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Abstract
Nanomaterials for targeted delivery are uniquely capable of localizing delivery of therapeutics and
diagnostics to diseased tissues. The ability to achieve high, local concentrations of drugs or image
contrast agents at a target site provides the opportunity for improved system performance and patient
outcomes along with reduced systemic dosing. In this review, the design of targeted nanodelivery
systems is discussed with an emphasis on in vivo performance, the physicochemical properties that
affect localization at the target site, and the incorporation of therapeutic drugs into these systems.
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Introduction
Successful targeted delivery systems are designed to allow delivery of therapeutic or diagnostic
agents to a preferential site. As targeted nanodelivery involves local delivery of therapeutics
and diagnostics at disease sites, this method has received considerable attention over the last
15 years and is poised to have a significant impact on medicine. Efficient targeted delivery
systems allow for a reduced systemic dosage while resulting in relatively higher or more
efficient dosing at the target site. The promising benefits of reduced systemic side effects and
simultaneously improved efficacy have fueled the development of this field. To date, targeted
delivery has become a rich field of drug delivery and nanomaterials.

Nanoscale materials are a necessity for most targeted delivery systems as these systems must
be allowed to transport through different tissue spaces in order to localize at the target site. For
tumor delivery, intravenously administered particles must circulate in the bloodstream and be
small enough to escape circulation through tumor microvasculature which typically requires
the system to have a diameter less than 100 nm to 2 μm [1]. In other applications such as the
treatment and diagnosis of atherosclerotic plaques, targeted delivery systems have been
developed on the order of 10 nm to greater than 1 μm.

The ability of nanoparticles to localize at a target site is dependent on a number of factors. In
general, it is unclear whether chemical properties, the presence of a targeting ligand, or size is
the primary determinant for nanoparticle biodistribution. In many cases, it is a combination of
these properties that shapes biodistribution. One of the advantages of nanoparticle delivery
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systems is that the circulation time of drugs and diagnostic agents can be prolonged, and
delivery can be controlled through targeting.

Even with targeted delivery, only a fraction of the administered dose localizes at the target site
while the remaining nanoparticles distribute throughout the body. At this point,
pharmacokinetics pertaining to the nanodelivery system determine the dose in nontargeted
tissues. A furthered understanding of nanoparticle biodistribution and pharmacokinetics will
be a significant contribution to the successful development and translation of targeted delivery
systems.

An often overlooked design parameter in targeted delivery systems is the method and amount
of incorporation of the drug or diagnostic agent. There are a variety of methods for
incorporating these functions into a delivery system which depend on the nanomaterial and the
agent of interest. The small volumes of nanomaterials inherently limit their maximum payloads,
and their sizes present challenges to traditional purification and measurement techniques.

From current work in the field, it is evident that the design of optimized targeted delivery
systems will be based on the drug or agent of interest, the nanoparticle type that allows sufficient
loading of the drug, and the physicochemical properties that allow for targeting. We will
highlight some of this recent work on targeted delivery systems and focus on in vivo
performance, localization, and the incorporation of diagnostic and therapeutic agents in
targeted delivery systems.

In vivo studies on targeted delivery: localization, uptake, and performance
One of the key features of targeted delivery systems is the addition of targeting ligands to the
surface of the nanoparticle either through physical adsorption or more commonly chemical
attachment. Various in vitro and in vivo studies have shown that the addition of these targeting
ligands improves the therapeutic effects of the delivery systems compared to control systems
without the targeting ligands. Nanodelivery systems with targeting ligands are often referred
to as actively targeted systems but will be referred to as targeted delivery systems throughout
this paper. Nanodelivery systems without targeting ligands can be passively targeted systems
but will be referred to as nontargeted systems in this paper. Recent in vivo studies have shed
light on some of the mechanisms behind this improvement in therapeutic efficacy. Findings
from these studies suggest that the targeting ligands act less like a homing device seeking out
the target site but more like sticky shoes that improve nanoparticle association with the target
cells’ membranes or even uptake by the target cells. In this section, we will cite recent studies
on targeted delivery systems focusing on comparisons against nontargeted delivery systems
for the two most common applications of targeted delivery: targeting of tumors and
atherosclerotic plaques.

Tumor targeting
Nanoparticles are well-suited materials for targeted tumor delivery due to their ability to
circulate in the bloodstream for relatively long time periods and their ability to accumulate in
tumor spaces. Often, actively targeted nanodelivery systems are modifications of passively
targeted delivery systems. A number of studies have shown improved treatment in vivo and in
vitro with targeted systems. However, there is growing evidence to suggest that for many
nanoparticle delivery systems accumulation at the tumor site is independent of the presence or
absence of a targeting ligand. In these cases, the enhanced permeability and retention (EPR)
effect is the dominating mechanism for localization at the tumor site. Exploitation of the EPR
effect requires careful size selection of nanoparticles that allows nanoparticles to extravasate
leaky tumor vasculature and to be retained in the tumor due to insufficient lymphatic drainage.
However, in a number of studies, nanodelivery systems with targeting ligands have performed
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better than nontargeted systems. This improved performance or more effective treatment has
been attributed to improved nanoparticle association with target cell membranes and target cell
internalization. We will discuss a variety of recent in vivo studies which have compared targeted
and nontargeted nanodelivery systems towards understanding the relationship between active
and passive tumor targeting.

