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ABSTRACT 

 
   Design of multifunctional nanoparticles for multimodal in-vivo imaging and advanced targeting to diseased single cells 

for massive parallel processing nanomedicine approaches requires careful overall design and a multilayered approach. 

Initial core materials can include non-toxic metals which not only serve as an x-ray contrast agent for CAT scan imaging, 

but can contain T1 or T2 contrast agents for MRI imaging. One choice is superparamagnetic iron oxide NPs which also 

allow for convenient magnetic manipulation during manufacturing but also for re-positioning inside the body and for 

single cell hyperthermia therapies. To permit real-time fluorescence-guided surgery, fluorescence molecules can be 

included.  

   Advanced targeting can be achieved by attaching antibodies, peptides, aptamers, or other targeting molecules to the 

nanoparticle in a multilayered approach producing “programmable nanoparticles” whereby the “programming” means 

controlling a sequence of multi-step targeting methods.  Addition of membrane permeating peptides can facilitate uptake 

by the cell. Addition of “stealth” molecules (e.g. PEG or chitosan) to the outer surfaces of the nanoparticles can permit 

greatly enhanced circulation times in-vivo which in turn lead to lower amounts of drug exposure to the patient which can 

reduce undesirable side effects. Nanoparticles with incomplete layers can be removed by affinity purification methods to 

minimize mistargeting events in-vivo. 

   Nanoscale imaging of these manufactured, multifunctional nanoparticles can be achieved either directly through super-

resolution microscopy or indirectly through single nanoparticle zeta-sizing or x-ray correlation microscopy. Since these 

multifunctional nanoparticles are best analyzed by technologies permitting analysis in aqueous environments, super-

resolution microscopy is, in most cases, the preferred method. 
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1. INTRODUCTION 

 
Nanomedicine is a fundamentally different approach to medicine and will eventually take its place as one of the 

revolutionary new medical technologies of the 21
st
 century

1
. While conventional medicine is still at organ level, it should 

be understood that human disease is ultimately at single cell level. This means that human disease must be thought of in 

very different terms. Disease is ultimately defective molecular processes at single cell level. Hence a nanomedical 

approach to cell medicine must involve detecting and correcting, if possible, those defective molecular mechanisms. As 

with many new approaches initial hype is tempered with reality as there is a mixture of successful and unsuccessful 

attempts to achieve the promise of the new technology. This then inevitably leads to overly severe criticisms. A proper 

perspective takes into account both failures and successes. As I have written previously, I believe that the reality will 

eventually reach a more realistic level fulfilling the promise that nanomedicine deserves
2
. 

 

Advanced drug delivery is not just bringing the drug to the surface of the cell. It must also guide that drug to the 

appropriate subcellular organelle and/or three-dimensional location in the cell. Accomplishing that complex targeting 

requires an intelligent multistep targeting method. The drug dose at single cell level must be appropriate to affect a repair 

of that cell. This dictates some kind of drug delivery that involves biosensing and feedback control to have the proper 

dose per single cell. It is continuing to guide that drug to the proper subcellular organelle or location in the cell to affect a 
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repair. The drug must be at the appropriate dose.  If a single cell cannot be repaired to normal function, then it should be 

eliminated in a way that causes minimal damage to neighboring normal cells. In this paper I describe approaches my lab 

has taken over a number of years to solve these and other problems in the design and construction of advanced 

nanomedical systems. The design of nanomedical systems that can do advanced targeted drug delivery for therapeutics 

and simultaneously provide non-invasive, multimodal in-vivo imaging for diagnostics, requires a well thought out 

strategy involving a multilayered structure and core material appropriate for a variety of imaging modalities. Many of 

these general approaches are outlined in two of our review articles
3, 4

. 

