart long

circulation times and EPR-based (Enhanced Permeability and Retention) passive targeting to

the resulting systems.[29] We have also developed dynamic LbL layers that ‘shed’ at the

lower pH of hypoxic tumor microenvironments and subsequently reveal a positively charged

surface that rapidly mediates uptake by tumor cells.[30] Similar demonstrations of dynamic

LbL particle design for tumor targeting,[31] along with the ability of LbL nanofilms to

modulate biodistribution, lay a framework for continued development of LbL-based

nanoparticles towards built-to-order systems that are key for unlocking new biomedical

opportunities for these platforms.

As LbL nanoparticle technology moves towards clinical translation, it is essential to

establish these systems as drug-stabilizing carriers; the focus of this work is on small

molecule therapeutics. The challenges and approaches to small molecule delivery are well

documented[32]; characteristic bolus release upon injection is one of the most significant

limitations to efficacious treatment for this class of therapeutics.[32] Once it is freed from

the carrier, drug is often rapidly cleared, reducing its plasma concentration, and producing

significant off-target cytotoxicity. The ability to control small molecule release and drug

distribution at a cellular and tissue level is, therefore, an active area of investigation. Further,

little information regarding the real-time fate of small molecule release from delivery

platforms in vivo is understood following systemic administration. The current work seeks to

Morton et al. Page 2

Biomaterials. Author manuscript; available in PMC 2014 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



demonstrate LbL nanoparticle material systems as viable candidates for small molecule drug

delivery, as well as to develop a robust, systematic approach for screening a library of

materials for incorporation in these engineered systems. LbL films have been previously

demonstrated as effective small molecule delivery agents,[33, 34] with an enhanced level of

control over release. This work examines LbL architectures as dually functional films on

nanoparticle surfaces – acting as membranes that control rate of drug release from the

nanoparticle core and thus impact pharmacokinetics of the drug, as well as the hydrated,

protein-resistive coatings that modulate blood circulation half-life and biodistribution for

both the drug and carrier. The current study probes a series of nanoparticle architectures

assembled on a biodegradable poly(lactic-co-glycolic acid) (PLGA) drug-loaded

nanoparticle core. Using in vivo imaging for simultaneous drug and particle fluorescence

tracking in vivo, this work provides a framework for assessment of LbL nanoparticles as

small molecule delivery agents. This technique for live animal imaging is a convenient and

robust means of probing delivery pharmacokinetics and biodistribution. It affords the

capability of drug and particle monitoring following administration to a single animal,

allowing for high throughput in vivo screening of delivery systems. The current study

demonstrates this capacity, evaluating LbL nanoparticles using multiple indicators of

stability and performance, in an effort to advance the technology towards therapeutic

settings.

Materials and Methods

All chemicals were purchased from Sigma-Aldrich, except for hyaluronic acid (Lifecore

Biomedical) and doxorubicin-HCl (LC Laboratories). Release dialysis float-a-lyzers were

purchased from Spectrum Laboratories. NCR nude and BALB/C female mice were

furnished by Taconic.

Nanoparticle Synthesis

PLGA particles were prepared under aseptic conditions via an emulsification-diffusion

method with slight modifications to a previously established protocol.[35] Briefly, 50 mg

PLGA was dissolved in 3 mL acetone with 0.5 mL of 10mg/mL drug (cardiogreen/

doxorubicin) in methanol. This solution was subsequently added to 10mL 10% BSA in PBS

and sonicated at RT. The emulsion was stirred overnight at 1000 rpm. The resulting particle

suspension was purified via centrifugation (15,000 g, 30 min) prior to LbL assembly. LbL

assembly was conducted by introducing ~10% of the recovered drug-loaded nanoparticles in

excess polyelectrolyte solution (5 mg/mL for PLL, DXS; 1mg/mL for HA, Alg) at pH 7.4

under agitation for 30 min. The particle suspension was purified from the polyelectrolyte

solution via centrifugation (15,000 g, 30 min), and this process was repeated iteratively for

deposition of each layer. Final particle suspensions were characterized by dynamic light

scattering (DLS) and zeta potential analysis (Malvern Instruments, ZS90) and stored at 4°C

prior to testing.

in vitro Drug Release

Particle formulations were suspended in 1X PBS and incubated in 2 mL dialysis float-a-

lyzers (3.5KDa MWCO) while agitated at 37°C in 1X PBS under sink conditions. Small
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aliquots were collected at various time points, replaced with fresh solution, and analyzed by

high-performance liquid chromatography (HPLC, Agilent Technologies).

in vivo experimentation

For biodistribution experiments, NCR nude female mice (Taconic) were used. To attenuate

gut fluorescence, an alfalfa-free special diet (AIN-93M Maintenance Purified Diet from

TestDiet) was administered to the mice 1 week prior to and during experimentation.