Active Tumor Targeting
This relationship between cell uptake and performance of targeted nanodelivery systems has
been demonstrated in several studies with folate targeted-nanoparticles. To target tumor cells
overexpressing the folate receptor, folate was incorporated into the nanoparticle delivery
system as a targeting ligand.

In a study by Wang et al [2], the biodistribution and performance of targeted nanoparticles
composed of heparin-folate-paclitaxel conjugates loaded with paclitaxel (HFT-T) were
compared to nontargeted nanoparticles of heparin-paclitaxel conjugates loaded with paclitaxel
(HT-T). HFT-T targeted systems significantly reduced tumor volume over nanoparticle and
paclitaxel controls in a KB-3-1 human nasopharyngeal carcinoma xenograft-bearing mouse
model. Despite this, biodistribution studies revealed that the difference between accumulation
of targeted and nontargeted systems in the tumor was not statistically significant. However,
fluorescence microscopy of the tumor cells showed that the targeted systems were more
commonly internalized. These results were confirmed by flow cytometry which showed that
the targeted nanoparticles were found in three times more tumor cells than nontargeted
nanoparticles (21.8 ± 2.9% cells compared to 5.6 ± 1.8% cells). This phenomenon was further
evidenced by in vitro studies which showed the uptake of targeted nanoparticles was higher
than nontargeted nanoparticles and was folate-dependent. In this study, the improved
performance of targeted nanoparticles was due to enhanced cell uptake, rather than enhanced
localization compared to nontargeted nanoparticles.

Likewise, comparable biodistributions and tumor accumulation between folate receptor-
targeted and nontargeted gadolinium (Gd) nanoparticles has been observed in a KB xenograft-
bearing athymic mouse model [3]. The results showed that the targeted and nontargeted systems
had similar biodistributions and that there was no statistical difference in tumor localization at
either 5 or 8 hours. Furthermore, there was a higher tumor cell uptake of targeted nanoparticles
in vitro and an enhanced retention following intratumor injection of nanoparticles in vivo.
While this study did not examine the tumor microdistribution of nanoparticles in vivo, it relied
on in vitro data to support the assertion that enhanced internalization was a feature of folate-
coated Gd nanoparticles.

Tumor delivery via folate receptor targeting has also been evaluated using micelles with
differing amounts of the targeting ligand [4]. Targeted micelles were formed with varying
amounts of folate by increasing the molar ratio of folate-PEG-poly(aspartate-hydrazone-
adriamycin) [Fol-PEG-p(Asp-Hyd-ADR)] to methoxy-PEG-poly(aspartate-hydrazone-
adriamycin) [PEG-p(Asp-Hyd-ADR)] while nontargeted control micelles were formed entirely
from PEG-p(Asp-Hyd-ADR). The effective dose for the targeted system improved upon the
nontargeted system, which was also lower than the effective dosage for the free drug in in
vivo studies with tumor-bearing CD-1 nude mice. These results indicated that targeted micelles
(containing 10% of the folate-conjugated polymer) performed more effectively than
nontargeted micelles despite similar pharmacokinetic profiles of micelle accumulation in the
tumor and relatively close area under the curves (AUC) for the drug accumulation in tumors
(132.67 and 143.60 percent initial dose (%ID)/g organ × h, respectively). While the
internalization of targeted and nontargeted nanoparticles was not monitored in vivo in this
study, the preferential internalization of targeted nanoparticles is hypothesized to be the reason
for the improved effective dose.
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Another common targeting ligand, transferrin (Tf), has been conjugated to a variety of targeted
delivery systems to target overexpressed Tf receptors common to many cancers. As observed
in folate receptor targeted systems, nanoparticles with Tf targeting ligands improve delivery
but have a biodistribution and tumor accumulation similar to nontargeted systems [5]. For
example, Bartlett et al focused on delivery of siRNA using cyclodextrin-containing polycations
and used positron emission tomography (PET) and bioluminescence imaging to simultaneously
monitor the nanoparticle location and siRNA activity as shown in Figure 2. In this study, siRNA
activity was higher for the targeted delivery systems (Figure 2c). The improved siRNA activity
was attributed to a greater tumor cell internalization of the targeted nanoparticles versus the
nontargeted nanoparticles, because the tumor accumulation of targeted and nontargeted
nanoparticles was similar. Approximately 1% initial dose (ID) accumulated per tumor volume
one day after injection. Additionally, Bartlett et al found that nanoparticle accumulation in
tumors was independent of the Tf-receptor level.

