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                   A BSTRACT  
 The T-cell response defi nes the pathogenesis of many 
common chronic disease states, including diabetes, rheu-
matoid arthritis, and transplant rejection. Therefore, a 
diagnostic strategy that visualizes this response can poten-
tially lead to early therapeutic intervention, avoiding cata-
strophic organ failure or prolonged sickness. In addition, 
the means to deliver a drug dose to those cells in situ with 
the same specifi city used to image those cells would pro-
vide for a powerful therapeutic alternative for many dis-
ease states involving T cells. In this report, we review 
emerging nanosystems that can be used for simultaneous 
tracking and drug delivery to those cells. Because of their 
versatility, these systems — which combine specifi c recep-
tor targeting with an imaging agent and drug delivery — are 
suited to both basic science and applications, from devel-
oping therapeutic strategies for autoimmune and alloim-
mune diseases, to noninvasive tracking of pathogenic 
T-cell migration.  

   K EYWORDS:     T cells  ,   noninvasive imaging  ,   drug delivery  , 
  nanoparticles    

   MIGRATION OF T CELLS 
 While the normal traffi cking of circulating T cells is critical 
for a healthy immune response, these cells occasionally 
become pathogenic, with disastrous consequences. 1-5  In 
healthy individuals, these cells traffi c from circulation to 
tissue, then to lymphatics and back to circulation (     Figure 1 ). 
They do this in high numbers and at different speeds 
throughout the blood and tissue. 5  ,  6  Aberrant function at the 
specifi c sites of interaction or an abnormal migration pat-
tern may dictate the pathogenesis of a variety of disease 
states.  Table 1  shows some disease states associated with 
aberrant T-cell function and the epitopes recognized by 
those specifi c T cells during migration.     

 While the migration of cells through the various microenvi-
ronments is orchestrated by a complex set of interactions 
(which are beyond the scope of this review), 7  ,  8  it is important 
to note that, for the purpose of imaging and modulation by 
drug delivery, T cells are moving targets. Nanosystems that 
bind to these targets in a specifi c manner may offer a powerful 
approach to imaging the T cells ’  movement and delivering a 
therapeutic drug dose. The ideal nanosystems, therefore, must 
possess certain properties (eg, small size for internalization, 
multivalent attachment for enhanced avidity of interaction 
with cells, visibility by invasive and noninvasive modalities, 
high drug dose – carrying capacity, control over drug release, 
safety) to allow for translational applications in humans.  

  T-CELL TARGETING: BACKGROUND AND 
LIMITATIONS OF CURRENT APPROACHES 
 Specifi city in the T-cell response defi nes the pathogenesis 
of many common chronic, autoimmune, and alloimmune 
disease states and is mediated by the interaction of the 
T-cell antigen receptor (TCR) with peptide-presenting major 
histocompatibility complex (peptide/MHC) on the antigen-
presenting cell. 7  ,  9  Thus, the TCR – peptide/MHC interaction 
is a critical target in the immune response. The inherent low 
affi nity of the TCR for the peptide/MHC (1-100 um) 10  ,  11  
has precluded the use of soluble peptide MHC monomers 
for direct detection of antigen-specifi c T cells. Detection of 
these subsets is critical for assessing the extent of the T-cell 
immune response and the onset of disease. Thus, artifi cial 
constructs with multivalent peptide/MHCs, which bind the 
TCR with enhanced avidity, have had a profound impact on 
the understanding and characterization of the T-cell immune 
response at the experimental and clinical levels. 12-14  These 
dimeric and tetrameric forms of the MHC have been used 
effectively in quantitation and enumeration of a variety of 
T-cell types in different basic and clinical settings. 
 While the ability to track T cells and antigen-specifi c T cells 
in vitro and in vivo would be helpful for understanding the 
genesis of disease states involving T-cell recruitment, 14  ,  15  
the added ability to modulate these cells would lead to novel 
approaches for repairing immune system defects and restor-
ing immune competence. Perhaps the most common strat-
egy for modulating the antigen-specifi c T-cell response in 
vivo involves the induction of antigen-specifi c T-cell 