 

 

2. SYSTEM DESIGN 

 
The most fundamental design concept is to develop advanced targeting of drugs to diseased single cells and not to 

normal cells. Currently most drugs are untargeted, causing exposure of all cells to drugs and at sufficient concentrations 

to cause toxicity to multiple organs. Typically only 1-2 percent of most drugs are actually doing anything useful in the 

body in terms of reaching the desired diseased cells. Meanwhile the normal cells are exposed to these drugs leading to 

potentially dangerous side effects. First the nanomedical delivery system should not put into the human body any 

chemicals that are inherently toxic. This makes special demands on the chemistry used (e.g. avoid use of toxic solvents) 

in the manufacture of these nanomedical systems. Another general design goal should be to reduce the total amount of 

drug put into the body by at least 90 percent, to simultaneous prevent loss of this drug in the body by incorporating 

“stealth” techniques that prevent rejection of these drug molecules by the immune system, and to have a multi-step 

targeting system capable of making real-time decisions in the human body using nanomedical devices with multiple 

layers capable of producing a “programmable nanoparticles” using the chemistry in each of multiple layers. Finally the 

incorporation of nanomaterials for advanced in-vivo imaging is important for determining where these nanomedical 

systems are actually going inside the human body and for monitoring the efficacy of the particle drug for treating the 

disease. 

 
2.1 Need for safe biodegradability design 

 
A fundamental design concept is to never put into the human body something toxic or that cannot be biodegraded to 

prevent toxicity. This means two things in terms of design and manufacture. Harsh chemical solvents should be avoided 

in the manufacture of these nanomedical systems because it is difficult or impossible to ever remove these solvents after 

manufacture. Second, a more subtle warning is to avoid using reagents and components that actually become toxic as 

they stay in the body long-term or break down into even more toxic chemical intermediates or final biodegraded 

products. This also includes the use of nanomaterials for multimodal, in-vivo imaging. 

 
2.2 Need for advanced, multi-step targeting 

 
While it may not seem intuitively obvious, advanced targeting, by necessity, involves a multi-step targeting process. 

First, the nanomedical system must make it successfully into the body through the blood, digestive system or skin, Then 

it must successful avoid clearance by the immune system through the process of opsonification and circulate long 

enough in the body so that only small amounts of drugs need be introduced into the body . Once the nanomedical system 

finds itself to the correct diseased cells it still has a complex, multi-step process to cross the cell membrane, avoid the 

natural single cell defense mechanisms for foreign molecules, and to target to the correct location within the single cell. 

It needs to be remembered that the nanomedical system is still tiny compared to the vast intracellular volume which is 

also filled with many subcompartments as well as biochemical pathways that can prevent delivery of the drug to the 

correct organelle. 

 

2.3 Choice of targeting molecules (antibodies, peptides, aptamers) – advantages and disadvantages of each type of 

targeting molecule 

 
Most people limit themselves to thinking only of antibodies as targeting molecules. This is a serious mistake for many 

reasons. First, antibodies are very large compared to nanomedical systems. Second, it is not possible to generate 

antibodies against every diseased cell receptor molecule by normal means because not all such receptor molecules are 
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antigenic in nature. Other alternatives to be considered are peptides and aptamers. Peptides are just much smaller 

subcomponents of proteins such as antibodies, and they can fold to recognize the shapes recognized by antibodies in a 

lock-key model without the much larger size of the antibodies. Peptides of any sequence can also be rapidly and easily 

manufactured.  Peptides as short as six amino acids in length can not only target diseased cell surface receptors but can 

also perform multistep targeting within the cell
5
. Aptamers, which are DNA- or RNA-based, sequences, can also fold to 

perform this same diseased cell antigen recognition. Aptamers can be easily manufactures again with the exact sequence 

needed regardless of whether the diseased cell receptor is antigenic. If the correct sequence is not known it is possible to 

select the one that actually identifies the diseased cell receptor using combinatorial chemistry and high-throughput 

screening techniques we have reported previously
6
. 

 
2.4 Need for multilayered approach for “programmable nanoparticles” that go beyond multi-step targeting 

 
While multistep targeting is essential, a good design should look beyond the targeting process and plan for how these 

nanomedical systems can perform advanced decision-making in the body. While it is unusual to think of nanomedical 

systems as capable of being “programmable”, it should be remembered that “programming” is not just computer code. It 

is control of multiple processes in a multistep process that takes into account the immediate local microenvironments and 

can change how the nanomedical system performs based on what is sees biochemically in the microenvironment. Also it 

is possible for such a “programmable” nanomedical system to makes alternative decisions based on other factors such as 

pH, ionic strength, abundance or lack thereof of receptor molecules which may prevent it from falsely targeting to 

normal cells having similar receptors but also possessing molecules not found on the diseased cells. Sometimes the 

surface receptors of the normal and diseased cells may be similar but once the nanomedical system goes inside the cell it 

can strip off a layer and use its newest inside layer to see if the secondary target molecule is found within the cells. If not, 

the nanomedical system can biochemically “decide” to not go further, undergo planned self-destruction processes, and 

prevent harm to a normal cell. This means that we can create multilayers nanomedical system with a multistep decision 

process that can discover mistargeting problems and prevent injury to normal cells. 