In addition to the improvements in delivery via folate and transferrin targeting, enhanced
performances due to nanoparticle internalization have been seen for multiple systems with
antibody-directed targeting. In a study focused on spectroscopic detection of cancer using
surface-enhanced Raman (SERS) via colloidal gold Raman nanotags, single-chain variable
fragment antibodies for epidermal growth factor receptor (EGFR) were harnessed for targeting
of 80 nm nanotags [6]. Transmission electron micrographs of tumor cells revealed that the
targeted nanotags were more readily internalized. The enhanced internalization of targeted
nanotags paralleled an increase in Raman signal intensity from tumors treated with the targeted
nanotags. Biodistribution measurements showed that the accumulation and retention of EGFR
targeted nanotags in the tumor was about 10 times greater than that of nontargeted controls.

Similar findings have been reported for antibody targeting of liposomes. For example,
liposomes possessing an anti-HER2 monoclonal antibody (MAb) composed of
phosphatidylcholine and polyethylene glycol (PEG)-modified
distearoylphoshphatidylethanolamine (DSPE) (PEG-DSPE) with an average particle diameter
of 100 nm were shown to improve antitumor efficacy of doxorubicin over various control
formulations [7]. Kirpotin et al further evaluated the biodistribution and uptake of these targeted
liposomes containing the anti-HER2 MAb compared to nontargeted liposomes [8]. They found
that the biodistribution of targeted and nontargeted liposomes was similar. In fact, localization
of targeted and nontargeted liposomes in HER-2 overexpressing xenografts (BT-474) and non-
HER-2-overexpressing xenografts (MCF-7) were not statistically different with a range of 7–
8% of the injected dose per gram of tumor tissue (ID/g tumor). Targeted and nontargeted
liposomes were shown to extravasate tumor blood vessels in both xenograft models, yet a
significant difference between the targeted and nontargeted liposomes was observed in the
microdistribution within HER-2-overexpressing tumor xenografts. Targeted liposomes were
found predominantly in tumor cells while nontargeted liposomes were found in the
extracellular spaces or in macrophages associated with tumor tissue. For targeted liposomes,
there was a four-fold greater preference for nanoparticle localization in xenograft tumor cells
rather than host cells while there was no statistical preference for tumor cells over host cells
in the case of nontargeted liposomes.

Likewise, ElBayoumi and Torchilin used antibody targeting to enhance delivery of doxorubicin
loaded PEGylated liposomes [9]. The targeting ligand, monoclonal antibody 2C5 (mAb 2C5)
with nucleosome-restricted activity, increased accumulation of liposomes in Lewis lung
carcinoma tumor models over nontargeted systems. Following administration of liposomes, a
greater reduction in tumor volume was achieved by doxorubicin delivery from targeted
liposomes.

Phillips et al. Page 4

Nano Today. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Passive Targeting of Tumors
While the active targeting schemes described above involve the use of molecules designed to
specifically interact with a physiological target, passive targeting takes advantage of natural
properties and processes in tissues to localize a delivery agent at a desired target site. The most
common type of passive targeting is tumor targeting by the EPR effect. To exploit this effect,
the size of nanoparticles is designed to allow nanoparticles to extravasate from defects in tumor
vasculature. Nanoparticles between 100–200 nm have been shown to accumulate in tumors by
the EPR effect. Larger molecules such as nanoparticles can diffuse out of defective tumor
vasculature but are retained in the tumor space due to insufficient venous and lymphatic
clearance. The retention of large molecules such as nanoparticles is typically higher than small
molecules which can more easily diffuse back into vasculature as shown in Figure 3 [10]. In
addition to appropriate size, nanoparticles must have properties that allow for a long circulation
time. Passive tumor targeting by the EPR effect requires a driving concentration gradient of
nanoparticles for a sustained time period of at least 6 hours [10,11]. As a result, PEGylation
and surface charge are important design parameters due to their known effect on circulation
times. In vivo targeting delivery studies suggested that the presence of a targeting ligand does
not appear to significantly affect extravasation, but inefficient extravasation could significantly
affect targeted delivery.

Challenges to Tumor Delivery
One of the challenges to developing a successful tumor targeting delivery platform, is that even
with passive and active targeting only a fraction of the administered dose accumulates in the
tumor. This brings two questions to light: is there enough accumulation at the target site and
what is the systemic dose?

In short, effective delivery can be achieved at the tumor site. Whether the dose administered
is an effective dose is easily gauged by a sufficient suppression in tumor growth. The effective
dose is dependent on nanoparticle localization at the tumor site but also on the maximum
payload that each nanoparticle can deliver. To put this into perspective, nanoparticles localize
in tumors at much lower levels than the administered dose (Table 1). So, if the amount of drug
or image contrast agent is increased in each nanoparticle, a higher dose arrives at the tumor
site. However, there is a balance between the payload and the number of nanoparticles. The
fraction of the administered dose that localizes in the tumor relative to the mass of the tumor
(%ID/g tumor) is also lower than other in organs (the % ID/g tissue) such as the liver [12].
What this tells us is that other organs have an increased exposure per gram of tissue to the
nanoparticles and their payloads than the tumor often does. So, an increase in the drug or
contrast agent could be detrimental.