    Corresponding Author:   Tarek M. Fahmy,  Department of 
Biomedical Engineering, Yale University, PO Box 208284, 
New Haven, CT 06511   . Tel:  (203) 432-1043 ;   Fax:  (203) 
432-0030 ;   E-mail:  Tarek.fahmy@yale.edu  

Themed Issue: Nanotechnology and Drug Delivery
Guest Editors - Craig K. Svensson and Alexander V. Kabanov

     Nanosystems for Simultaneous Imaging and Drug Delivery to T Cells   
   Submitted:   January     16  ,   2007    ; Accepted:   May     11  ,   2007    ; Published:   June    8 ,   2007   

    Tarek M.     Fahmy           , 1       Peter M.     Fong           , 1       Jason     Park           , 1       Todd     Constable             , 1,2       and W. Mark     Saltzman            1     
  1 Department of Biomedical Engineering, Yale University, PO Box 208284, New Haven, CT 06511 
  2 Department of Diagnostic Radiology, Yale University School of Medicine, PO Box 208034, New Haven, CT 06511  

The AAPS Journal 2007; 9 (2) Article 19 (http://www.aapsj.org).



E172

The AAPS Journal 2007; 9 (2) Article 19 (http://www.aapsj.org).

unresponsiveness or anergy by exposure to controlled doses 
of antibodies or peptide/major histocompatibility ligands 
(peptide/MHC). 16  However, in this approach, affected T 
cells remain alive in a hyporesponsive state that can be 
reversed by the absence of antigen or the presence of cyto-
kines. Thus, in most cases a continuous anergic response 
requires multiple treatments with antigens. A second 
approach involves the conjugation of T-cell antigens to 
immunosuppressive drugs, which would serve to direct drug 
delivery to a targeted population of T cells. 17  But conjuga-
tion of drug to carrier antigens requires chemical modifi ca-
tions that are not always easy to achieve. In addition, the 
effectiveness of conjugates is often limited because it is dif-
fi cult to provide unhindered antigen presentation together 
with effective drug delivery. 
 Clearly, a multifunctional molecular scaffold that delivers 
drug specifi cally to T-cell populations of interest — but in 
addition could be engineered for imaging of the targeted 
T-cell population — would offer substantial benefi ts over 
current approaches. In this review, we focus on 3 types of 
systems that may accomplish this goal: liposomal systems, 
dendrimers, and solid biodegradable nanoparticles.  

  TRACKING T-CELL TRAFFICKING AND 
MIGRATION 
 A variety of cellular imaging techniques have been devel-
oped to track the distribution and locomotion of T cells 

 Table 1.        Representative Disease States Involving T-Cell Recruitment to Specifi c Organs     

  Organ Antigen Disease State   

  Pancreas Pancreatic beta-cell Type I diabetes mellitus 
 Intestine Vascular endothelium (MAdCAM) Crohn ’ s disease 
 Kidney Glomerular immune complex deposits Lupus nephritis 
 Brain Myelin basic protein Multiple sclerosis 
 Joints Synovial joint antigen Rheumatoid arthritis 
 Thyroid TSH-R, IGF-IR, thyrocytes* Graves ’  disease  
  TSH-R indicates thyroid stimulating hormone receptor; IGF-IR, insulin like growth factor receptor.   

 Figure 1.       Schematic of lymphocyte migration through the body.  