Nanoparticle formulations suspended in 1X PBS were administered via the tail vein. In vivo

imaging (IVIS, Caliper Instruments) was performed at regular time points. Full scale

biodistribution harvesting of relevant organs was conducted at a relevant time point and

imaged using the IVIS to quantify recovered fluorescence. Circulation persistence

experiments were performed in BALB/c female mice from Taconic. Nanoparticle

formulations were administered via the tail vein. Blood collection was obtained from the

retro-orbital sinus (~0.2–0.3mL, diluted in ~0.1mL 0.5 M EDTA) and imaged using the

IVIS to quantify recovered fluorescence. For cardiogreen recovery experiments, feces were

recovered from three BALB/c mice per experimental group and fractional recovered

fluorescence (IVIS) was quantified across a 48 h window. For co-injection experiments, free

polymer corresponding to the terminal layer polymer used for the NP architecture being

investigated were diluted in PBS and co-injected at normalized concentrations of particles

against 10 mg/kg and 20 mg/kg free polymer in NCR mice. Experiments were performed

under the guidance and supervision of the MIT Department of Comparative Medicine and

Committee on Animal Care.

in vitro opsonization experimentation

Texas Red-labeled polymer nanoparticles (company) were incubated with fluorescently

labeled protein (Human IgG-FITC, Sigma) for 1h. Bound protein was quantified using a

nanodrop spectrophotometer (GE Nanovue Plus). These particles were subsequently

incubated with the murine macrophage cell line (J774A.1, ATCC) for 1h and cell-associated

fluorescence was quantified via fluorescence-activated cell sorting (BD LSR II). Geometric

mean cell-associated fluorescence was used for display of particle association with the cells.

Results and Discussion

The schematic for generating films using electrostatic LbL assembly is presented in Figure

1A. The PLGA core particles used in this work are generated from carboxylic acid

terminated PLGA, and present a net negative charge on their surfaces, which provide a

means for initiating LbL assembly. Iterative adsorption of alternately charged

polyelectrolytes is accomplished by incubation of particles in aqueous polycation and

polyanion solutions, with intermediate rinse steps, to generate LbL nanoparticles. Although

this study focuses on the materials tabulated in Supplemental Table 1, a much larger library

of film components, along with a diverse range of therapeutics, can be generated for

incorporation on this platform. Towards this end, materials with relevant biological

functionalities are of particular interest, such as negatively-charged linear polysaccharides

including hyaluronic acid (HA), dextran sulfate (DXS), and alginate (Alg). Each of these

polysaccharides have demonstrated anti-fouling properties as hydrophilic brush-like
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hydrated coatings to minimize protein adsorption and opsonization[36–39]; as such, they

present promising biodegradable, biomimetic alternatives to the traditional and widely-

reported use of poly(ethylene glycol).[40] Further, HA is a known ligand for CD44

receptors[41], which are characteristically overexpressed in many aggressive cancer cell

types, including triple-negative breast cancer.[42] Alg is known to be an essential protective

coating for pathogenic bacteria to evade host immune responses.[43] Each of these materials

has been incorporated in the current study.

Characterization of the resulting LbL particles is shown with regard to particle

hydrodynamic size and charge in Figures 1B and 1C. Following deposition of six layers on a

