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ABSTRACT 

Drug delivery systems use different carrier cage-like 
structures such as bucky ball, therapeutic spheres, 
carbon nanotube spheres, tiny-tots, smart dots, 
paramagnetic nanoparticle cages, dendrimers, 
liposomes etc. The major developments are reported 
based on the physical properties of these particles such 
as paramagnetic, immunity, protein profile, transport 
dynamics, molecular recognition, receptor 
compatibility. In this approach drugs can be delivered 
efficiently at target and tracked in time-dependent 
manner for drug action at target with serial tissue 
changes by drug action.  Several potential nanoparticles 
such as iron, zinc, cadmium, silver, gold, rhenium, 
gadolinium, lanthenum etc. have emerged as 
bioimaging contrast agents for MRI, radiography, 
optical, PET, SPECT imaging modalities.  In principle, 
pH dependent delivery systems are designed based on 
the nanoparticle bound carrier as chemically visible 
complex by enzyme, chemiluminisence, antigen-
antibody, fluorescence, dye ratiometric reactions.  
Major developments are made in therapeutics in tumor, 
neuropathies, uropathies, cardiovascular diseases, blood 
and pancreas targeted therapies. 
Key word: drug delivery, nanoparticles, therapeutics, 
bioimaging 
 

1 INTRODUCTION 

1.1 Bacteria-mediated imaging contrast  
Magnetic Resonance Imaging (MRI) technology has 
grown over the recent years as the most accepted 
imaging modality to answer tissue characteristics and 
non invasive intracellular events.  It generates MRI 
signal based on the difference of magnetization of the 
tissue protons in high magnetic fields subjected to a 
specific radiofrequency pulse. The levels of 
magnetizations are presented as different contrasts [4].   
Achievement of high and steady magnetic fields has 
enabled the accurate characterization of pathological 
areas with high resolution.  Different types of magnetic 
particles can be used as contrast agents to enhance the 
MRI signal however; most commercially available 
contrast agents display poor specificity.  Utilizing the 

attenuated bacteria as contrast agent carrier will provide 
the needed superior specificity.  
Magnetic nanoparticles as imaging contrast agents in 
MRI diagnosis for malignant tumors sites have emerged 
in recent years [1-4].  Following the heart diseases, 
malignant tumors remains as the second leading cause 
of death in the United States [5].   

     Development of novel contrast agent carriers that are 
selective for cancer tissue with limited toxicity to 
normal tissues is a challenge that remains to 
accomplish.  The proposed research plan employs 
genetically-modified, non-pathogenic bacteria as 
magnetic nanoparticles carrier.  Attenuated Salmonella, 
Clostridium and Bifidobacterium are capable of 
residing selectively in tumors.  Genetically modified 
strains of bacteria, such as Salmonella typhimurium, has 
been shown to accumulate at tumor sites when injected 
in tumor-bearing mice and clear rapidly from blood in 
normal mice [6-8].  Because of their selectivity for 
tumor tissue, these bacteria would make ideal carriers 
for contrast agents.  Utilizing the attenuated bacteria 
strains as carriers for gene vectors [13], vaccines [14] 
and chemotherapeutic agents [8] was reported.  There is 
paucity in the literature on the possibility of loading 
bacteria with imaging contrast agents. It is anticipated 
that the loading the attenuated strains of bacteria with 
magnetic nanoparticles that can function as imaging 
contrast agents will enable addressing the existing 
challenges in having a site specific carriers without 
having to change the environment.   

    The overall objective of the present feasibility study 
was to evaluate the potential of having genetically 
modified strains of bacteria which include attenuated 
virulence (depletion of purl gene), reduced septic shock 
potential (deletion of msbB gene) and antibiotic 
susceptibility as contrast agent carrier.  The proposed 
exploratory research had three specific aims: 
• To synthesize magnetic nanoparticles with size 
distribution less than 25 nm and potentially can be 
utilized as contrast agent. 
• To impregnate the magnetic nanoparticles in 
attenuated strain of bacteria  
• To conduct imaging on a prototyped tissue  

1.2 MRI as tool of Bacterial imaging 
contrast agent    
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Noninvasive diagnostic techniques are preferred for 
routine check-ups and early diagnosis.  Magnetic 
Resonance Imaging (MRI) technology has grown over 
the recent years to become one of the most practiced 
techniques for imaging.  It is capable of showing 
different characteristics of the imaged tissue.  It utilized 
the difference of levels of magnetization of the tissue 
subjected to a specific signal.  The levels of 
magnetizations are presented as different contrasts.   
The new technology of producing high steady magnetic 
fields enabled the accurate characterization of 
pathological areas with high resolution.  The MRI 
imaging is providing more data to the clinical diagnosis 
personnel than that of CT and ultrasound.  Although 
different techniques can be utilized for diagnosis of 
cancer, MRI is used to locate the tumor foci.  

