
KOREA INSTITUTE OF SCIENCE AND TECHNOLOGY – PURDUE UNIVERSITY GLOBAL RESEARCH LABORATORY 

Multi-Component, Multi-Functional Nanomedical Systems for  
Drug/Gene Delivery 

 
Mary-Margaret Seale-Goldsmith1, Emily Haglund1, Christy L. Cooper2, Lisa M. Reece2, 

 Deborah W. Knapp3,6, and James F. Leary1,2,4,5,6 
 

1Weldon School of Biomedical Engineering,  
 2Department of Basic Medical Science and 3Department of Veterinary Clinical Sciences  

of the School of Veterinary Medicine,  
4Bindley Biosciences Center and  5Oncological Sciences Center of Discovery Park,  

6Purdue Cancer Center,  
Purdue University, West Lafayette, IN 47907 

Email:  jfleary@purdue.edu 
 

ABSTRACT 
         In this brief paper we describe some of our recent efforts to construct multi-component, 
multi-functional nanomedical systems for delivery of therapeutic genes. We first describe the 
general philosophy of our approach. Then we describe three specific aspects of the overall 
construction in simple examples. Finally we show the results of these efforts including the 
successful delivery and expression of genes as seen through reporter gene expression and 
fluorescent analysis of single treated cells.  
 

1.  INTRODUCTION 
 
1.1  Introduction – Molecular Imaging, Drug Delivery and Theragnostics 
     Multi-component, multi-layered nanoparticles can perform a chemically choreographed 
sequence of events in the multi-step process of cell targeting and drug or gene delivery with 
nanomedical systems. In addition, the use of specific nanoparticle core materials and other 
components can provide for multi-modal in-vivo molecular imaging as part of the general 
process of "theragnostics", i.e. simultaneous diagnostics and therapeutics.  
 
1.2  Nanoparticle cores for interactive molecular imaging 
    Core nanoparticle materials provide a means of both providing imaging contrast agents for 
optical or magnetic resonance imaging (MRI) for enhanced in-vivo imaging. In addition they 
provide a way of transducing energy into the nanomedical system to guide the targeting process 
itself or to provide a means of transducing energy, e.g. in the form of heat for hyperthermal 
therapies. This way of interacting with the nanomedical systems in-vivo may be thought of as a 
form of "interactive molecular imaging".  
 
1.3  Multi-component, multilayered nanoparticles to create nanomedical systems 
     Using multiple components, or single components with multiple functions, the overall 
systems can be most simply described as multilayered nanomedical systems whereby each layer 
serves a specific function and the layer-by-layer disassembly provides an orderly control of the 
sequence of events in a form of "programming" using the chemical components of these layers to 
control the order of events(Leary and Prow, US patent Pending; Prow et al. 2004a,b; 2005; 
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2006a,b)  This programmable nanomedical system that can guide itself through a complex, 
multi-step process characteristic of any drug delivery processes to target cells (Figure 1). 

 
 
 
 
 
 
 
 
 
 

Figure 1A: General sequence of at least four steps for nanomedical systems (NMS) 
interacting with the targeted cell of interest: (1) nanoparticles in the extracellular 
environment, (2) NMS attachment to the cell membrane and its proper entry, (3) intracellular 
targeting to desired site of action, and (4) delivery of drugs or production of therapeutic genes 
at the desired site. Figure 1B: A multilayered nanoparticle system contains targeting, 
biosensing and drug delivery molecules that are released a layer at a time. This produces a 
smart nanoparticle system that results in “molecular programming”, an ordered series of 
events, for drug/gene delivery. Biosensing molecules allow the feedback-controlled release of 
drugs, or expression of therapeutic gene sequences, at the individual cell level. 

 
1.4  In-situ manufacture of therapeutic genes for nanomedicine 
     Even if the complex, multi-step process of cell targeting and drug delivery is successful, a 
remaining important problem exists, particularly for the case of regenerative nanomedicine 
whereby the goal is not to simply kill the diseased cell but rather try to keep it alive but change 
its behavior, for example, through alteration of its gene expression profile. This task is much 
more complex than simple killing and requires precise doing of drugs or genes at a single cell 
level. Controlling the number of nanomedical systems that successfully target and deliver drugs 
to an individual cell is an extremely difficult, perhaps impossible, task due to the inherent rare-
cell targeting problem (Leary, 1994). An alternative approach is to not deliver a drug but rather a 
gene manufacturing template to the cell and transcribe therapeutic gene sequences under the 
control of an upstream molecular biosensor in a feedback control guided process as is 
conceptually shown in Figure 2. In the results section we describe an implementation.  