in vivo ( Table 2 ). All techniques aim to increase the signal 
difference between the cells and the background using either 
an ex vivo approach (where cells are isolated and labeled 
with specifi c markers, then reintroduced into the body and 
tracked by a variety of modalities) or an in vivo approach 
(in which T cells are targeted with injection of tagged anti-
bodies or specifi c ligands).   
 The classical technique involving histological analysis of tis-
sue and fl uorescent labeling of tissue sections with congenic 
markers specifi c for T cells has a long history of use in identi-
fying T-cell migration to various tissue sites. 18  ,  19  Indeed, this 
technique was used after sectioning a whole animal to iden-
tify global distribution of antigen-specifi c T cells during an 
immune response 20  ,  21  and has yielded valuable information 
regarding the frequency and phenotypes of T-cell traffi cking 
in response to antigen challenges. But while histology pro-
vides superior spatial resolution in local microenvironments, 
it is severely limited in its ability to resolve dynamic changes. 
In addition, the labor associated with sectioning a whole ani-
mal is enormous and costly, so this technique is not used for 
routine analysis in laboratory investigative work. 
 Less invasive, high-resolution techniques such as intravital 
2-photon fl uorescence microscopy have been used to track ex 
vivo fl uorescently labeled T cells implanted into tissue. 22-24  
These studies have revealed the autonomous nature of 
T-cell traffi cking in lymph nodes and spleen: cells move by 
random walk rather than by guidance. 24  More important, 
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the studies have shown that T cells are not stationary, wait-
ing for chance encounters with antigen, but rather are highly 
motile, rapidly pacing and scanning for antigen in lymphoid 
organs. 24  The implications of these studies from the stand-
point of cellular immunology has been extensively reviewed, 
and we refer the reader to those reports for further informa-
tion. 7  ,  18  ,  22  For the purpose of this review, however, the prac-
tical application of this imaging modality in the clinic and 
for routine investigations in laboratory animals is limited 
because of its invasive nature as well as its ability to image 
only exposed superfi cial or explanted tissue. 
 To overcome this limitation, other imaging modalities have 
been investigated. For example, T cells labeled with radioiso-
topes such as [18F] 2-fl uorodeoxyglucose 25  and 99mTc-
hexamethylpropyleneamine oxime 26  have been used to study 
lymphocyte traffi cking by positron emission tomography 
(PET). While this approach offers the potential to track T 
cells in deep tissue, it is limited in the dynamic time frame 
needed to visualize T-cell traffi cking because of the short 
half-life of the isotopes. Repeated injections and the use of 
tracers with longer half-lives may be possible in animal mod-
els but would not be feasible for translational use in humans. 
 An alternative safer method for in vivo lymphocyte visual-
ization uses bioluminescence. 27  ,  28  Because most cells lack 
natural fl uorescence, bioluminescence has been used to 
track T cells after transfection with a bioluminescent marker 
such as luciferase. Recent studies have documented T-cell 
tracking to subcutaneously implanted tumors and the traf-
fi cking of T cells to infl amed tissue in models of autoim-
mune disesase. 29  ,  30  The advantage of this approach over 
invasive techniques is that it offers the potential for imaging 

 Table 2.        Imaging Techniques for Lymphocyte Traffi cking*    

  Technique Imaging Modality Advantages Disadvantages  

  Histological analysis Fluorescence
  Colorimetric stains

High spatial resolution
  Defi ned environment
  Lack of movement artifacts

Ex vivo imaging
  No physiological fl ows
  Extensive sample preparation 

 Intravital microscopy Bright-fi eld illumination
  Fluorescence

In vivo imaging
  Temporal and spatial resolution

Invasiveness
  Restrictive access for imaging
  Technical diffi culty
  Hindrance by physiological 
 artifacts such as movement  

 Bioluminescence
  PET
  SPECT
  MRI

Luminescence
  Tomography
  Magnetic resonance

Noninvasiveness
  Whole-body imaging
  Temporal and spatial resolution

Lower resolution than for 
 intravital microscopy
  Lack of widespread accessibility
  Technical diffi culty in 
 implementation
  Need for contrast agent 
 enhancement for monitoring 
 cellular traffi cking  

  *PET indicates positron emission tomography; SPECT, single photon emission computed tomography; MRI, magnetic resonance imaging.   

T-cell traffi cking deep into the body and with minimal per-
turbation of tissue. However, it is limited in its spatial reso-
lution because of the poor visibility of emitted light from 
deep tissue and the lack of conventional instrumentation 
that may be used for light amplifi cation. 