      MRI is routinely used for three-dimensional non-
invasive scans of the human body and is currently the 
most important diagnostic method available.  Early in 
the development of MRI, it was thought that contrast 
agents would not be necessary, but it has become 
increasingly clear that, in many clinical situations, 
contrast agents can greatly improve the diagnostic value 
of MRI.  One of the most effective techniques for 
altering the relaxivity of water is to introduce a high 
spin paramagnetic metal complex.  Different types of 
magnetic particles can be used as contrast agents to 
enhance the MRI signal.  For example, Iron oxide 
particles have been used as contrast agents because they 
shorten the effective transverse relaxation time (T2) of 
tissues that take up these particles. Gadolinium 
diethyltriamine pentaacetic acid (Gd-DTPA) has been 
also used as a contrast agent that primarily shortens 
longitudinal relaxation time (T1) resulting in intensity 
enhancement.   

1.3 Nanoparticles 
      Multifunctional superparamagnetic nanoparticles 
offer abundant attractive possibilities in medical 
imaging [1–5].  One such MRI approach is 
intravenously administered superparamagnetic 
nanoparticles in vicinity of tumor tissue then monitors 
the tumor uptake of these particles by measuring the 
regional transverse MRI relaxation rate R2

*.  
Superparamagnetic particles’ induced increase in R2

* 
can thus provide an imaging biomarker for tumor 
tissue.  It was also reported that the tumor blood 
volume can be derived from measurements of the 
absolute change in tumor R2

*.   

     The superparamagnetic nanoparticles are 
synthesized with different sizes which place them at 
dimensions comparable to those of a virus (20–500 
nm), a protein (5–50 nm) or a gene (2nm wide and 10 
100nm long).  Their magnetic signature allows for them 
to be manipulated by an external magnetic field 

gradient.  Due to their surface area to volume ratio, 
these particles have large surface that can be properly 
modified to attach biological agents.  Utilizing these 
particles as imaging contrast agents impose strict 
requirements on the particles’ physical and chemical 
properties, including chemical composition, 
morphological and size uniformity, magnetic moment, 
surface structure, solubility and low own toxicity.  For 
example, in order for imaging contrast agent to be safe 
and effective it should be easily administered and 
transported to specific sites.   

     Most commercially available contrast agents have 
poor specificity.  The current technology requires the 
upload of naked or coated contrast agents through the 
blood stream.  Much of the work on targeted delivery of 
contrast agents is associated with the development of 
new classes of biocompatible polymers that incorporate 
the imagining agents to prolong their retention in 
tissues of interest with increase concentration that 
allows for accurate disease detection and 
characterization.  For example, the incorporation of 
magnetic resonance imaging (MRI) contrast agent into 
macromolecules would increase its blood circulation 
time for effective contrast enhanced tumor imaging.  
The use of superparamagnetic nanoparticles in the 
blood compartment depends on specific requirements 
with respect to their plasma half-life and their final 
biodistribution.  The problem of the non-natural 
stealthiness of the nanoparticles towards the immune 
system and the possibilities for resolving it have been 
widely studied in the field of drug delivery from 
polymeric nanoparticles and liposomes.4 Even the most 
active compound in vitro is useless if it does not reside 
in vivo in the blood compartment long enough to reach 
its target, while managing to avoid to some extent 
premature metabolism, immunological reactions, 
toxicity, rapid excretion and captation by undesired 
tissues. Today, much information is now available 
about the immune system mechanisms, the factors 
affecting the biodistribution of polymeric nanoparticles, 
such as their size and shape, hydrophobic/ hydrophilic 
balance of their surface, surface charge, etc., and the 
solutions envisaged for targeting specific organs or 
tumor cells. 