A greater cell internalization accompanied by a simultaneous improvement in performance of
targeted nanodelivery systems is a recurring theme in cancer delivery. Clearly, the selection
of the targeting ligand is important, but the nanoparticle properties that influence accumulation
in the tumor are important design parameters as well.

Targeting of atherosclerotic plaques
Second to tumor targeting, the most common application of targeted imaging and treatment is
atherosclerosis. In targeting atherosclerosis, the delivery system circulates in the bloodstream
and must adhere to a specific region of the vasculature. The small size and relatively large
surface area of nanoparticles makes them attractive candidates for this application. Because
circulating nanodelivery systems must adhere to atherosclerotic lesions, understanding
nanoparticle adhesion and behavior in flow conditions is extremely important, although it is
beyond the scope of this paper. To date, the majority of in vivo studies have focused on the
delivery of image contrast agents. As a result, the preferential accumulation of targeted
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nanoparticles at atherosclerotic lesions has often been confirmed by improved image contrast
or increases in the signal at the target site relative to the background.

In one such study, an improved contrast in fluorescence imaging and delivery of a heparin
hirulog therapeutic was achieved using micelles with a clot-binding peptide, cysteine-arginine-
glutamic acid-lysine-alanine (CREKA) to target fibrin deposits on atherosclerotic plaques
[13]. The micelles were formed from PEG-DSPE polymers with variable head groups labeled
with carboxyfluorescein (FAM-labeled) for imaging, CREKA for targeting, or a heparin
hirulog for treatment. Results showed that the targeted micelles improved the fluorescence
intensity of atherosclerotic plaques in the aortic tree over nontargeted micelles as well as the
delivery of the heparin hirulog as seen in Figure 4. The CREKA targeting ligand was shown
to be responsible for this improved contrast because through competitive inhibition studies.
The contrast provided by targeted FAM-labeled micelles was depleted with the addition of
excess unlabeled targeted micelles but remained the same with the addition of excess unlabeled
nontargeted micelles. Additionally, CREKA targeted micelles were more effective than
nontargeted control micelles in delivering hirulog to plaques in an ApoE-null mouse model.
The ability to target delivery to diseased tissue using the CREKA targeted micelles by showing
that hirulog delivery was significantly lower in nonatherosclerotic (wild-type) mice (Figure
3c).

Enhanced contrast of magnetic resonance imaging (MRI) of atherosclerotic plaques has also
been achieved using targeted nanodelivery of contrast agents. For example,
magnetofluorescent nanoparticles targeted to vascular adhesion molecule-1 (VCAM-1), a
biomarker for atherosclerosis, enhanced MRI and fluorescence image contrast agent delivery
compared to nontargeted controls in a cholesterol-fed apoE−/−mouse model [14]. In another
study, Neubauer et al examined targeted delivery of paramagnetic liquid perfluorocarbon
nanoparticles which incorporated a peptidomimetic victronectin antagonist for targeting the
αvβ3 integrins [15]. Targeted systems enhanced MRI images compared to the nontargeted
systems with double the concentration at the aortic wall (0.38% ID compared to 0.18% ID for
nontargeted, or 1.64 compared to 0.84 nmol Gd/g tissue/h, respectively) in a cholesterol-fed
rabbit model.

Several other studies have focused on targeted delivery systems as platforms for image contrast
agents in atherosclerosis and have shown significant image enhancement over controls. For
example, Park et al. demonstrated that hydrophobically modified chitosan nanoparticles with
a peptide targeting ligand selectively accumulate at atherosclerotic plaques [16]. In addition,
magnetofluorescent nanoparticles were targeted to macrophages associated with atheroma
using dextran [17]. Administration of the targeted nanoparticles resulted in significant image
enhancement over saline controls in the blood-plaque contrast-to-noise ratio of MRI.
Improvements were also observed in near infrared reflectance fluorescence images in the
plaque-to-background ratio. While these studies and others have not compared targeted
delivery with nontargeted delivery to atheroma, these results indicate that targeted delivery is
a promising approach to treatment and diagnosis of cardiovascular diseases.

The “fate” of the nanoparticle delivery system
The systemic biodistribution of nanoparticle delivery systems after administration is one of the
most important issues and design elements to consider in targeted delivery. There is an innate
relationship between the physicochemical properties of the nanoparticle and what happens to
the particle after administration. This section will focus on the biodistribution, opsonization,
and clearance of nanoparticles related to targeted delivery.
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Opsonization and Clearance
For targeted delivery applications, there is a delicate balance between the circulation time
necessary for particle localization at the target site and a suitable time frame for elimination.
The eventual elimination (or whole body elimination) of nanomaterials is particularly
important due to concerns over long-term exposure and interference with other diagnostics and
therapies.