 Of the different imaging systems available to researchers 
and clinicians, magnetic resonance (MR) imaging and PET 
offer the best potential for noninvasive imaging deep into 
tissue, high sensitivity, and spatiotemporal resolution through 
the use of appropriate contrast agents. For a detailed com-
parison, please see reviews by Herschman 31  and Sosnovik. 32  
In this review, we will focus specifi cally on the use of MR 
imaging for T-cell tracking. The MR signal strength is 
directly related to the relaxation rates of protons in the local 
environment (R 1 , the longitudinal relaxation rate, and R 2 , 
the transverse relaxation rate). Because of this correlation, 
agents that enhance the rate of either type of relaxation can 
be used as MR contrast agents. The 2 most widely used con-
trast agents for cellular tracking are gadolinium-based 
agents, which are T 1  contrast agents that cause positive con-
trast enhancement and provide brighter images on accumu-
lation in the target site, and superparamagnetic iron oxide 
particles, which are T 2  contrast agents that give negative 
contrast enhancement and thus darker images in areas 
of accumulation. Because nonspecifi c internalization by 
T cells is ineffi cient, contrast labeling of those cells requires 
tagging with internalization enhancers such as peptides or 
specifi c ligands that facilitate the internalization of the con-
trast agent without compromising cellular function. A vari-
ety of these internalization enhancers have been proposed 
and used effectively, including HIV tat peptides (which can 
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increase T-cell uptake of liposomal 33  and iron oxide nanopar-
ticles 34  100-fold compared with unlabeled contrast agent), 
anionic iron oxide nanoparticles, 35  and transfection reagents 
combined with the contrast agent. 36  
 But while supermagnetic iron oxide (SPIO) and gadolinium-
based agents are well-established, safe, and effective MR 
contrast agents, little has been achieved from the standpoint 
of incorporating these contrast agents into drug delivery 
vehicles for targeting specifi c T cells. A variety of other 
nanosystems have been developed that can potentially 
achieve this drug delivery, including (1) liposomal-based 
systems; (2) macromolecular systems such as dendrimers; 
and (3) solid nanoparticles, such as those fabricated from 
biocompatible polymers (     Figure 2 ).    

  NANOSYSTEMS 
  Liposomal Systems 
 Liposomes as drug delivery vehicles were fi rst proposed by 
Gregoriadis 37-40  but have also been studied extensively for 
the purposes of noninvasive imaging (see reviews by 
Laverman et al, 41  Mulder et al, 42  and Torchilin 43 ). Liposomes 
are generally composed of amphiphilic phospholipids and 
cholesterol that self-associate into bilayers encapsulating 
an aqueous interior. These can be formulated into small 

structures (between 80 and 100 nm) that encapsulate either 
hydrophilic drugs in the aqueous interior or hydrophobic 
drugs within the bilayer (     Figure 2 ). Encapsulation is achieved 
using a variety of loading methods, most notably the pH 
gradient method (used for loading vincristine) 44  or the 
ammonium sulfate method (used for loading doxorubicin). 45  
Additionally, the liposome surface can be engineered to 
improve its properties. 46  ,  47  Thus far, the most noteworthy 
surface modifi cation is the incorporation of the hydrophilic 
polymer polyethylene glycol (PEG), which serves as a 
barrier preventing interactions with plasma proteins, thus 
retarding recognition by the reticuloendothelial system 48  
and enhancing the liposome circulation lifetime. As a carrier 
for imaging agents, liposomes have proven to be versatile as 
well. 43  ,  49  For example, liposomes have been loaded with fl uo-
rochromes and targeted to both T-cell and B-cell lympho-
cytes for in vitro characterization. They have also been used 
in scintigraphic imaging of lymph nodes and infl amma-
tion 41  ,  50  by loading with radionuclides such as technetium-
99m 51  or inidium-111 52  ,  53  as well as targeted imaging of 
tumor development and drug delivery to those tumors. 43  ,  53  
 The combination of targeting specifi city, improved pharma-
cokinetic distribution, and the ability to incorporate a vari-
ety of agents into either the bilayer or the interior has led to 
an increased study of liposomal systems for enhancement of 

