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Membrane proteins in living cells can specifically recognize an array of structurally unrelated chemotoxics and assemble membrane transporters (efflux pump) optimized for extruding them selectively out of the cells.  These smart sensing and transport mechanisms occur at the nanoscale regime.  In this NIRT program, we aim to develop biocompatible photostable nanoparticle (NP) photonic probes to study such fascinating sensing and transport mechanisms in single living cells in real-time, and to assess the potential environmental impacts of nanomaterials.  

To this end, we have designed and synthesized a mini-library of NPs with different physical and chemical properties, which serves as a model system.  We have developed in vivo assays (early development of zebrafish embryos) to systematically characterize the dependence of biocompatibility and toxicity of NPs on their physical and chemical properties.  The updated results are summarized below:    

Aim 1:  We have designed, synthesized and characterized a mini-library of NPs that possess different sizes, different chemical and surface properties.  We have developed a simple washing approach to prepare purified and stable NPs that are not aggregated in desired buffer solutions and media,1 allowing us to investigate their biocompatibility and toxicity in living organisms,2,3 and to probe the dependence of membrane transport, biocompatibility and toxicity of NPs upon the size, surface and chemical properties of NPs.2,3  We found that these NPs are photostable (non photodecomposed and non-blinking) (Fig. 1),1-4 allowing us to use size-dependent optical properties of single NPs to image transport of single membrane transporters in single living cells in real time at the nanometer resolution. 
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Fig. 1: Characterization of sizes and photostability of Au NPs: (A) HRTEM images of Au NPs show the size (11.6 ± 0.9 nm) and nearly spherical shape of single Au NPs. Scale bar = 20 nm (B) dark-field optical image of single Au NPs shows that the majority of NPs are green with some being orange.  (C) Plots of scattering intensity of (a) a single green Au NP and (b) background versus illumination time, show that the intensity of the NPs remains unchanged over time, demonstrating photostability of the NPs. 
To enable rational design of single NP photonic probes for a wide variety of applications, it is essential to investigate high dependence of optical properties (e.g., local surface plasmon resonance spectra) of individual noble metal NPs upon their morphologies and surrounding environments.  Unfortunately, it remains challenging to correlate optical properties of single NPs measured at the sub-microscale scale, with morphologies of single NPs characterized at the nanometer scale.    
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We have developed a new and effective methodology to correlate and characterize three-dimensional morphologically dependent localized surface plasmon resonance (LSPR) spectra of single Ag NPs.5 We fabricated arrays of distinctive microwindows on glass coverslips using photo-lithography method, and created well-isolated individual Ag NPs with a wide variety of shapes and morphologies on the glass coverslips using a modified nanosphere lithography method (NSL).  Using distinctive geometries of microwindows, we located individual Ag NPs of interest in their optical and AFM images, enabling us to correlate and characterize the LSPR spectra and 3D morphologies of the same single NPs using dark-field optical microscopy and spectroscopy (DFOMS) and AFM, respectively, as shown in Fig. 2.  
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Fig. 2: Correlation of single Ag NPs using micro-patterned windows: (A): (a) AFM images, (b) optical true-color images and (c) CCD images of single Ag NPs in a hexagon micro-patterned window, respectively; (B) Zoom-in images of individual NPs squared in (A), showing the correlation of (a) AFM images of given single NPs at nanometer scale with (b) optical true-color images and (c) CCD images of single Ag NPs at micrometer scale, as illustrated by a circled NP.  Scale bar is 5 μm in (A: a-c) and 0.5 μm in (B: a-c).  Note that the scale bars in (b-c) show the distances among individual NPs, but not the sizes of single NPs since they are imaged under optical diffraction limit.    

We found that LSPR spectra of single Ag NPs, with nearly equal volume [(8.6 ± 0.4) x103 nm3], cross-section [(2.2 ± 0.2) x102 nm3], and height (39.6 ± 3.6 nm), highly depend on their shapes, showing the red shift of peak wavelength to 629 nm (quasi trapezoidal cylindrical NP) from that of 506 nm (quasi circular cylindrical NP).  Furthermore, we found location-dependent LSPR spectra on and around a single NP, offering a unique opportunity to characterize multi-mode plasmonic NPs at nanometer resolution for better understanding their plasmonic optical properties and for rational design of single NP optics.5
Co-PI (Van Duyne) at Northwestern University continues to develop wide-field imaging and LSPR spectroscopy to study Ag NPs with desired shapes at the single-NP level.6  Co-PI (Hani E. Elsayed-Ali) at ODU has developed photo-lithograph and e-beam lithographic methods to create single NP arrays.  His group has been working with Xu group to study the dependence of optical properties (especially LSPR spectra) of single nanoparticales on their physical properties and surrounding environments.5 
Aim 2: We have constructed and characterized membrane pump proteins fused with fluorescence proteins and are currently studying their function using biocompatible NPs.
Aim 3: We have designed in vivo assays (early development zebrafish embryos) and used them to characterize biocompatibility and toxicity of mini-library of NPs prepared in Aim 1.  We have found that the biocompatibility and toxicity of NPs highly depend on their chemical properties.2-3  
For example, we have synthesized and characterized stable (non-aggregation, non-photobleaching and non-blinking), nearly monodisperse and highly-purified Ag and Au NPs, and used them to probe transport of cleavage-stage zebrafish embryos and to study their effects on embryonic development in real time.  We found that single Au and Ag NPs (11.6 ± 0.9 nm in diameter) passively diffused into chorionic space of the embryos via their chorionic-pore-canals and continued their random-walk through chorionic space and into inner mass of embryos.2,3  Diffusion coefficients of single NPs vary dramatically as NPs diffuse through various parts of embryos, suggesting highly diverse transport barriers and viscosity gradients of embryos.1-3    
The amount of Ag and Au NPs accumulated in embryos increase with its concentration (Fig. 3).  Individual Ag and Au NPs were observed inside embryos at each developmental stage, and in normally developed, deformed, and dead zebrafish, showing that biocompatibility and toxicity of Ag NPs and types of abnormalities of zebrafish highly depend on the dose of Ag NPs with a critical concentration of 0.19 nM.3  Rates of passive diffusion and accumulation of Ag NPs in embryos are likely responsible for the dose-dependent abnormalities.  Interestingly, the effects of Au NPs on embryonic development are not proportionally related to the concentration.2  
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Fig. 3: Optical images of the gastrulation-stage embryos in (a) egg water alone and incubated with (b) 0.05, (c) 0.20, and (d) 1.20 nM Au NPs for 4 h since its cleavage stage.  The embryos in (b-d) show the reddish and darken burgundy color of Au NPs, suggesting that the amount of accumulated Au NPs in the embryos increases with concentration.  Scale bar = 500 µm.  Note that the cleavage-stage embryos develop to gastrulation stage in 4 h.  

