Development of Gold-Lipid Nanocomposites as a Two-Stage Drug Delivery System

Introduction
Chemotherapeutic drugs such as doxorubicin are cytotoxic agents that are effective at killing cancer cells, but also cause non-target toxicity due to their lack of selectivity. Stealth liposomes have been used as an effective strategy for improving drug delivery and limiting systemic toxicity, but can still suffer from inconsistencies in formulation, poor drug exposure profiles and poor detection in vivo. Stealth liposomes can circulate in the body for periods as long as multiple days. The enhanced permeability and retention (EPR) effect is a characteristic of poor vascular development in cancerous tissues that leads to leaky vasculature, permitting enhanced extravasation and accumulation of nanoparticles (relative to free drug) due to their size.  Gold nanoparticles have a host of advantageous properties for a drug delivery and imaging platform, including biocompatibility, chemical flexibility, tunable optical properties, and more, but are limited by very short circulation times in the body (approximately 4 hours or less). We hypothesized that a scalable solvent injection method could be used to create novel nanocomposite systems that consist of gold nanoparticles encapsulated within liposomes to improve drug delivery while also permitting non-invasive imaging.
Materials and Methods
Glutathione-capped gold nanoparticles were synthesized by a borohydride reduction of chloroauric acid and glutathione in a solvent composed of water and methanol. The relative amounts of each reagent were varied to investigate their significance as parameters useful for the control of the nanoparticles’ properties. Purification was performed by centrifugation and rinsing. Liposome formulations were prepared by injecting a lipid-ethanol solution (9:5:1 lipid molar ratio of DSPC:Cholesterol:DSPE-PEG) into water with agitation, followed by heating under mild vacuum to remove excess ethanol. The ethanol-water volumetric ratio was varied between 10% and 30% in order to optimize the conditions for liposome formation and produce small (under 100nm diameter), uniform particles (polydispersity index less than 0.3). Nanocomposites were prepared in a similar fashion: Nanocomposites – liposomes with gold entrapped in the aqueous core – were generated by using a suspension of the gold nanoparticles in place of the water used to synthesize traditional liposomes. The resulting particles were characterized by dynamic light scattering to determine their size distribution and effective surface charge (zeta potential). UV-Vis spectroscopy was used to quantify the entrapped gold nanoparticles, with absorbance measured across the UV, visible, and infrared spectra. We examined the in vitro cytotoxicity of these nanocomposites using mitochondrial enzymatic (MTT) and total protein (SRB) assays, which were used to analyze the potential growth inhibition in human prostate carcinoma (PC-3) cells. The intracellular uptake into PC-3 cells was quantified by labeling the nanocomposites with DiR, a non-exchangeable fluorescent membrane probe that excites and emits in the near-infrared range. Tumor and tissue biodistribution analysis in vivo was performed in athymic NCR mice using a human xenograft model of human prostate cancer, with aggressive, hormone-refractory PC-3 cells. The nanocomposites were tracked by labeling with DiR and dosing via tail vein injection, followed by non-invasive imaging (IVIS Lumina XR) 48 hours post-treatment. The nanocomposites and gold nanoparticles were also both analyzed for optical properties using the IVIS Lumina XR system.
Results and Discussion
We have synthesized 2-nm, glutathione-capped gold nanoparticles via the borohydride method described above. These particles are uniform in size (with polydispersity below 0.5) and display fluorescence when excited by infrared light. Liposomes and nanocomposites with narrow size distributions centered around 100 nm were prepared using the ethanol injection method described above. Even with gold entrapped, the liposomes maintained a similar size distribution​ profile (polydispersity index around 0.25) and a zeta potential near 30 mV, indicating good colloidal stability. These size and surface properties are essential, not only for particle stability (prior to application and in vivo) but also for the nanocomposites to passively target tumors via the EPR effect. These data also suggest that interactions between ethanol and the lipids leads to apparent lipid aggregation with ethanol in water compositions at and above 20% (v/v), meaning that particles prepared under these conditions have undesirable surface properties and reduced stability. In vitro studies suggest that the nanocomposites are non-toxic up to millimolar concentrations (greater than the desired clinical dose) and intracellular uptake of the nanocomposites was confirmed by scanning confocal microscopy using the DiR label. Intracellular uptake was observed to be at levels similar to established liposome formulations, regardless of the presence of gold nanoparticles. Preliminary in vivo imaging studies suggest enhanced tumor deposition relative to tumor volume for the nanocomposite formulations versus traditional liposomes after 48 hours. 
Conclusions:  We have developed and characterized a novel golid-lipidic nanocomposite consisting of 2-nm glutathione-capped gold nanoclusters entrapped within liposomes. An ethanol injection method resulted in consistent manufacturing of nanocomposites with desirable surface (stability) and size properties for cancer drug delivery. Further, this method is simple and highly scalable, rendering it more industrially and clinically relevant than traditional liposome formulations. These particles were taken up readily by aggressive, hormone-refractory prostate cancer cells and the data suggest that they possess enhanced tumor deposition properties in vivo compared to traditional long-circulating sterically stabilized liposome (SSL) formulations. The conjugation of therapeutic and imaging moieties to gold nanoparticles has been established in the literature, and future work will focus on utilizing these methods to incorporate drugs and imaging agents into the nanocomposites for truly multifunctional particles with controlled release properties. Preliminary results show that the particles we have created are readily conjugated to poly-(ethylene glycol) and paclitaxel by Steglich esterification. This strategy has the potential to address the problem of drug resistance in tumors by simultaneously delivering multiple drugs to tumors (even poorly-soluble ones, such as paclitaxel). Through the use of established targeting strategies such as phage display or cell-penetrating peptides, it is possible to create long-circulating, targeted nanocomposite carriers with intracellular drug release mediated by the surface chemistry of the entrapped gold nanoparticles. For example, hydrazine bonds have been used to design gold nanoparticles that will release conjugated doxorubicin only at pH levels found in the intracellular environment and not in the bloodstream. These novel nanocomposites have the potential to address the challenges traditionally associated with liposomes and provide a highly flexible imaging and drug delivery system for a variety of cancers.
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