 

Figure 2: Schematic showing how  
multilayered nanomedical systems can 
deliver a therapeutic gene manufacturing 
template, driven by an upstream promoter 
sequence, which also acts as an ON/OFF 
molecular biosensor switch depending on 
whether therapeutic gene targets are 
present in sufficient quantities to turn the 
switch on. 
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2.  MATERIALS AND METHODS 
 
2.1  Synthesis of monodisperse oleic acid-stabilized iron oxide nanoparticles. 
     Synthesis of monodisperse oleic acid-stabilized iron oxide nanoparticles was recently 
successfully accomplished in our labs following a procedure based on pyrolysis of iron 
carboxylate salts at high temperatures using high boiling point solvents such as octadecene (Yu 
et al., 2004). Nanoparticles synthesized via this method can be made water-soluble by 
conjugating amphiphilic polymers to the oleic acid molecules that are located at the surface of 
the iron oxide nanoparticles. For this work, the alternating copolymer of maleic anhydride with 
1-octadecene was conjugated to oleic acid-stabilized iron oxide nanoparticles (Yu et al., 2006). 
For prolonged blood circulation in vivo, various branched poly (ethylene glycol) (PEG) 
molecules are currently being explored for conjugation to the maleic anhydride units of the 
alternating copolymer such that the nanoparticles will have Stealth properties (Verrecchia et al., 
1995) With the branched PEG, these new nanoparticles should have increased resistance to 
degradation by the immune system relative to non-PEGylated nanoparticles. It has been shown 
that shorter, branched PEG molecules provide better Stealth capabilities to nanoparticles than do 
longer, linear PEG molecules (Stolnik et al., 1995). Stealth capabilities are critical to this 
research because, ultimately, the core nanoparticles will be built up layer-by-layer such that they 
contain, in addition to the PEG biocoating, a cell targeting layer, molecular biosensors to 
measure the status of the cell and control the dosing of therapeutic agents such as DNA repair 
genes or cancer drug. (Prow et al., 2004a, Prow et al., 2006a,b). The Stealth PEG layer will help 
prevent premature nanoparticle degradation prior to reaching the target cells and prior to delivery 
of the therapeutic agent.  
     TEM analysis was performed on the monodisperse oleic acid-stabilized iron oxide 
nanoparticles particles using an FEI Titan 80-300kV Environmental Electron Microscope. Dilute 
suspensions of nanoparticles dispersed in acetone were briefly sonicated, filtered through 0.22um 
membrane filters, and then deposited onto 300 mesh copper-coated holey carbon TEM grids and 
allowed to air dry 2-3 days prior to analysis. High resolution images were obtained by using an 
acceleration voltage of 300kV (Figure 4A). All TEM images were analyzed using the image 
analysis program ImageJ v 1.36b (NIH, downloaded at rsb.info.nih.gov/ij/). Nanoparticle 
diameters were determined in ImageJ by first setting the measurement scale for each image using 
the scale bars displayed on the original images and then using a macro within ImageJ to 
determine the diameter of individual outlined particles. The average diameter for a sampling of 
fifty iron oxide nanoparticles located within ten different TEM images obtained for the same 
sample was determined to be 19nm +/- 3nm. These particles are approximately spherical and 
have a narrow size distribution (Figure 4B). The majority of nanoparticles in this population 
range from 18-22nm in diameter. Further size fractionation could be achieved by subjecting 
particle solutions to size exclusion chromatography, ultracentrifugation, or dialysis. 
 
2.2  Attachment of targeting peptide to Quantum dots (Qdots)  

In order to achieve nanoparticle uptake into cells, it was determined necessary to prepare 
nanoparticles to which a targeting peptide was directly conjugated. The targeting peptide chosen 
for this study was sequence specific to SkBr3 human breast cancer cells, Leu-Thr-Val-Ser-Pro-
Trp-Tyr (LTVSPWY). The peptide was synthesized via standard Fmoc deprotection of 1.07 meq 
4- alkoxybenzyl alcohol resin (Bachem Bioscience, Inc., King of Prussia, PA) using a MultiPep 
automated peptide synthesizer (Intavis AG, Bioanalytical Instruments, Carolina, Puerto Rico) at 
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a 5 µmol scale.  The targeting peptide, LTVSPWY, (Shadidi et al., 2002) was coupled to the 
Qdots using standard peptide coupling conditions. Thus, the amino protected peptide was 
dissolved in NMP (N-methylpyrrolidone, Sigma-Aldrich, Atlanta, GA), activated with HATU 
(O-(7-azabenzotriazole-1-yl)-N,N,N’N’-tetramethyluronium hexafluorophosphate, Sigma-
Aldrich, Atlanta, GA) and allowed to dissolve for 5 min. Diisopropylamine (DIEA, Sigma-
Aldrich, Atlanta, GA) was added to the stock Qdot solution, which was then added to the 
equilibrated peptide solution. Following overnight stirring, the reaction mixture was filtered 
using a 10,000 molecular weight cut off (MWCO) filter (Millipore, Billerica, MA) and 
concentrated to 1 mL in phosphate buffered saline (PBS) without Ca++/Mg++ (Sigma, St. Louis, 
MO). The final concentration of the modified Qdots was ascertained by using a Varian Cary-3 
UV-Vis spectrophotometer (Varian, Inc., Palo Alto, CA) equipped with a Peltier device (Varian, 
INC., Palo Alto, CA) and was determined to be 5.49 μM.  Fluorescent measurements using a 
Varian Cary Eclipse spectrophotometer (Varian, Inc., Palo Alto, CA) showed that the modified 
Qdots exhibited an emission maximum identical to the unmodified Qdot. 