125 nm diameter polymer core, particles range in hydrodynamic size from 180nm for DXS-

terminated NPs to 250nm for Alg-terminated NPs, based on a number distribution. The

dynamic light scattering data taken as a function of the number of deposited bilayers

indicates that the nanoparticles grow at a rate of approximately 18 nm in diameter with each

bilayer pair, corresponding to nanolayer thickness increases of 9 nm per adsorbed polymer

pair, over the first five adsorbed layers. This relatively linear growth is consistent with

traditional LbL processes.[44] The three different LbL film architectures are similar in size

until the sixth and final adsorbed polyanion layer. The DXS-terminated LbL nanoparticles

continue to grow linearly; whereas the particles terminated with HA and Alg both indicate a

significant increase in thickness with the final adsorbed layer, which is 55 and 77 nm,

respectively. In LbL assembly, it has been observed that the thickness and density of the

layer deposited is highly dependent on pH for weak polyelectrolytes due to changes in the

degree of ionization along the backbone.[45] Furthermore, certain weakly charged

polyelectrolytes, including hyaluronic acid, can undergo exponential growth behavior due to

interdiffusion of the absorbing species above a critical thickness.[46, 47] This increased

increment may be further impacted by the high degree of hydration of the high molecular

weight HA (500K MW) and Alg (200K MW) backbones, and to the partially charged nature

of the carboxylic acid groups along the glycopolymer backbone. The surface charge of the

particles is reversed with each deposition step, confirming that the film is building in a

stepwise fashion driven by alternating electrostatic adsorption. The overall surface potential

was (+/−) 50–60mV (in ultrapure 18 MΩ water, 25°C), independent of terminal layer.

Previous work established a minimum number of four layers for generation of serum-stable

particles, with diminishing returns beyond eight layers.[28] Independent optimization

conducted for the current PLGA-based particle template was found to be consistent with

these findings; therefore, this study reports data from six-layered (6L) particles with the

following nanoparticle architecture: a biodegradable PLGA nanoparticle core (acid-terminal,

hydrodynamic diameter = 125nm; ζ-potential = −50mV) containing a drug, which is layered

with polycationic/polyanionic pairs deposited iteratively on top of this substrate, terminated

with a final polyanion. The systems were assembled with poly-L-lysine (PLL) as the

polycation and DXS as the intermediate polyanion, and are indicated as PLGAdrug/(PLL/

DXS)2/PLL/Xterm, where Xterm is either HA, Alg, or DXS.

To facilitate our investigation of the in vivo fate of drug cargo after systemic circulation, we

sought a good candidate for a conventional chemotherapeutic, doxorubicin (logP (pH 7.4) =

1.27), which inhibits topoisomerase II, resulting in DNA damage thus disabling cellular
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replication. The model drug chosen for systematic stability assessments of different

nanoparticle architectures is cardiogreen (CG, λex = 740nm, λem = 820nm, logP (pH 7.4) =

−0.29), a hydrophilic near-IR dye that absorbs light at 820nm, where there is minimal

whole-animal auto-fluorescence. The fundamental chemical characteristics of both small

molecules are also similar; they are hydrophilic with low molecular weights (543.5 g/mol

for doxorubicin and 775g/mol for CG) and are significantly charged (pICG = 3.3; pIDox =

11) under physiological conditions with water solubilities in the range of 1mg/mL and

similar lipophilicities (logPCG = −0.29; logPDox = 1.27; pH 7.4). Additionally, CG is cleared

from circulation readily, with a serum half-life of 2–3 minutes (compared to 10 minutes for

doxorubicin),[48] and in a manner that traffics exclusively via the liver, such that its

clearance from the body can be monitored in the liver and gall bladder via in vivo imaging,

and corroborated with recovered fluorescence from the feces in addition to the relevant

biodistribution and blood sampling.[49] These advantageous properties make CG a

particularly good choice to model the in vivo fate of small molecule therapeutics in systemic

delivery carriers, as multiple readouts, including biodistribution, persistence data via blood

and feces collection, are generated from a single animal to guide particle engineering.

To demonstrate the similarity of CG to conventional small molecule chemotherapeutics,

release profiles for both doxorubicin and CG were determined for the uncoated NP core as

well as the layered LbL nanoparticle architectures under physiological conditions (37°C,

stirred in large excess of 1X phosphate buffered saline (PBS)) using high performance liquid

chromatography (HPLC) to determine quantitative and fractional release. The resulting

release curves for these two molecules are compared in Figures 2A and 2B. The in vitro

release characteristics are similar, with both exhibiting the same general release profiles and

similar fractional release in the coated (60% released after 48h, following from initial drug

loadings of 10ug/mL for CG-loaded NP formulations and 50ug/mL for Dox-loaded NP

formulations) and uncoated (100% released after 48h) versions, proving CG to be an

effective model of doxorubicin for the demonstration of LbL NP technologies as small