1.4 Tumor Imaging Strategy  
     Counting on the tumor feed mechanism to attract the 
contrast agents to the tumor site in order to have an 
ability to enhance the image at the tumor site.  
However, both normal and tumor tissue will have 
contrast agents.  Several MRI imaging software have 
been developed to enable accurate reporting of the 
imaging results.  There are several other problems in 
delivering the tagged contrast agents to a particular site, 
these include: 
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1. Tagging problems.  In which encapsulates need to 
have the proper tag that will assure delivery to a 
particular site.   

2. Contrast agent: There is several contrast agents that 
are being used.  Among them are the Gadolinium 
Diethylene-Triaminepentaacetic Acid (GD-DTPA), 
magnetic particles, and bubbled spheres.  GD by itself 
is a toxic agent.  It is modified by DTPA.   

3.Contrast agent carrier: A carrier that allows the 
deliver at the targeted site without having to change the 
environment is needed. 

1.5 The bacterial delivery system 
    It  utilizes genetically modified strains of bacteria as 
the imaging contrast agent carriers.  Complex micro-
organisms capable of responding to specific 
environmental conditions possess the potential to 
localize, selectively accumulate, and persist at specific 
sites within the body, and can express therapeutic 
proteins at extremely high levels.  Tjuvajev et al. 
reported an engineered non-virulent strains of 
Salmonella typhimurium which display the capacity to 
accumulate and grow selectively in a variety of tumor 
types and to inhibit the growth of primary and 
metastatic tumors following intravenous injection into 
tumor-bearing mice [1 and 2]. One strain of the bacteria 
(VNP20009), are highly attenuated and genetically 
stable. The combination of the lipid mutation and the 
purine auxotrophy attenuate the virulence of the 
bacteria by greater than 10 000-fold. These bacteria 
have been found to be safe in mice, pigs and monkeys 
when administered intravenously [3]. Stritzker et al 
compared the efficiency of tumor-specific colonization 
of pathogenic Salmonella typhimurium strains 14028 
and SL1344 to the enteroinvasive Escherichia coli 
4608-58 strain and to the attenuated Salmonella flexneri 
2a SC602 strain, as well as to the uropathogenic E. coli 
CFT073, the non-pathogenic E. coli Top10, and the 
probiotic E. coli Nissle 1917 strain.  All strains 
colonized and replicated in tumors efficiently each 
resulting in more than 1×108 colony-forming units per 
gram tumor tissue.  Colonization of spleen and liver 
were significantly lower when E. coli strains were used 
in comparison to S. typhimurium and the non-
pathogenic strains did not colonize those organs at all.  
They also reported that E. coli Nissle 1917 showed that 
no drastic differences in colonization and amplification 
were seen when immunocompetent and 
immunocompromised animals were used.  They were 
able to show that E. coli Nissle 1917 replicates at the 
border of live and necrotic tumor tissue. They also 
demonstrated exogenously applied l-arabinose-
dependent gene activation in colonized tumors in live 
mice.   

    The relative success of various attenuated Salmonella 
typhimurium and Salmonella typhi strains to act safely 
and efficaciously as carriers for the delivery of vaccine 
vectors.  More recently, attenuated S. typhimurium have 
been used to deliver plasmid DNA vaccines encoding 
immunogens from pathogenic microorganisms or 
tumors [1, 8, 9, 32].  While the delivery of plasmid-
encoded genes by attenuated S. typhimurium has been 
relatively successful, a number of the vaccines may 
have either failed or had a reduced efficacy because the 
expression of the foreign antigen was unstable [3, 12 
and 29]. The problems of plasmid instability has been 
addressed by different approaches such as chromosomal 
integration [16, 27] and the use of the asd+ vector/∆asd 
host lethal system [21]. The enforced delivery and 
residence of the magnetic carriers to tumor tissue 
remains a challenge.   