 Figure 2.       Schematic of nanosystems that may function as combined drug delivery and imaging agents for targeting T cells: (A) 
liposomal systems, (B) solid biodegradable nanoparticulates, and (C) macromolecular dendrimer complexes. PEG indicates 
polyethylene glycol; Gd-DTPA, gadolininum-diethylene triamine pentaacetic acid.  
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contrast in MR imaging. Paramagnetic reagents such as 
gadolinium-based chelates, manganese chloride, and iron 
oxide have been prepared in liposomal formulations and 
used to target different tissue types and cells. 42  Incorporation 
of the gadolinium-chelating lipids into the lipid bilayer during 
liposome formulation improves the relaxivity owing to 
enhanced water exchange with the surrounding environment 
and subsequent shortening of the relaxivity of the target of 
interest. Magnetoliposomes, which are liposomes that either 
incorporate iron oxide in the aqueous interior 54  ,  55  or incor-
porate iron oxide nanoparticles coated with a lipid bilayer, 56  
are effective T2 contrast agents that can be potentially engi-
neered to release drug on exposure to a high-frequency mag-
netic fi eld. These systems have been used for selective 
targeting and MR imaging of peripheral blood monocytes. 54  
 It is the fl exibility of engineering and construction that 
makes liposomal vehicles effective candidates for noninva-
sive imaging. As targeted drug delivery vehicles, some lim-
itations of liposomes have emerged: most notably, poor 
control over release of the drug from the liposome (ie, the 
potential of leakage of drug into the blood), as well as ques-
tions regarding encapsulation effi ciency, method scalability, 
and stability during storage. 57  ,  58  Perhaps because of these 
limitations, the use of liposomes as combined contrast 
agents for T-cell tracking as well drug delivery has not been 
widely explored.  

  Macromolecular Systems: Dendrimers 
 Dendrimers are a class of monodisperse polymers distin-
guished by their repeated branching structure emanating 
from a central core. 59  This branching, which is inherent in 
the divergent synthesis of dendrimers, leads to a geometric 
growth of the polymer that can nearly approximate a sphere 
with increased branchings or higher generations (generation 
6 or above). Additionally, the branching creates a labyrin-
thine core ideally suited for entrapment of a variety of small 
molecules such as drugs. 60  ,  61  This fractal-like structure also 
creates a highly functionalized terminal surface suited for 
conjugation to ligands; this surface may facilitate targeting 
of the dendrimer or conjugation to contrast agents for imag-
ing. As a result of these properties — and combined with 
their narrow molecular weight distribution and small size 
(less than 100 nm) — dendrimers have been used for a large 
number of applications, including drug delivery and con-
trast enhancement in MR applications. 62-64  
 Polyamidoamine (PAMAM) dendrimers, synthesized by 
the repetitive addition of branching units to an amine core 
such as an ammonia or ethylene diamine, are widely used 
for drug delivery and imaging applications. PAMAM cores 
can function as drug reservoirs and have been studied as 
vehicles for small drugs, 60  ,  65-67  paramagnetic molecules for 
contrast enhancement in MR imaging, 63  oligonucleotides, 68  

transgenes, 69  ,  70  and radionuclides. 71  Recently, the combined 
use of paramagnetic chelates and fl uorescent groups conju-
gated to the surface of PAMAM dendrimers have facilitated 
dual-mode imaging of lymph nodes by both MR imaging 
and fl uorescence microscopy. 72  ,  73  

 Because of the high number of functional groups on the ter-
mini combined with their potential for effective drug delivery, 
dendrimers have been exploited for targeting and visualiza-
tion of a variety of tissue and cell types: by conjugation to 
folic acid for targeting tumors, 74  prostate-antigen-specifi c 
antibodies for targeting the prostate, 75  and peptides for tar-
geting vascular endothelium 76  and intestinal epithelium. 77  