molecule delivery agents. The observed release kinetics is typical of biodegradable particle

cores and consistent with mathematical models accounting for small molecule diffusion-

based release (initial logarithmic-phase release) and bulk erosion (inflection after initial

diffusion-based release plateaus) of the PLGA matrix.[50–52] The characteristic diffusion-

erosion based release is observed for both coated and uncoated systems; however, the LbL

coated systems show significant benefit in small molecule sequestration, minimizing the

characteristic bolus release observed initially (from ~35% uncoated core to ~20% coated

after 1h), and sustaining release of the therapeutic over longer time scales of up to 4–5 days

in vitro. Greater control and modulation of bolus release is important to diminish systemic

toxicity while the nanoparticle is en route to the tumor site, particularly for cytotoxic

chemotherapeutics. Extended release of drug from the nanoparticle once it has reached its

target location may also have therapeutic value for certain types of molecular drugs. The

variable terminal layer had little to no effect on overall release profiles, despite the range of

functionalities and molecular weights used for the end-capping layer. Drug release from the

NP is characteristic of the bulk film properties of the LbL multilayer, and relatively

independent of the end-capping layer. It thus appears that the terminal layer primarily serves

as a functional interface directing the biodistribution and blood circulation behavior of the
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delivery system, while the bulk film impacts the pharmacokinetics of the encapsulated

therapeutic. These findings suggest the LbL nanoparticle technology can provide a modular

platform for systemic drug delivery.

To understand the impact of these particle architectures on the pharmacokinetics of the

model drug and nanocarrier used for delivery, simultaneous tracking of both the near-IR

labeled polycationic layer 1, PLL700 (modified with Cy5.5 dye, λex,max = 673 nm, λem,max =

707 nm), and encapsulated model drug, CG, was conducted using in vivo imaging (IVIS)

following systemic administration via the tail vein. This approach to systematically screen

libraries of LbL NP architectures as therapeutic vehicles is an exciting, novel means of

generating multiple readouts, including biodistribution and persistence in the animal (blood,

feces sampling), from longitudinal studies of animals. In this way, nanoparticle stability and

its pharmacokinetic behavior is assessed based on persistence in circulation and

biodistribution over time at λex = 640 nm, λem = 700 nm (PLL700 channel), while drug

stability and pharmacokinetics is also evaluated by biodistribution and circulation data, as

well as recovered drug fluorescence in feces as a function of time at λex = 745 nm, λem =

820 nm (CG820 channel). Due to the hepatic-specific clearance of CG, the feces serve as a

quantitative measure of drug clearance from the animal to further assess drug bioavailability

as a function of time with each NP system investigated.

The IVIS images achieved for biodistribution studies are shown in Figure 3 for both the drug

(3A) and NP (3B) channel. Significant differences in the accumulated signal intensities were

observed for different formulations of the layered architectures in the liver, relative to the

controls, within the first 30 minutes post-administration on both the PLL700 and CG820

channels. Normalization of the liver-associated CG fluorescence (circled and identified with

an arrow) with total fluorescence from the amount injected, shows significant reduction of

CG accumulation in the liver when administered as cargo in LbL-NPs versus free or

uncoated PLGA NPs. The quantified signal for liver accumulation at 5 minutes post-

injection for the free drug (70%) and uncoated nanoparticle (55%) formulations are much

higher when compared to the layered architectures, Alg-term (15%), HA-term (17%), and

DXS-term (28%). At the carrier channel for PLL700, 50% injected dose is associated with

the liver after 5 minutes for free PLL700, as compared to 12% for Alg-terminated 6L NPs,

15% for HA500K-terminated, 25% for DXS-terminated. The full 48h stability panels at both

channels are shown in Supplemental Figures 1 and 2, with quantification of the total radiant

efficiency from the whole animal as a function of time displayed for the panel of images at

each channel to gauge persistence of the individual NP components (drug, particle). These

data reflect the improved biodistribution and overall enhanced persistence of the coated CG-

loaded NP formulations, relative to the uncoated polymer-encapsulated and free drug

formulations.