Both renal filtration and opsonization result in removal of nanomaterials from the bloodstream.
Nanoparticles smaller than the renal filtration cut-off of 50 kDa or 5–6 nm are rapidly cleared
from the bloodstream and excreted as demonstrated by Choi et al and summarized in Figure 5
[18]. Larger nanoparticles can be removed from the bloodstream by the reticuloendothelial
system (RES) through opsonization resulting in nanoparticle accumulation in the liver, spleen,
and lungs. Both the size and charge of nanoparticles is known to affect opsonization. In general,
smaller particles tend to circulate longer [19]. Surface engineering such as charge shielding
and the reduction of the adsorption of opsonin proteins on the nanomaterial has been shown
to slow opsonization by imparting ‘stealth’ properties to the nanoparticle. For example, the
addition of hydrophilic molecules such as PEG has been used in a variety of studies to slow
opsonization. While we have alluded to the effect that PEGylation has on nanoparticle
opsonization, there have been several extensive reviews that give a more in depth discussion
of the factors affecting opsonization and strategies for slowing opsonization [19,20].

In general, the selection of nanoparticle clearance rate is dependent on the application. For
tumor targeting, the blood half-life in combination with the administered dose should afford a
high blood concentration of nanoparticles for several hours [11]. Shorter blood half-lives may
be desirable in other applications like image contrast agent delivery. Rapid localization and
short half-lives would allow administration of contrast agent and imaging to be performed on
a patient during a single appointment. Because nanoparticles are highly tunable, shorter or
longer blood half-lives can be achieved on the order of minutes to hours. For example, quantum
dots have been shown to have half-lives that range from 48 min to 20 h as demonstrated in
Figure 5 [18].

An emerging issue in the field of nanoparticle delivery is the overall elimination of the
nanoparticles. Clearance from the bloodstream is different than clearance or elimination from
the body. Biodegradable polymeric systems do address the issue of elimination as long as they
degrade to eliminable byproducts, but eventual elimination is an issue for organic and inorganic
systems that are not degradable. One recent study has highlighted this issue by demonstrating
that quantum dots can remain fluorescent in vivo for two years [21]. This nonelimination could
cause significant problems if the quantum dots interfere with other treatments or diagnostics.

Biodistribution
Because understanding biodistribution is fundamental to the development of successful
targeted nanodelivery systems, it is important to understand some of the factors affecting
biodistribution both from an experimental perspective and material design perspective.
Currently, there are not standardized practices for evaluating the performance of targeted
delivery systems. As a result, it is difficult to compare results across studies. For example,
some of the experimental factors affecting the measured biodistribution of nanomaterials are
the initial dose [4,22] the method of administration [23], the experimental model (including
the tumor mass in the case of tumor delivery) [12], and the experimental time range. As targeted
nanodelivery systems continue to be developed, standardized practices and the effect of
experimental conditions on results will become key experimental considerations.
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Despite the fact that there are not standardized procedures in measuring biodistribution, there
are some commonalities and trends in the development of new experimental techniques.
Perhaps, the use of autoradiography in monitoring nanoparticle biodistribution of radiolabeled
nanomaterials is one of the most common elements across studies [19]. The widespread usage
of autoradiography is due to the ability to easily and quantitatively measure small
concentrations, but there are several drawbacks to radiography. Autoradiography requires
tissue excision so only one time point can be measured per sample, and there are safety
considerations in practicing this technique. Because of this, there is a growing body of literature
that has used alternative methods to quantify biodistribution (Table 2).

Similar biodistributions for systems with and without targeting ligands is a recurring theme in
targeted delivery. In only a few studies, has the presence of targeting ligands been shown to
affect biodistribution in tissues other than the target site [4,6]. To the best of our knowledge,
there have not been any studies to determine whether internalization is improved by a higher
accumulation at the target site. However, it is evident that a higher concentration of
nanodelivery systems at the target site allows a greater availability for cell uptake. What this
underscores is that the physicochemical properties affecting biodistribution are equally
important for active and passive targeting. Size, shape, surface charge, and mechanical
properties can be selected based on their effect on biodistribution.

It has been shown that the biodistribution of nanoparticles is size-dependent, as demonstrated
by two recent studies on gold nanoparticles and PEGylated gold nanoparticles [24,25]. For
example, smaller gold nanoparticles (10 nm in diameter) were distributed in more tissues than
larger particles (50, 100, or 250 nm) [25]. In all of the samples, nanoparticle accumulation
occurred primarily in the liver, spleen, and the blood as measured by the concentration (ng/g
tissue) and percent of the initial dose. Like gold nanoparticles, PEGylated gold nanoparticles
exhibited a size-dependent biodistribution [24]. Accumulation of 20 nm gold nanoparticles in
the tumor was significantly higher than that of 80 nm particles in an A341 xenograft-bearing
mouse model. Outside of the tumor, nanoparticles of both sizes accumulated predominantly in
the liver and spleen. As expected from a slow uptake by reticuloendothelial system (RES)
organs, the 20 nm particles had a longer blood half-life than 80 nm particles and a lower
accumulation in the liver and spleen.