 One strategy for constructing T-cell binding dendrimers 
couples streptavidin to the termini of PEG chains tethered 
to the dendrimer core. In this strategy, streptavidin is used to 
facilitate the coupling of biotinylated T-cell markers such as 
biotinylated anti-CD3 or peptide/MHC complexes that tar-
get polyclonal T cells and antigen-specifi c T cells, respec-
tively. 78  The PEG tethered to the core and terminated with a 
functional group facilitates fl exibility of attached ligands 
and allows attached proteins to scan a few nanometers of 
surface area for attachment to cell surface receptors. This is 
critical for enhancing the avidity to T-cell targets. In addi-
tion, this modifi cation provides for enhanced solubility, 
biocompatibility, lower immunogenicity, and desirable 
pharmacokinetics, while the main biological functions such 
as receptor recognition are maintained. 79-81  

 Our work has examined the utility of dendrimers in deliver-
ing doxorubicin, a widely used antiproliferative agent, to 
proliferating T cells and antigen-specifi c T cells. We found 
that the small size of the dendrimers, which allows for their 
effi cient internalization, coupled with their ability to deliver 
a large number of doxorubicin molecules to specifi c T cells, 
led to an effi cient system for inhibiting the specifi c prolifer-
ation of both polyclonal and antigen-specifi c T cells. 78  

 In addition to dendrimers ’  utility as drug delivery vehicles 
to specifi c T-cell populations, several studies have now 
established their effi cacy as contrast agents in MR imag-
ing. 78  ,  82  ,  83  Our work has shown the potential of using these 
reagents in tracking the distribution of antigen-specifi c T 
cells (     Figure 3 ). In these studies we compared the distribu-
tion of targeted dendrimer contrast agent in a transgenic 
mouse (OT-1) that expressed the OT-1 T-cell receptor spe-
cifi c for the peptide/MHC complex (H-2K b  loaded with the 
ovalbumin peptide) and in a negative control mouse with an 
identical genetic background lacking the OT-1 receptor 
transgene. These experiments involved injection of small 
quantities of gadolininum-diethylene triamine pentaacetic 
acid (Gd-DTPA)-pegylated PAMAM conjugated to the 
peptide/MHC complex via the tail vein of wild-type and 
transgenic mice; 3-dimensional MR images were acquired 
between 0 and 30 minutes after injection and posteuthanasia. 
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Interestingly, the reagent showed longevity (up to 30 min-
utes and postmortem) in the heart and lungs of the 
transgenic mouse, while it was quickly cleared by biliary 
excretion (gall bladder uptake) from the wild-type mouse of 
identical background. This enhanced residence time and 
distribution were verifi ed immediately after acquisition by 
fl uorescence measurements of blood pools and of spleno-
cytes dissected from both mice after euthanasia. The results 
also show that, consistent with previous data obtained by 
histological analysis, 20  antigen-experienced T cells may 
reside in and traffi c heavily in nonlymphoid tissues. Per-
haps the most encouraging aspect of these data is that the 
same construct was effective in noninvasive imaging and 
drug delivery to antigen-specifi c T cells, highlighting the 
promise of these systems for both functions.    

 Figure 3.       Antigen-specifi c T-cell distribution in WT and 
transgenic mice expressing the T-cell receptor specifi c for the 
peptide/MHC complex coupled to a polyamidoamine contrast 
agent. Magnetic resonance imaging of transgenic T cells in mice. 
T1 contrast enhancement in OT-1 transgenic mice at Z =  – 4.2 
mm. T1-weighted fast gradient echo images are 512 × 256 × 64, 
relaxation time = 16 ms/echo time = 5.2 ms, 1-mm slice. 
Coronal images of a section of the mouse body at different time 
points after injection of peptide/MHC particulate contrast agent. 
The transgenic mouse showed signifi cant brightening and 
motility of contrast postinjection compared with the WT control, 
which showed biliary accumulation (gall bladder) and excretion 
of contrast. WT indicates wild type; MHC, major 
histocompatibility complex.  