The results from in vivo whole-animal imaging were further substantiated by harvesting of

the relevant clearance organs. This biodistribution data was collected 30 minutes post-

administration (Figures 4A and 4B, Supplemental Figure 3). Significantly reduced drug

clearance is evident for the coated systems within the first 30 minutes post-injection, with

55% ID/g associated with the liver after 30 minutes for free cardiogreen, as compared to

43% for the uncoated PLGA CG-loaded core, 33% for DXS-terminated, 18% for HA-
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terminated, and 20% Alg-terminated systems. Layered architectures also exhibit minimal

clearance during this time frame as delivery carriers, with 70% ID/g associated with the liver

for control free PLL700, 32% for DXS-terminated, 20% for Alg-terminated systems, and

22% for HA-terminated systems. The similarity in percent recovery of fluorescence between

the particle and drug channel from this biodistribution data, along with the in vivo images in

Figure 3, illustrate co-localization of the drug with the delivery platform for the initial period

post-administration (up to 4h); however, as shown in Supplemental Figures 1 and 2, this

does not hold at long time points. At 8h and beyond, due to small molecule out-diffusion

(“leakage”) from the LbL NP and subsequent bulk-erosion based release observed in vitro,

the particle and drug localize in the liver at different times.

Further, recovered fluorescence from the feces can also serve as readouts for drug clearance

in the animal. As shown in Figure 4C, CG is recovered in the bile following longer time

intervals for the coated systems. The DXS-terminated system peaks in fractional CG

recovery at only the 4–8h time span post-injection as compared to Alg- and HA-terminated

systems, which peak in the 8–12h time period. This further corroborates the enhanced

persistence and drug bioavailability that the coated delivery systems can promote.

To try to rationalize the observed differences in feces drug recovery and biodistribution of

DXS-terminated systems as compared to the other two coated systems, we hypothesized

that, as previously implicated,[53, 54] the sulfonated polysaccharide dextran sulfate

preferentially binds liver receptors (e.g. liver endothelial cells, Kupffer cells) that scavenge

blood for soluble macromolecules. From the biodistribution and feces recovery results, it is

clear that HA- and Alg-terminated systems delay particle and drug clearance as well as

exhibit improved biodistribution. These results implicate that this potential receptor-

mediated mechanism for clearance impacts drug biodistribution as well as that for the carrier

agent. This is further illustrated by co-injection of free terminal layer polymer with the

corresponding polymer-terminated 6-layered NP. Significant reduction in CG signal was

observed only when free DXS was co-injected with the DXS/sulfonate-terminated NPs, as

evident in Figure 4D. Free polymer competition for receptor-binding suggests that the

sulfonated terminal layer preferentially interacts with the liver endothelial cells,[54, 55]

promoting receptor-mediated endocytosis that significantly affects the clearance of DXS-

terminated LbL particles. The differential impact of a co-injection of free terminal layer

polymer was quantified by normalizing the liver-associated fluorescence obtained from co-

injection studies with signal intensities for particle-only studies (30 minute stability panel

shown in Supplemental Figure 4). No effect was observed for corresponding co-injections

with Alg- and HA-terminated systems, in contrast to DXS-terminated nanoparticles, with

liver-associated uptake, implying receptor-independent liver uptake.

Additionally, in vitro opsonization of the different NP architectures (Supplemental Figure 7)

showed little dependence on protein adsorption and no dependence on subsequent

macrophage-associated fluorescence as a function of terminal layer choice, further

suggesting that all coatings have similar protein resistive properties and that the

mononuclear phagocyte system clearance is likely not the primary reason for the different

liver signal intensities (respective to uncoated and PLL controls). Poorer biodistribution of

the DXS-terminated particles results relative to other coatings guided particle and drug
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persistence experiments for only the more optimal systems, HA- and Alg-terminated

particles. Results on drug and carrier stability in circulation for these systems are presented

in Figures 4E and 4F (raw data shown in Supplemental Figure 5). The particles exhibit

improved pharmacokinetic properties in circulation, with Alg-terminated NPs characterized

by half-lives, based on a two-compartment model, of 0.59h and 7.18h and HA-terminated

NPs characterized by half-lives of 0.50h and 7.861h. The lifetime of drug from these

platforms is also, compared to the reported free drug half-life of 2 min and uncoated

PLGACG core half-lives of 0.15h and 1.87h, extended to 0.52h and 4.17h for Alg-terminated

NPs and, for HA-terminated NPs, to 0.48h and 4.54h (based on a 2-compartment model).