Many studies have predicted that the shape of nanoparticles affects in vivo performance [26,
27], but the influence of shape on nanoparticle biodistribution is only beginning to be explored.
To the best of our knowledge, only one study has compared the in vivo biodistributions of
nanoparticles with different shapes. Park et al. evaluated the biodistribution of magnetic iron
oxide nanoworms, elongated iron oxide nanoparticles, and compared them to spherical iron
oxide nanoparticles [28]. They observed that nanoworms more readily accumulated in tumors
in an MDA-MB-435 xenograft-bearing mouse model than nanospheres. After 48 h, nanoworms
still remained in the tumor while nanospheres did not. The overall biodistributions of the two
systems after 24 h were similar, where each showed a lower accumulation in the kidney relative
to the liver and a higher accumulation in the spleen relative to the liver. The circulation time
for both systems was comparable with blood circulation half-lives between 15 and 18 h.

In conjunction with size, the composition of nanoparticles has been shown to affect
biodistribution by determining the “flexibility or shape adaptability” of the nanoparticle [29].
When comparing the biodistribution of two relative sizes of shell cross-linked nanoparticles
having diameters of approximately 20 nm or 37 nm and core compositions of either glassy
polystyrene or fluid-like poly(methyl acrylate), Sun et al found that small particles with
polystyrene cores (18 ± 3 nm) had a greater retention in the blood compared to small particles
with poly(methyl acrylate) cores (24 ± 3 nm). The initial accumulation of nanoparticles in the
liver, lung, and spleen was higher for small particles with a poly(methyl acrylate) core

Phillips et al. Page 8

Nano Today. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



composition than particles with polystyrene core compositions at 10 min and 1 h. The authors
suggested that increased shape adaptability imparted by the more flexible poly(methyl acrylate)
core contributed to the observed differences.

Surface properties, such as surface charge and PEGylation, also affect the biodistribution of
nanoparticles. Generally, the addition of neutral hydrophilic polymers to the surface of
nanoparticles neutralizes the surface charge. Neutralization of surface charge has been
associated with improved blood retention time and decreased opsonization by the RES giving
rise to the term ‘stealth properties’ [30]. For example, the addition of PEG to poly(lactide-co-
glycolic acid) (PLGA) liposomes (PLGA-mPEG liposomes) affects biodistribution in a manner
dependent on the ratio of PLGA to PEG [31]. A comparison between similarly sized PLGA
nanoparticles and PLGA-mPEG(256) nanoparticles revealed that they had different surface
charges (−54.2 mV and −5.9 mV, respectively). The neutralized surface charge of the PLGA-
mPEG system increased nanoparticle retention in the blood after 3 hours to 42.6% ID in
comparison to 4.1% ID of the PLGA dose. Meanwhile, the accumulation of PLGA-mPEG
nanoparticles in the liver was generally lower than PLGA nanoparticles. Similar effects have
been achieved with the PEGylation of poly(caprolactone) (PCL) nanoparticles [31]. For
example, the surface charge of the PCL nanoparticles was increased from −27.17 mV to −6.046
mV by the addition of PEG, and a significant improvement in the blood retention time was
accompanied by a drop in nanoparticle accumulation in the liver and lungs for PEGylated PCL
nanoparticles.

The change in surface charge imparted by a polymer surface coating is not the only factor
affecting biodistribution. The composition of the polymer is a determining factor as well. This
phenomenon was explored with the adsorption of poloxamer 407, poloxamine 904, and
poloxamine 908 onto the surface of polystyrene and PLGA nanoparticles [32]. Following
administration in a rabbit model, the poloxamer 407 coating was the most effective in reducing
nanoparticle clearance from the blood and liver accumulation after 3 hours even though the
poloxamine 908 formulation had a more neutral surface charge than those with a poloxamer
407 coating.

For much smaller PEGylated nanoparticles, the length of PEG chains and end group
functionality plays a greater role in determining biodistribution as demonstrated with 10 nm
diameter Gadolinium nanoparticles [33]. The biodistribution of polymer coated Gadolinium
nanoparticles was affected by the length of the PEG chains. Differences in the biodistribution
of nanoparticles coated with similar lengths of PEG revealed that the end group (carboxylic
acid, methoxy, or amine) of the PEG chain affected biodistribution.

Given that lowering systemic toxicity is a goal of targeted delivery and only a fraction of the
total dose administered accumulates at the target site, the biodistribution in other tissues and
clearance rate are extremely important.

Incorporation and Release of Therapeutics from Nanodelivery Systems
The importance of controlling nanoparticle localization for targeted delivery is inconsequential
if a particle cannot carry a relevant amount of drug and release it at the target site. The ability
to efficiently incorporate a drug into nanoparticle delivery systems is dependent on the drug
itself, the design of the nanoparticle, and the method of loading. Countless strategies have been
used to synthesize organic nanoparticles with an intended application in drug delivery,
however, only a fraction of these systems have demonstrated a definitive ability to entrap a
drug or model molecule, and most of these studies have focused on a relatively small number
of nanodelivery systems, most commonly biodegradable PLGA. This section will focus
specifically on nanoparticle systems designed to successfully entrap a therapeutic, the
strategies used for loading, and data on drug release when available.
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Selection of a general nanodelivery system, be it targeted or nontargeted, should reflect the
properties of the drug and the intended application. For example, the nanodelivery system
should maintain drug stability and should be hydrophilic or hydrophobic to ensure
compatibility with the drug. Properties of the drug, such as size, charge, and hydrophilicity or
hydrophobicity, typically determine whether the carrier can effectively entrap, protect, and
release the drug. Mechanisms for drug entrapment vary depending on the type of nanoparticle
and the drug itself. In many cases, the method of drug loading determines the efficiency of the
loading process and ultimately whether a nanodelivery system is suitable for the intended
application.