  Solid Biodegradable Nanoparticles 
 Solid biodegradable nanoparticulates fabricated from natu-
ral constituents such as proteins or lipids or synthetic poly-
mers have been widely studied for targeted drug delivery to 
different types of cells. Emerging applications are now 
beginning to use some of these systems for imaging pur-
poses. The main classes of these systems are based on either 
natural systems such as proteins conjugated to MR contrast 
agents or artifi cial polymers incorporating paramagnetic 
agents. Protein systems such as albumin-Gd-DTPA, while 
now available commercially, have had drawbacks such as 
limitations in routine and consistent synthesis of agents that 
possess similar chemical characteristics. In addition, the 
conformational changes, molecular shape, and size are dif-
fi cult to predict or control. Albumin and other polypeptides 
are also limited in their drug delivery potential since only a 
few sites are available for conjugation to drugs and the 
potential for sustained drug delivery is low. 

 We focus here on one of the most widely used types of syn-
thetic polymers, which are the aliphatic polyesters, specifi -
cally the hydrophobic poly(lactic acid) (PLA), the more 
hydrophilic poly(glycolic acid) (PGA), and their copoly-
mer, poly(lactide-co-glycolide) (PLGA). These are attrac-
tive drug delivery vehicles because the degradation rate of 
these polymers, and the corresponding drug release rate, 
can vary from days (PGA) to months (PLA) and are easily 
manipulated by varying the ratio of PLA to PGA. 84  The 
drug can be encapsulated by a wide range of techniques, 
ranging from hydrophobic entrapment to conjugation to the 
polymer, providing further versatility in dosing. Moreover, 
the physiologic compatibility of PLGA and its homopoly-
mers PGA and PLA have been established for safe use in 
humans; these materials have been used for more than 30 
years in various human clinical applications, including drug 
delivery systems. 85  ,  86  

 For in vivo drug delivery to lymphocytes, the delivery of 
immunosuppressives from biodegradable nanoparticles can 
improve drug effi cacy over that of free, unencapsulated drug 
for a variety of reasons. 70  ,  87  One mechanism may simply be 
the sustained release of drug from localized drug reservoirs; 
particles that are not cleared away and release low levels of 
drug over a long time period have been shown to be more 
effective than bolus doses, presumably because even with 
localized bolus injections a higher percentage of free drug is 
cleared before any effect is exerted. In the case of nanoparti-
cles, which are capable of being internalized by lympho-
cytes because of their small size, internalized PLGA nanopar-
ticles can act as intracellular drug reservoirs, leading to 
continued exposure to and action of drugs over a sustained 
period of time. As expected, preliminary work has shown 
that encapsulation in nanoparticles can lower the IC 50  of 
doxorubicin with a variety of cell lines and even increase 
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effi cacy in cells displaying multidrug resistance. 70  ,  88  As fur-
ther evidence of the benefi ts of controlled release from 
nanoparticles, we have shown that particles improve the bio-
logical activity of doxorubicin to target T cells (     Figure 4 ).   
 Targeting and controlled release would be an ideal combi-
nation for drug delivery, as the benefi ts of sustained and 
controlled release could be maximally exploited to increase 
intracellular drug concentrations, improve delivery to 
intracellular sites of drug activity, and bypass certain mech-
anisms of drug resistance. Control of drug release from 
internalized or localized PLGA nanoparticles is of further 
interest, as the benefi ts of sustained and controlled release 
can be used to modulate the rate, duration, and amount of 
intracellular drug concentration. The importance of con-
trolled release has been seen with targeted liposomes, 
whose lack of ability to control release signifi cantly limits 
their performance. For example, a few groups have dem-

 Figure 4.       (A) Multifunctional solid biodegradable PLGA nanoparticles tethered to T-cell antibodies, magnetic resonance contrast 
agent (biotin-BSA-Gd-DTPA) and encapsulating an immunosuppressive drug (doxorubicin); (B) scanning electron microscopy image 
of PLGA nanoparticles; (C) cumulative release of doxorubicin from 10-mg nanoparticles under simulated physiological conditions 
(1 ×  phosphate-buffered saline, 37ºC); (D) T1-weighted image of contrast agent nanoparticulates; (E) the same nanoparticles are used 
for targeting and inhibition by doxorubicin delivery to polyclonal T cells stimulated in vitro with anti-CD3 (X-axis), cell number 
(Y-axis): red, targeted particles encapsulating doxorubicin; white, no particles; purple, doxorubicin particles (no targeting); orange, 
blank particles. CD3 indicates ; BSA, bovine serum albumin; Gd-DTPA, gadolininum-diethylene triamine pentaacetic acid; PLGA, 
poly(lactide-co-glycolide).  

