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PROJECT OBJECTIVES: The overall objective of this Nanoscience Interdisciplinary Research Team project is to construct hybrid stimuli-responsive inorganic nanoparticles for controlled delivery of bioactive agents. The focus is on the fabrication of hybrid inorganic porous nanoparticles with “on-off” pore caps on their surface made of thermal and pH - responsive recombinant polymers1. These hybrid nanostructures provide the benefit of robust inorganic cores (gold, silica or iron-oxide) on one hand where their size and porosity do not change in biological environments, and the flexible surface grafted polymers on the other allowing controlled drug release (Fig 1). The Specific Aims of the project are: (1) To synthesize and characterize porous nanoparticles made of gold, silica or composites thereof; (2) To engineer stimuli-sensitive polymers, (3) To graft polymers to nanoparticles and evaluate biomolecule loading, diffusion, and release from the hybrid nanoconstructs as a function of environmental conditions.

METHODS AND RESULTS: 
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(1) Synthesis and characterization of core nanoparticles: A novel rapid aerosol process was developed2 to produce spherical nanosized nanoporous silica particles, in which salt (NaCl) was employed to accelerate the kinetics of silica gelation and as a templating medium to support the formation and stability of pore structures (Fig 2a). Salt inclusion also offers the advantage of being recyclable, inexpensive, thermally stable, and readily removed by aqueous wash. Allowing a sufficient hydrolysis time (<50 h), the aqueous silica particles grew and formed three-dimensional gel networks in solution. After the precursor solution was aged, the solution was aerosolized. The aerosolized droplets containing silica, H2O, EtOH, and salt were solidified in a drying process at room temperature. Subsequent heating (400 °C), in which both the silica and salt (melting temperature 800 °C) remained stable, completed the aerosol-gel chemistry. This approach can be extended to various material synthetic methods and other applications, including material properties enhanced by large internal surface area and pore volume. Ultra porous particles synthesized by this technique were characterized by transmission electron microscopy (TEM) which shows the formation of either porous (Figure 2b) or hollow shell (Fig 2c) structures.

(2) Synthesis and characterization of polymers: We proposed that porous nanoparticles will be grafted with elastin-like peptides (ELPs) which assume a collapsed state at 37°C and block the particle pores, preventing drug release. The general structure of the proposed peptides is [(GVGVP)m-(GXGVP)n]z3. In response to changes in pH the grafted ELPs will be in the ionized soluble form, allowing drug release. Such drug release mechanism relies heavily on the isothermal phase transition of ELPs which, in a sense, will act as “trap doors” to the drug-loaded nanoparticle pores. Our modified strategy is to first obtain synthetic stimuli-responsive ELPs using solution phase synthesis followed by atom transfer radical polymerization (ATRP). Histidine (pKa 6.0) (X=H) is introduced in the polymer sequence in order to lower the pKa of the ELPs and slightly shift their phase transition to lower pH values. The fraction of ionizable monomers containing the histidine residue at the X position can be varied from 2% to 10 % to control pH sensitivity. So far we have synthesized VPGVG and VPGHG monomers by step-wise solution phase peptide synthesis starting from individual amino acids that are commercially available. Their identities were characterized by mass spectrometry and thin layer chromatography. Polymerization of monomers is under way. Once the optimized polymer structure is identified, analogs will be prepared by recombinant techniques.  
(3) Bioconjugation of nanoparticles and in vitro characterization studies:
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a. Conjugation of bioactive peptides. In order to establish a general conjugation strategy for attaching biomolecules to nanoparticle surfaces, 4.5nm gold nanoparticles were coupled with a model linear RGD peptide which is known to bind to receptors on endothelial cells around tumor as well as tumor cell surfaces. The chemistry of conjugation was based on modifying RGD peptide with a disulfide linker to couple on gold surface (Fig 3). The gold nanoparticles contained 21.8uM RGD corresponding to approximately 193 molecules of RGD per single nanoparticle. This study sets the stage for subsequent coupling of the proposed peptide-based polymers to the particles.

b. Biomolecule loading and release. Conventional uptake/release studies in conjunction with microscopic single-particle studies were used to evaluate small molecular weight drug uptake and release.  In these studies doxorubicin was used as a model drug to evaluate loading and release from model nanoporous alumina particles (pore diameter ~11 nm and particle diameter < 20 (m).  The temperature dependence of doxorubicin loading and release from porous alumina was evaluated.  A significant increase in both the rate and amount of release was observed between studies conducted at 20 and 37 °C (Fig 4).  These results show that biomolecule release is a thermally activated process with a significant entropic component.
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c. Biocompatibility. To evaluate the safety of the gold-RGD conjugates a standard growth inhibition assay (MTT) was used. Briefly nanoparticle conjugates were incubated at different concentrations with a model endothelial cell line namely HUVEC. Nanoparticles were incubated with cells for 72 hrs and assayed for cell survival. Results (Fig 5) demonstrate no significant toxicity of the conjugates compared to free peptide or control unmodified nanoparticles.
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Nanoparticles are internalized and in  the intracellular endosomal  compartment reduction of pH leads  to complete solubilization of  polymer and opening of all trap  door s . As a result additional  controlled diffusion of biomolecules  occurs .  

d. Gold nanoparticles as biosensors: In an effort to develop bioconjugated nanoparticles for sensing applications, we have functionalized gold nanoparticles with lactose and demonstrated that they bind to cell surface lactose receptors of Neisseria, a biological pathogen, and that the binding leads to dramatically enhanced luminescence (Fig 6).  Control experiments demonstrated that the binding was highly specific only for the lactose conjugate. The selective binding with a concomitant increase in luminescence is the basis of an optical probe for investigations of internalization of Neisseria, the key step in bacterial infection of endothelial cells4.
FIELD OF IMPACT: Once developed, the hybrid nanostructures can be broadly applied in sensing, separation, diagnostics and other areas where smart materials are utilized. This project has facilitated the training of graduate students and postdoctoral fellows able to work at the interface of mechanical engineering, chemistry, material science and pharmaceutics designing novel nanoconstructs for use in biomedical applications.
*Present address: University of Utah Departments of Pharmaceutics & Pharmaceutical Chemistry and Bioengineering. For further information about this project email hamid.ghandehari@pharm.utah.edu
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Fig 1. Rationale of active nanoparticles for controlled chemical delivery. 





Fig 4.  Doxorubicin release from porous model alumina particles at 37 °C (red) and 20 °C (black).





Fig 2. Fabrication of porous nanoparticles by controlled chemical evaporation; (B-C) Transmission electron microscopy (TEM) images of (B) Porous and (C) Hollow silica nanoparticles





Fig 3. Structure of gold-nanoparticle-RGD conjugate





Fig 5. Growth inhibition assay of gold nanoparticle-RGD peptide on model endothelial cells demonstrating biocompatibility of nanoparticle conjugates.





Fig 6. Fluorescence of Neisseria gonorrhoeae under broadband UV irradiation with red and green filters.  Lane 1:  autofluorescence of cells with no additives.  Lane 2:  cells containing citrate coated 3 nm gold nanoparticles. Lane 3:  cells containing glucose coated gold nanoparticles.  Lane 4:  cells containing lactose coated gold nanoparticles. 