1.6 Impregnation of Salmonella 
    A novel delivery technique makes use of 
impregnating modified strains of Salmonella which 
includes genetically stable attenuated virulence, 
reduction of septic shock potential and antibiotic 
susceptibility is proposed. Preliminary experiments to 
upload Salmonella with superparamagnetic 
nanoparticles have been conducted. Particles that have 
potential as imagining contrast agent have been 
prepared using borohydride reduction method and co-
precipitation method. For example, Fe-Gd-B and Fe-
Nd-B nanoparticles were synthesized using borohydride 
reduction method.  Ultrasonication was done to have 
homogeneous sized particles in nanometer range (30-
100nm). In order to minimize the oxidation effect, these 
particles were passivated overnight under a continuous 
flow of oxygen and nitrogen.  These particles were 
further coated with silica by conventional precipitation 
process and are designed for biomedical applications.  
Silica coated particles are well known for their capacity 
to chemically attach with proteins and many other 
biological molecules.  Morphology and sizes of all the 
particles are determined by scanning transmission 
electron microscopy. Magnetic properties have been 
studied using a Superconducting Quantum Interference 
Device (SQUID) magnetometer. Compositions of the 
alloy material were obtained by inductively coupled 
plasma atomic emission spectroscopy (ICP).  The ICP 
analysis of particles showed the stoicheometric 
composition of three alloy as Fe5.6NdB2 , Fe5.4NdB9 , 
Fe5..2NdB13.7. For the sake of simplicity the samples are 
designated as FNB1, FNB2 and FNB3 respectively. 
The composition of the alloy is strongly dependent on 
the reaction conditions.  Fig 1(a), 1(b) and 1(c) show 
the TEM micrograph for FNB 1, FNB2 and FNB 3, 
respectively. The particles are mostly in the size range 
of 50-200nm. Fig. 2 is the silica coated Fe-Nd- B 
particles. From the micrograph it is observed that the 
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cluster of the particles have been coated with silica 
instead of individual particles.  The hysterics plots (fig 
3) at 300K for all samples showed superparamagnetic 
nature as there is almost no remanent magnetization.  It 
is apparent from the preliminary results that controlling 
the composition of the elements during the reaction will 
yield to control of the magnetic moment, hence tuning 
the nanoparticles for superior imaging contrast 
properties.  Earlier we have synthesized iron oxides 
particles (fig. 4) with narrow size distribution (2-10 
nm).  These particles were then functionalized for 
mouse heart tissue contrast agent [31].  Fig. 5 shows 
MRI image of capillary filled with iron oxide and mice 
heart image without contrast agent.  Notice the 
enhancement of vascular wall region with 
superparamagnetic iron oxide contrast agent. 
     Encapsulated superparamagnetic particles have 
found novel biomedical applications in the areas of 
immunology, cell separation and drug delivery 
[25,26,27].  We have developed a line of 
superparamagnetic micro and nanoparticles coated with 
albumin, polyethylene, polypropylene or polystyrene 
for biomedical applications [3,21,22,23,25,26].  

 
 
 
 

(a) TEM for FNB1       (b) TEM for FNB2        (c) TEM for FNB3 

Fig 1 TEM micrographs for the three different compositions 

 
Fig 2 Silica coated particles, 
                             Fig 3 Applied magnetic field vs. magnetization plot  

   
Fig 4. Iron oxide particles. Fig. 5 MRI images with iron oxide 
contrast agent. 

 
     Cytotoxicity of the particles was investigated.  
Certain types of magnetic nanoparticles such as those 
contains silver or copper and are able to ionize or 
oxidize in a solution are currently used as antimicrobial 
agents.  Other particles, such as those have rare earth 
magnetic material such as Cr, Sr caused late apoptotic 
behavior for human cancer cells; however they did not 
cause cell damage when incubated with bacteria.  
Further studies will be conducted to evaluate the 

cytotoxicity of the contrast agents that will be uploaded 
into the bacteria membrane will be conducted.  
Preliminary experiments were conducted to evaluate the 
upload of magnetic nanoparticles into the bacteria 
membrane.  Gd-Zn-Fe nanoparticles, a potential 
contrast agent, were synthesized.  Ultrafine particles 
that are less than 25 nm in diameter were incubated 
with Salmonella.  It was observed that small size 
particles (10 nm) were diffused into the cell membrane.  
We were able to separate the impregnated bacteria from 
the sample using a permanent magnet.  Additional 
experiments are planned to quantify the uptake of the 
superparamagnetic particles into the bacteria.  
  

2 CONCLUSION 
The present paper is preliminary report of ongoing 
Salmonella bacterial delivery system applicable to 
tumor targeting and MRI imaging application.  The 
nanoparticle preparation, bacterial impregnation and 
their use in imaging is proposed if it can enhance 
contrast of tumor tissue without any immunogenecity or 
macrophage resistence.  
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