onstrated that intracellular drug concentrations can be 
greatly increased with doxorubicin-loaded liposomes tar-
geted to internalizing receptors. Goren et al note, however, 
that the in vitro effi cacy of doxorubicin is not necessarily 
improved, despite high intracellular concentrations. 48  They 
hypothesized that the drug is released by the  “ popping ”  of 
liposomes precipitated in the cytosol, which negates their 
effi cacy and suggests that the total amount of intracellular 
doxorubicin delivered and the rate at which it is delivered 
are important to consider when designing targeted 
delivery. 
 On the other hand, when release can be controlled, substan-
tial improvements in effectiveness are possible. Targeted 
PLGA nanoparticles that provide a controlled release of 
doxorubicin to target T cells are more potent at killing cyto-
toxic T lymphocytes (     Figure 4 ). Based on this and other evi-
dence, we believe that the rate and extent of duration of 
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release from particles will be an important determinant of 
effi cacy for T-cell drug delivery. 
 In addition to targeted drug delivery, recent work has dem-
onstrated the viability of engineering different imaging 
modalities into biodegradable PLGA particles, rendering 
them detectable by fl uorescence microscopy and MR imag-
ing. 89  For example, recent work has shown that coencapsu-
lation of Gd-DTPA with a fl uorescent dye such as nile red in 
biodegradable PLGA particles enabled noninvasive moni-
toring of their local intravesical delivery with MR imaging 
for at least 5 days after the initial instillation, although the 
enhancement decreased because of microparticle degrada-
tion. 89  Our work has coupled T 1  contrast agents into PLGA 
nanosystems for visualization of the location of the drug 
dose (     Figure 4 ). These systems use high-density surface 
modifi cation with avidin-fatty acids that maintain a display 
of tethered ligands for prolonged periods, potentially enhanc-
ing contrast over long periods of time and overcoming issues 
related to the loss of imaging contrast with particle degrada-
tion. 78  PLGA systems are therefore clearly multifunctional 
and as such are promising candidates for simultaneous drug 
delivery and imaging to various types of cells and tissues. To 
our knowledge little has been done using these systems for 
targeting drug or MR contrast agents to lymphocytes.   

  CONCLUSIONS AND CHALLENGES 
 Most noninvasive tracking approaches for T cells in the 
body aim for isolation of those cells; ex vivo labeling with 
 “ molecular beacons ”  such as bioluminescent markers, PET, 
or MR contrast agents; and then injection of labeled cells 
into the whole body and analysis of their traffi cking 
dynamics and localization. This information is important 
for diagnostic assessment of the many disease states that 
involve aberrant T-cell migration to tissue sites. Dextran-
coated superparamagnetic iron oxide and other iron oxide –
 based nanoparticulates have emerged as leading candidates 
for this approach because of their high magnetic suscepti-
bility coupled with the versatility in their coating with 
ligands that facilitate binding to target cells. This is a pro-
ductive step forward in noninvasive cellular imaging; how-
ever, for tracking pathogenic lymphocytes combined with 
the potential for therapeutic intervention, other targeted 
nanosystems such as the ones discussed in this review offer 
considerable potential. These new capabilities may allow 
restoration of immune competence involving pathogenic 
lymphocytes and offer the potential for tracking the loca-
tion and as well as localizing the drug depot to target T 
cells. Challenges in using these systems for routine moni-
toring and therapy include properly optimizing the surface 
to evade nonspecifi c endocytosis, understanding their clear-
ance, and further evaluating their systemic toxicity and 
pharmacokinetics.  
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