Most nanodelivery systems can be placed into one or more of three large groups: biodegradable
polymer nanoparticles; self-assembled carriers including micelles, liposomes, and
polymersomes; or hydrophilic crosslinked systems such as nanoscale hydrogels, also called
nanogels. While in the case of self-assembled carriers, therapeutics can be simply loaded during
micelle or vesicle assembly, biodegradable nanoparticle matrices are loaded during post-
polymerization nanoparticle formation using emulsion and solvent evaporation techniques. On
the other hand, nanogel systems are typically loaded after nanoparticle formation by incubating
the particles in a solution containing the drug. The drug becomes entrapped in the crosslinked
network by simple partitioning effects, which allow the drug to diffuse into the nanoparticle
matrix. The loading of hydrophilic and hydrophobic drugs in some of these types of
nanodelivery systems is shown in Figure 6.

The amount of a drug that has been successfully loaded into a nanodelivery system is typically
quantified in one of two ways. The most common measure cited is the entrapment efficiency,
also referred to as the encapsulation or incorporation efficiency, which is defined as the fraction
of the drug loaded per the total amount of drug used (or available for loading). The other number
that is often reported is the loading capacity or loading efficiency, which refers simply to the
ratio of the weight of drug incorporated to the weight of the carrier. These quantifications will
be cited here as reported in the studies that are discussed.

Biodegradable Nanoparticles
Biodegradable nanoparticles have been widely investigated for use as drug delivery systems,
and are versatile platforms for successful encapsulation of a range of therapeutics. These
biodegradable polymer nanoparticles are formed most commonly using emulsion and solvent
evaporation techniques, where the polymer is first dissolved in an organic phase that is
subsequently dropped into a continuous aqueous phase and stirred until the solvent evaporates.
Hydrophobic drugs can easily be incorporated into particles during this process by solvating
the drug along with the polymer in the organic phase. These oil-in-water emulsions have been
used to load a variety of hydrophobic drugs, such as anti-cancer therapeutics [34–36]. In
addition to hydrophobic drugs, encapsulation of water-soluble drugs and biomolecules,
including proteins and certain chemotherapeutics, has been achieved with water-in-oil-in-water
double emulsion techniques [37–39]. Other synthesis techniques, such as nanoprecipitation
and spray drying have also been used effectively to produce PLGA nanoparticles loaded with
therapeutics [40].

Recent studies have carefully evaluated the effects of PLGA nanoparticle properties on drug
loading. For example, smaller nanodelivery systems have a smaller volume, and therefore,
would be expected to have a smaller maximum loading capacity. In the majority of studies,
the maximum loading capacity is not determined for a carrier. The achieved loading capacity
of a delivery system is dependent on factors beyond volume alone. For example, drug loading
and release from PLGA micro- and nanospheres have been shown to be inversely correlated
with size. In a study that compared two sizes of PLGA particles, dexamethasone was first
loaded into PLGA microspheres using a typical oil-in-water solvent evaporation method to
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produce 20 μm particles. Smaller 1 μm particles loaded with dexamethasone were produced
via emulsion polymerization. The emulsion polymerization scheme for the smaller particles
led to a dexamethasone encapsulation efficiency of 11.2% compared to 1% for the larger
microparticles when incubating 100 mg of dexamethasone with 500 mg of polymer [41].

Drug delivery systems composed of polyanhydrides have been widely investigated because of
their surface eroding mechanism which can lead to near zero-order release profiles [42,43]. In
general, drugs have been successfully incorporated in polyanhydride disks such as the Gliadel®
system or microparticles [44]. However, there have been limited studies demonstrating loading
and release from polyanhydride carriers on the nanoscale. In one study, paclitaxel or 2-
hydroxypropyl-β-cyclodextrin (HPCD)-complexed paclitaxel was encapsulated in
polyanhydride nanoparticles composed of poly(methyl vinyl ether-co-maleic anhydride)
during particle formation using a solvent displacement method which simultaneously allowed
nanoparticle formation and loading. Up to a 167 μg/mg loading capacity was obtained for
nanoparticles with an average diameter of 302 nm. The controlled release of HPCD-paclitaxel
was then demonstrated in different simulated biological fluids. No release was observed from
particles in simulated gastric fluid (pH 1.2) whereas there was complete release over a 24 hour
period in simulated intestinal fluid (pH 7.5) [45].