These findings are consistent with previously reported PEGylated versions of PLGA

nanoparticles that show 30–65% particles remaining (for various MW PEG shells) in serum

3h post-i.v. administration with liver-associated clearance of the particles remaining at or

below 20% up to 5h post-administration.[56] This is important because, in addition to

imparting similar hydration properties to the particle surface like PEG, LbL can also provide

a surface that is molecularly targeted for cellular engagement and/or cue-sensitive (e.g. pH-

responsive[30]) for exploiting the cellular environment in hypoxic tumor compartments.

Alternatively, PEG can be used exclusively as a hydration layer for minimizing protein

adsorption, opsonization, and subsequent clearance by the major players in the mononuclear

phagocyte system (MPS) system – a property that in fact can also negatively impact

interactions with target cells.[57, 58] These findings clearly highlight the benefit of LbL-

functionalized nanoparticle systems as extended release platforms, particularly for small

molecule therapeutics, allowing for enhanced drug and particle persistence in circulation and

that promote hydrated, protein-resistive properties for more efficacious systemic drug

delivery. This provides much promise towards development of these systems as molecularly

targeted entities, in addition to improved biological performance observed in this

investigation.

Small molecule sequestration in delivery platforms for extended periods in circulation

remains a significant challenge to selective delivery of therapeutics to the target tissue;[32]

however, the coatings investigated here demonstrate an enhanced level of control over

diffusional bolus release following administration, as well as an ability to enhance the

circulation half-life for longer periods of time in vivo. The findings in this investigation,

namely the improved pharmacokinetic behavior observed with Alg- and HA-terminated NPs

via biodistribution, feces drug recovery, and persistence in circulation, are consistent with

documented anti-fouling characteristics of HA[59–61] and Alg.[39, 53, 62] These systems

present exciting new opportunities for enhancing delivery of small molecule therapeutics;

however, due to the accelerated rate at which the uncoated PLGA drug-loaded core is

hydrolytically degraded and unloaded in circulation (with short half-lives and poor

biodistribution, see Supplementary Figure 6), the LbL system can be further adapted to

different core materials and encapsulation approaches (e.g. covalent attachment of

therapeutics to core materials or film components), which is currently under active

investigation in our laboratory to probe whether the benefits of enhanced persistence,

improved biodistribution, and controlled drug release provided by LbL-coated systems will

promote more efficacious EPR-based and molecular targeting strategies.
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Conclusion

LbL is a facile approach for generating functional thin films for enhanced systemic delivery

of nanoscopic systems. This self-assembly method allows for incorporation of a broad range

of materials; and due to its water-based synthesis, it allows for incorporation of a diverse set

of therapeutics without significant alteration of biological function. To facilitate continued

development of these systems, the current study establishes a two color imaging

methodology that enables efficient, high throughput in vivo screening of a library of material

architectures and establishes each as systemic drug carriers. Using live animal in vivo

imaging, multiple readouts, including biodistribution, persistence, and feces drug recovery

can be performed, longitudinally assessing in vivo fate of both particle and drug in a single

animal model. Further, this work demonstrates LbL-drug delivery particles with enhanced

persistence and improved drug/carrier biodistribution using biomimetic alternatives to

poly(ethylene glycol), specifically Alg and HA, as terminal layers for this NP delivery

vehicle. In total, LbL provides a powerful tool to engineer NP systems that control drug

release while incorporating materials that are dynamic, protein-resistive, and molecularly-

targeted for more efficacious systemic treatment of diseased states.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Layer-by-Layer nanoparticle (LbL NP) synthesis and characterization
(A) LbL deposition on NP template. (B) Materials library used in current study. (C)
Representative mean hydrodynamic diameter (based on a number distribution) and (D) zeta

potential analysis, conducted in ultrapure water at 25°C. All particles in current study are 6

layers (6L) with the following NP architecture: PLGA50:50
drug/(PLL/DXS)2/PLL/Xterm, with

drug = doxorubicin (Dox) or cardiogreen (CG) and Xterm = terminal layer (DXS, Alg,

HA500K). (PLGA) poly(lactic-co-clycolic acid), (PLL) poly(L-lysine), (DXS) dextran

sulfate, (Alg) alginate, (HA) hyaluronic acid; n = 3, mean +/− SEM. PDI of uncoated PLGA

NPs is 0.1; functionalized NPs ranged from 0.15 for DXS-terminated NPs to 0.2–0.25 for