 
2.5 Novel ways to control the proper drug dose per diseased cell using the cell’s own systems 

 
Getting the proper dose of drug to single cells within the human body is a very difficult process. Bad design would be a 

system that is so toxic to a single targeted cell that mistargeting at the level of one mistargeting nanomedical system per 

cell would be lethal to that cell. If multiple nanomedical systems binding and entering and properly intracellular targeting 

inside single cells are needed that is a difficult proves to control and inherently involves a Poisson distribution of 

nanomedical systems bound to single cells that is difficult to both achieve and to control. Another totally different 

approach is to use the cell’s own intracellular biochemical pathways, particularly those involving programmed cell death 

or apoptosis. The overall process is to use the nanomedical system inside the cell to trigger the programmed cell death 

process. Another big advantage of this approach is that the diseased cell does not die through necrosis (refs) during 

which the dying cell may release many of its intracellular molecules that can be toxic to neighboring cells. Instead, 

during apoptosis the cell breaks down all of these potentially harmful intracellular biochemicals before releasing them.  

 
2.6 Advantages of incorporating nanomaterials in an integrated, multimodal in-vivo imaging design 

 
It is important to build into the design of these nanomedical systems a way of tracking where they go within the human 

body and also to provide a way of providing information as to the efficacy of the treatment process. One way to do this is 

to build into the design nanomaterials that serve as in-vivo imaging contrast agents. Such nanomaterials can be 

multimodal in nature, simultaneously serving not only X-ray and magnetic resonance imaging contrast agents but 

become of the targeting process itself.  

 
Many researchers are attracted to gold nanomaterials because they provide a simple core to build the rest of the multiple 

layers of the overall nanomedical system. Certainly gold provides an easy to manufacture process as well as very simple 

surface chemistry to easily attach biomolecules by the gold-cysteine process. While such gold-core based nanoparticles 

can be visualized by plasmon resonance imaging that is only useful if the body is made open either by prior surgery or 

accessible by endoscopy. For more general, much deeper imaging, it is better to use nanomaterials that are either X-ray 

contrast agents or magnetic imaging contrast agents. While the first step biochemistry is harder using superparamagnetic 
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iron oxide nanomaterials, such a n approach has several advantages. First, it makes the manufacture and purification of 

nanomedical system easier by making the nanosystems separable using a simple magnetic rather than an 

ultracentrifugation process. Second, such nanomedical systems can be actually concentrated initially within the human 

body using magnetic field to help aid in the overall targeting process and even help remove such nanomedical system 

mistargeted to the wrong parts of the body.  

 

 
3. EXPERIMENTAL RESULTS 

 
3.1 Production of safe, biodegradable nanoparticles 

 

Since the ultimate design should at the very least “do no harm” these nanomedical systems should only include materials 

of very low toxicity and preferably be biodegradable. If non-biodegradable materials are to be used then there should be 

design for easy elimination of these nanomedical systems after either successful drug delivery or by assisted elimination 

of these systems from the body for mistargeted nanomedical systems. 

 

Successful strategies take into account the interactions between core design, targeting strategies and the goal of non-

invasive imaging, as shown in Figure 1. 

 

 
 

 

 

 

 

One good nanomaterial as a choice for the core material is superparamagnetic iron oxide. Iron oxide is easily degradable 

by the body. It superparamagnetic quality allows it to be initially concentrated in specific areas of the body by external 

magnetic field. Superparamagnetic also means that it is only temporarily magnetized when in the presence of a magnetic 

field and then readily dispersible to prevent formation of embolisms in the body which could lead to serious 

consequences. Additionally iron oxide is an X-ray contrast agent for conventional X-ray and computerized axial 

tomography (CAT) non-invasive in-vivo imaging. This material also is a T2 contrast agent for magnetic resonance 

imaging (MRI). Lastly, magnetic fields, rather than ultracentrifugation, can be used to harvest and wash these 

nanomedical systems as they are manufactured. A disadvantage is that the initial surface chemistry is a little more 

complicated. That is why many researchers use gold nanoparticles which have simple surface chemistry. Gold 

nanoparticles do have interesting and useful spectral properties including plasmon resonance. A summary of various 

types of nanomaterial cores is given in Table 1. 