Majority of embryos (74% on average) incubated chronically with 0.025-1.2 nM Au NPs for 120 h developed to normal zebrafish, with some (24%) being dead and few (2%) deformed (Fig. 4).2  These results show that Au NPs are much more biocompatible (less toxic) to the embryos than Ag NPs, suggesting that they are better suited as biocompatible probes for imaging embryos in vivo.  The results provide powerful evidences that biocompatibility and toxicity of NPs highly depend on their chemical properties, and the embryos can serve as effective in-vivo assays to screen their biocompatibility.  
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Fig. 4: Illustration of transport of single Au NPs (1.20 nM) into a cleavage stage zebrafish embryo, leading to 74% normally developed, 2% deformed and 24% dead zebrafish.
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We developed a new approach to image and characterize individual Ag and Au NPs embedded in tissues using histology sample preparation methods and LSRP spectra of single NPs, offering new opportunities to unravel the related pathways that lead to the biocompatibility and abnormalities (Fig. 5).  
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Fig. 5: Characterization of individual Ag NPs embedded inside a fully developed (120 hpf) zebrafish using DFOMS: (A) optical image of a fixed normally developed zebrafish.  The rectangles (i-v) highlight representative areas: (i) retina, (ii) brain (mesencephalon cavity), (iii) heart, (iv) gill arches, and (v) tail. (B) Zoom-in optical images of single Ag NPs embedded in those tissue sections outlined in (A).  Dashed circles outline the representative embedded individual Ag NPs.  Scale bar = 400 µm in (a); 4 µm in (b). (C) LSPR spectra of single Ag NPs.
Educational and Outreach Activities 

We have actively integrated research activities with educational activities.  Three investigators at ODU, Xu (Chemistry and Biochemistry), Osgood (Biological Sciences), and Elsayed-Ali (Electrical and Computer Engineering), have worked closely and developed a new interdisciplinary course, entitled Frontiers in Nanoscience and Nanotechnology (Chem/Bio/ECE 460/560) for graduate students and senior undergraduates.  We have compiled all teaching materials during the last three years and co-taught the course in Spring 2009.  This interdisciplinary graduate and undergraduate course is unique at our institution.  This new course received enthusiastic support from our university and students.  Though the course is not required, graduate and undergraduate students in Colleges of Sciences and Engineering (Departments of biology, chemistry and engineering) have taken this course.  Students show their strong interest in learning more about nanosciences and nanotechnology.  We also strongly encourage students to talk to their family members, relatives, friends, and neighbors about nanosciences and nanotechnology, and to help outreach activities.

The course includes appreciable background on the fundamentals of nanotechnology, and focuses on introducing new frontiers in nano- and bio- materials, as well as the integration of nanotech with biotech.  Furthermore, we have each integrated our research findings into other graduate and undergraduate courses that we teach.  

The Co-PI (Elsayed-Ali) has further developed a graduate course entitled “Plasma Processing at the Nanoscale” (ECE 472/572), which includes a significant component in nano-engineering.  He has taught this course to students at other universities in Virginia via ODU distance learning program using our state-of-the-art TELETECH facilities.
Old Dominion University is a partner in the NSF funded “Virginia Partnership for Nanotechnology Education and Workforce Development (PFI)”, which was awarded to six Virginia universities.  This NIRT program allows us to develop synergistic educational and training activities with the PFI program and interacts with colleagues at other Virginia Universities.  Co-PI (Elsayed-Ali) is track coordinator of nano-manufacturing in PFI program.  

We also have actively participated in annual Scholarship Day, at which our graduate and undergraduate students gave a tour of our labs to local advanced high school students, and did several demonstration experiments.  PI and Co-PIs had given 9 invited public seminars about this NIRT program around the nation this past year.  The students and faculty members involved in this NIRT program delivered 13 presentations at national and international conferences.

In summary, we have carried out a wide variety of research and educational activities, and made substantial contribution to an array of disciplines, including chemistry, biology, nanobiotechnology, material science, and engineering.  We have generated 11 publications, 14 presentations, and 9 invited seminars (public lectures).  This NIRT program creates an interdisciplinary educational and research opportunity for our students.  
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