HA-coated and Alg-coated NPs. Representative scanning electron micrograph of LbL NPs

(HA-coated) shown in Supplemental Image 1.
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Figure 2. In vitro release kinetics of uncoated and coated cargo-loaded cores
(A) Cardiogreen (CG)-loaded NP formulations and (B) Doxorubicin (Dox)-loaded NP

formulations in PBS, pH 7.4 at 37C under agitation (3.5KDa MWCO) as measured by high-

performance liquid chromatography (HPLC). (PLGA) poly(lactic-co-clycolic acid), (PLL)

poly(L-lysine), (DXS) dextran sulfate, (Alg) alginate, (HA) hyaluronic acid, (CG)

cardiogreen, (Dox) doxorubicin; n = 3, mean +/− SEM.
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Figure 3. Stability assessments of different nanoparticle architectures using drug (CG820) and
particle (PLL700) tracking via in vivo imaging. (top of each image panel)
Schematic detailing the fluorescent trackers used for stability assessment of NP

architectures. CG820 is the cargo encapsulated in the LbL NP architecture with the first

polycationic layer of the 3 bilayer structure labeled with Cy5.5. (A) CG820 stability panel,
surveying drug bioavailability up to 30 minutes post-injection. (i) free CG820; (ii)
PLGA50:50

CG; (iii) HA-terminated 6L NP; (iv) Alg-terminated 6L NP; (v) DXS-terminated

6L NP. Representative 48 h study shown in Supplemental Figure 1. IVIS images at CG

channel (λex = 745 nm, λem = 820nm), surveyed up to 30 min and subsequently opened.

Region of interest analysis shows ~70% injected dose associated with the liver (white

dashed circle identified with an arrow) after 5 minutes for free CG, ~55% for PLGA50:50
CG,

~28% for DXS-terminated and ~15% for Alg- and HA500K-terminated 6L NPs; n = 3. (B)
Carrier stability panel, surveying nanoparticle biodistribution up to 30 minutes post-
injection. (i) free PLL700; (ii) DXS-terminated 6L NP; (iii) HA-terminated 6L NP; (iv) Alg-

terminated 6L NP. Nanoparticle tracking facilitated by labeling of first polycationic layer

(PLL) in 6L NP architecture with Cy5.5. Representative 48 h study shown in Supplemental

Figure 2. IVIS images at PLL700 carrier channel (λex = 640 nm, λem = 700 nm) were

surveyed up to 30 minutes. Region of interest analysis yields ~50% injected dose associated

with the liver (white dashed circle identified with an arrow) after 5 minutes for free PLL700,

as compared to ~25% for DXS-terminated, ~15% for HA500K-terminated, ~12% for Alg-

terminated 6L NPs. (PLGA) poly(lactic-co-clycolic acid), (PLL) poly(L-lysine), (DXS)

dextran sulfate, (Alg) alginate, (HA) hyaluronic acid, (CG) cardiogreen; n = 3.
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Figure 4. Pharmacokinetic data for the nanocarriers (PLL700, CG820), as a function of terminal
layer and the encapsulated drug, CG820
(A, B) Biodistribution profile of carrier via PLL700 tracking (λex = 640nm, λem = 700 nm

and CG820 (λex = 745 nm, λem = 820 nm) 30 minutes post-injection (n=3). Raw data shown

in Supplemental Figure 3. (C) Profile of CG recovery in murine feces (3 total mice feces/

experimental group). λex = 745 nm, λem = 820 nm. Data presented as fraction initial dose

over a 48h period. (D) Dose-dependent co-injection of free polymer with corresponding

polymer-terminated 6L NP. Liver-associated CG820 fluorescence (λex = 745 nm, λem = 820

nm) collected 15 min following iv administration. Data normalized to average value

associated with 6L NP without free polymer co-injection. Raw data shown in Supplemental

Figure 4. (E, F) Circulation profile of CG820-loaded NP formulations for both the carrier

(λex = 640 nm, λem = 700 nm and encapsulated drug (CG820). Raw data shown in

Supplemental Figure 5. (PLGA) poly(lactic-co-clycolic acid), (PLL) poly(L-lysine), (DXS)

dextran sulfate, (Alg) alginate, (HA) hyaluronic acid, (CG) cardiogreen; n = 3, mean +/−

SEM.
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