 

 

 

 

Figure 1: The design variables from three different areas are interactive. The ultimate design 

must be envisioned in the beginning so that each of the multistep process is done in proper 

order and in a way that one layer does not preclude a subsequent layer. 
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Table 1: Summary of Core Materials 
 

 
 

3.2 Construction of a multilayered multistep targeting system 

 

A multilayered approach to targeting leads to the construction of “programmable nanoparticles” 
5-7

. “Programming” is 

not limited to computer software. Rather it means ways to control a multistep process in a controlled fashion. The goal of 

this approach is to use each layer of the nanomedical system to accomplish one or more tasks in the multistep process of 

targeted drug delivery. Layers can be peeled back by a variety of factors including heat, pH, ionic strength, and 

activation upon binding to a specific targeted molecule, as well as use of external forces to activate these systems at a 

specific location and time. How a multilayered approach leads to multistep targeting becomes obvious in Figure 2. 

 

 
 

 

 

 

3.3 Choice of targeting molecules  

 

While antibodies can certainly be used to target these nanomedical systems, it should be remembered that antibodies are 

relatively large entities in the nanoscale world. Since nanomedical systems are quite small (typically 50 – 150 nm in 

diameter), the surface area is quite limited making attachment of many antibodies a challenge. Fab and Fab2 fragments 

of antibodies are perhaps a better choice not only due to their smaller size but also due to their absence of the FC portion 

of the antibody molecule which can lead to non-specific binding by that Fc part of the molecule. 

Figure 2:  A multistep targeting strategy dictates a multilayered construction design. Each layer is 

responsible for one or more steps in the targeting process. 
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Other types of targeting molecules should be seriously considered. Relatively small peptides can have shape recognition 

properties for targeting. Additionally these peptides may also have membrane permeating properties. For example, we 

found one 6-amino acid peptide sequence that had shape recognition for a biomarker found on human breast cancer cells. 

It also had membrane permeating properties as well as intracellular targeting
5
 as shown in Figure 3. When one looks at 

more sensitive single cell toxicity assays such as use of dihydroethidium, as shown in Figure 3D, one sees that quantum 

dots can produce oxidative stress damage in single cells
8
. 

 
 

 

Aptamers made from DNA and RNA precursors can not only can have targeting properties but also have useful 

properties due to their PCR amplification properties and hybridization properties. We have previously shown that 

aptamer targeting molecules can be rapidly generated and screened using combinatorial chemistry and high-speed flow 

cytometry/cell sorting methods
9-11

. Aptamers can be generated to recognize virtually any epitope regardless of whether it 

is immunogenic enough to produce antibodies. 

 

It is worth noting that DNA sequences in aptamers can also information coded into each nanoparticle permitting the use 

of multiple simultaneous experiments and controls in the same animals. It is difficult to find nanoparticles in large areas 

of tissues. However a “nanobarcoding” concept can allow for in-situ PCR amplification of amplicon sequences within 

single cells and permit their ready detection by imaging
12-14

, as shown in Figure 4. 

 

 
 

 

 

Figure 3:  The 7 amino acid sequence shown in Figure A will not only guide a quantum dot 

nanoparticle to a human SKBr3 breast cancer cell, but also pull it through the cell membrane. 

 

Figure 4:  If a nucleotide sequence is properly tethered to a nanoparticle then that sequence can be amplified by 

PCR to produce fluorescent amplicons that can partially leak out of the cell to form a larger area fluorescent spot 

that can be easily detected in an imaging system so that cells containing these nanoparticles can be rapidly located 

and subsequently analyzed. 
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3.4 Drug dosing approaches 

 

Single cell drug delivery in nanomedicine requires some re-thinking about drug dosing. If the aim is to deliver drugs 

exclusively, or at least preferentially, to single cells then one needs to think about how best to eliminate diseased cells 

and not cause injury to healthy cells. Violent destruction of diseased cells can lead to release of toxic molecules such as 

hydrogen peroxide normally housed safely within vacuoles within the cells. Controlling the dose to single cells by 

nanomedical systems leads to the question of how many nanomedical systems it should take to eliminate a diseased cell. 