 

Figure 3: Schematic of targeting 
peptide conjugated to amino–
functionalized PEG coated Qdots 
targeting SkBr3 breast cancer cell. 

 
 

3.  RESULTS AND DISCUSSION 
 
3.1 Synthesis of ferric oxide nanoparticles 
      Ferric oxide nanoparticles approximately 20 nm in diameter were successfully synthesized in 
our laboratory using the methods described in Section  2.1. Electron micrographs were taken of 
these particles and their size distribution was measured (Figure 4): 

 
 
 
 
 
 
 
 
 
 

Figure 4:  (A) Representative TEM image of oleic acid-stabilized iron oxide nano-particles 
that indicates  how individual particles were identified, outlined, and then analyzed in the 
NIH ImageJ  software program. Oleic acid-stabilized iron oxide nanoparticle size 
distribution. (B) Plotted are the percentage of nanoparticles of each diameter in a 
population containing fifty nanoparticles. Individual particle diameters were rounded to the 
nearest integer value. 
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3.2 In vitro targeting of peptide-conjugated Qdots to human cells 
 The peptide conjugated Qdots were applied to both the SkBr3 cell line and a negative control 
breast cancer cell line, MCF-7.  Prior to the experimental samples, a positive universal peptide 
attached to the Qdots was applied to both cell lines to determine cellular compatibility with this 
type of nanoparticle.  Both cell lines had a positive response to the universal peptide conjugated 
Qdots.  For the experimental sample, SkBr3 cells responded with a strong positive reaction to the 
peptide targeted nanoparticle previously described in Figure 3.  The SkBr3 cells had the peptide-
conjugated quantum dots located in the cytoplasm and on the cell membrane, in addition to their 
presence on every cell in the examined populations (Figure 5).  The MCF-7 cells provided a 
negative control cell population, with only one cell having nanoparticles were located on the cell 
membrane of one cell in the sampled populations.  It is hypothesized that this cell was damaged 
or had a disturbed membrane which allowed the nanoparticles to achieve their location on that 
cell. 
 After positive results were achieved in vitro, a following research step was to develop an in 
vivo mouse model that could determine the distribution of the functionalized and targeted Qdots 
in major organs and to examine toxicity. This in vivo model is a work-in-progress that will be 
utilized to further evaluate the potential applications of this technology as a targeting, imaging, 
and future diagnostic and therapeutic agent.  

Figure 5: Experimental and 
positive control samples of 
the LTVSPWY peptide and 
nonspecific peptide 
conjugated to Qdots.  MCF-7 
cells provided a negative 
control cell line.  SkBr3 cells 
provided the targeted cell line.  
The SkBr3 cells are 
LTVSPWY-positive, whereas 
the MCF-7 cells are 
LTVSPWY-negative.  Both 
cells lines had positive 
responses to the nonspecific 
peptide Qdots. 

 
3.2 In-situ manufacture of genes tethered to ferric oxide nanoparticles 
     In other work (Prow et al., 2006a,b) we have demonstrated that genes tethered to ferric oxide 
nanoparticles can transcribe copies of genes inside living cells. For visualization purposes we 
transcribed eGFP and DsRed reporter genes tethered to ferric oxide nanoparticles which were 
used to transfect cells. Results were visualized using fluorescence Confocal microscopy and 
shown in Figure 6. 
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Figure 6: Construction and anatomy of magnetic nanoparticles. A: Conjugation of biotin-
labeled transcriptionally active PCR products (TAP) DNA to streptavidin-coated magnetic 
nanoparticles (MNP). A 0.8% agarose gel stained with ethidium bromide was used to 
visualize DNA and DNA tethered nanoparticles. The leftmost lane are molecular weight 
markers, from 1 to 10 kb (MW). Lane 1 contains only 5' biotin-tagged TAP DNA (Black 
rectangular outline). Lane 2 is a solution containing DNA from Lane 1 combined with 
streptavidin-coated magnetic nanoparticles. The black rectangular outline in Lane 2 
highlights 5' TAP tethered magnetic nanoparticles. A: Schematic of the construction of the 
MNP. B: The layered anatomy of a lipid coated DNA tethered nanoparticle. C: Schematics 
of the two DNA constructs used to assess transfection and ARE activity. Lipid-coated 
nanocrystal transfected human retinal epithelium cells. Cells were cultured with lipid-coated 
nanocrystals tethered to either EGFP (green in D) or DsRed (red in E) for 48 h or 10 days, 
respectively. Confocal microscopy was used to visualize nanocrystals and tethered 
fluorescent gene expression. The nanocrystals are marked by white arrows. 
Adapted from our previously published work (Prow et al, 2006a,b).  

4.  CONCLUSIONS 
   We have demonstrated that peptide targeted Qdot nanoparticles can specifically bind to 
targeted human cells.  Monodispersed ferric oxide nanocrystals were synthesized in a manner 
suitable for their subsequent use in aqueous environments.  We have also shown that genes 
attached to magnetic ferric oxide nanoparticles can be manufactured inside living cells and 
assessed using fluorescence confocal microscopy. 
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