The more nanomedical systems required the more chance for mistargeting and side-effect problems. Ideally one would 

hope to use a single nanomedical system to trigger the cell’s own apoptosis (programmed cell death) process, whereby 

the cell breaks itself down and eliminates most of the harmful molecules so that the health of nearby normal cells are not 

jeopardized.  

 

One can also manufacture drugs within a diseased single cell using a feedback loop controlled drug that produces just the 

right amount of drug to accomplish the task. Nanomedicine using a biosensor-controlled feedback system can give 

controlled drug delivery at the precise dose. Most drug delivery currently an exponential of bi-exponential decay process 

with approximately 2 percent effective uptake by diseased cells and massive over-exposure of normal cells leading to 

unpleasant side effects in the patient. Such untargeted drug delivery is costly and can be counter-productive. Untargeted 

drug delivery is not only wasteful but when the drug dose is far above the optimal dose it can actually cause harm, whereas when it is 

far below the optimal dose it may have no therapeutic effect. Its exponential decay structure insures that it will be present and useful 

for only a very short period before it is eliminate d from the body. A good targeted delivery system should see to reduce the 

amount of drug required for effective treatment by more than 90 percent. More modern “time release” delivery systems 

use coatings to get a saw-toothed type decay structure which is closer to the optimal amount. However, biosensor 

feedback control system in nanomedical systems can be designed to release much closer to the optimal drug release rate 

and minimize over-exposure harm of nearby normal cells. Concepts of drug dosing are shown in Figure 5. 

 
 

 

 

 

 

Gene delivery is very similar to drug delivery and can also be used to introduce genes to be expressed in the cytoplasm 

of single cells under biosensor feedback control as we have previously reported
15-19

, as shown in Figure 6. 

 

Figure 5: While the saw-toothed decay of timed release is more effective than conventional 

exponential decay it is still far from the optimal dosing that can be achieved by feedback controlled 

drug release that can be built into nanomedical systems. 
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3.6 Multimodal imaging designs 

 

Proper choice of nanomaterials for a nanoparticle core, allows for the possibility of one or more multimodal imaging 

modalities. Our use of superparamagnetic iron oxide cores allowed for X-ray and magnetic resonance imaging
20-23

. 

Attachment of fluorescent molecules allows for confocal and super-resolution imaging at single cells level. Although 

electron microscopy can be used, its requirement for vacuum conditions and cell fixation tend to introduce artifacts since 

the cells are no longer in a natural water environment. Super-resolution imaging allows for imaging of single cells and 

nanoparticles under biological conditions. Magnetic cores also allow for targeting and therapeutic actions (e.g. 

hyperthermia at single cell level) as shown in Figure 7. 

Figure 6: (A) The nanoparticle delivery system delivers the therapeutic gene template which uses the host cell 

machinery and local materials to manufacture therapeutic gene sequences that are expressed under biosensor-

controlled delivery, (B) The layered anatomy of a lipid coated DNA tethered nanoparticle. (C) Lipid-coated 

nanocrystal transfected human retinal epithelium cells. Cells were cultured with lipid-coated nanocrystals 

tethered to either (D) EGFP (green) or (E) DsRed (red) for 48 h or 10 days, respectively to simultaneously 

visualize nanocrystals and tethered fluorescent gene expression. The nanocrystals are marked by white arrows 

and nanocrystal aggregate is marked with a white arrowhead. The general concept is to use feedback loop 

control system consisting of a molecular biosensor controller upstream from a gene promoter to produce a 

potentially therapeutic gene in the proper dose for treating disease at single cell level. 
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4. CONCLUSIONS 

 
Proper design of smart targeted nanoparticles for advanced drug delivery should follow an intelligent inside-to-outside 

multilayered construction. All materials should be biodegradable and avoid the use of harsh organic solvents during the 

manufacturing process. The choice of nanomaterials for the core layer dictates both the multimodal imaging capability as 

well as the initial bonding chemistry required for addition of subsequent layers. Drug molecules can be added in multiple 

steps depending on the pre-existing chemistry to allow for appropriate targeted release inside single cells. Intracellular 

targeting should precede drug delivery because it is important to release and target these drugs to the proper organelle or 

location within the single cell. Outermost covering layers should include stealth molecules that help the nanoparticle 

escape elimination by the body’s immune system. Molecules should also be included in the outer layers to permit drug 

uptake wither through receptor internalization or by use of membrane-permeating peptides. The outermost layer should 

contain molecules which target diseased cells at the single cell level. 
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