Like synthetic biodegradable systems, nanodelivery systems composed of naturally occurring
biodegradable polymers have been investigated for drug delivery. Some of the most widely
studied are systems based on the biodegradable and biocompatible polysaccharide chitosan.
The potential use of chitosan carriers has been demonstrated for a vast number of drugs and
applications. For example, chitosan carriers have received considerable attention for delivery
of nucleic acids due to chitosan’s net positive charge. One of the contributing factors to
chitosan’s versatility is that a number of techniques have been developed to synthesize chitosan
nanoparticles including ionic gelation, precipitation, reverse micelle formation, self-assembly,
and spray drying [46,47].

In one study examining the use of chitosan for delivery of biomolecules, a model protein,
bovine serum albumin (BSA), was loaded into chitosan nanoparticles prepared by two different
methods using tripolyphosphate (TPP) as an ionic crosslinker. In the first method termed
“incorporation”, BSA was incorporated into the polymer matrix during particle formation by
adding BSA to a chitosan solution before the addition of the TPP crosslinker at which point
particles spontaneously formed during mixing. Using the “incubation” method, BSA was
simply adsorbed to the surface of nanoparticles during incubation following particle
coacervation. Encapsulation efficiencies up to 88% were obtained and BSA release was
primarily shown to be a fast release over a 6 hour period [48]. In another study, chitosan
nanoparticles crosslinked with TPP were loaded with methotrexate disodium (MTX) using a
post-polymerization incubation method. Loading capacities up to 52% and loading efficiencies
up to 78% were obtained when an MTX concentration of 1.26 mg/mL was incubated with a
0.16 wt% nanogel solution [49].

Chitosan nanoparticles have also been formulated to deliver anticancer drugs. For example, a
water-in-oil microemulsion method was used to entrap a doxorubicin-dextran conjugate in
chitosan nanoparticles having a hydrodynamic diameter of 100 nm. Entrapment efficiencies
were measured between 60–65%. In a mouse model, treatment with the loaded nanoparticles
led to faster and more complete tumor regression than free drug or empty nanoparticles [50].

Another natural biodegradable material used to synthesize nanoparticles for drug delivery
applications is the anionic biopolymer alginate. Most often calcium chloride is added to a
solution of alginate to induce ionic crosslinking, resulting in micro- and nanoparticle polymer
networks. In one case, alginate gelation with calcium ions followed by coating with chitosan
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produced nanoparticles intended for oral insulin delivery applications. A maximum insulin
encapsulation efficiency was measured at 92% with loading capacities up to 14.3% [51].
Isoniazid, rifampicin, and pyrazinamide were encapsulated in alginate particles using a cation
gelation method in an effort to design aerosolized nanoparticles for treatment of tuberculosis.
Calcium chloride was added to sodium alginate solution containing varying amounts of the
three drugs to induce the gelation and encapsulation of the drug. Drug encapsulation
efficiencies ranged from 70–90% in particles at the upper limit of so-called nanoparticles with
an average size just around 1 μm [52].

Self-Assembled Nanoparticles
Self-assembled nanoparticles, including liposomes, micelles, and polymersomes, can be
formed using various amphiphiles such as natural lipids or block copolymers. Liposomes are
vesicles that consist of a spherical shaped lipid bilayer, or multilayers, containing an inner
aqueous void space. Liposomal encapsulation is a versatile method to load therapeutics,
because hydrophilic drugs and biomolecules can be loaded in the inner aqueous void, while
hydrophobic molecules can be entrapped in the lipid bilayer. Liposomal delivery of
chemotherapeutics has been established as an effective method to increase efficacy and
decrease toxicity over free drug, evidenced by the success of liposomal doxorubicin, Doxil®,
which has been approved for human use in cancer treatment [53].

In addition to the lipid structures, synthetic block copolymers built with one hydrophilic block
and one hydrophobic block have been shown to exhibit a variety of self-assembled structures
including spherical or cylindrical micelles and vesicles with architectures that resemble
liposomes known as polymersomes [54]. Micelles, nanoparticles with a hydrophobic core and
hydrophilic outer layer, self-assembled from amphiphilic block copolymers in aqueous media,
are frequently used to entrap hydrophobic drugs during micelle formation. During spontaneous
micelle formation in an aqueous environment, hydrophobic drugs are localized in and around
the hydrophobic core [55]. This loading method has been used to entrap a variety of
therapeutics, particularly anticancer agents, in block copolymers of poloxamers, which consist
of blocks of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), and NK105, which
consists of blocks of PEG and a modified polyaspartate [56–58].

Using this method of drug loading, micelle nanoparticles have been used to entrap hydrophobic
anticancer therapeutics. Biodegradable, cationic micelle nanoparticles were self-assembled
using amphiphilic poly{(N-methyldietheneamine sebacate)-co-[(cholesteryl
oxocarbonylamido ethyl) methyl bis(ethylene) ammonium bromide] sebacate}, P(MDS-co-
CES). In this study, Herceptin®, which is a monoclonal antibody, was attached to the surface
of the particles while paclitaxel was loaded into the micelles by dissolving the polymer and
drug in DMF and dialyzing against a sodium acetate/acetic acid buffer. This method let to
encapsulation efficiencies of paclitaxel of 58.1% and a loading capacity of 14.3%. Release
studies demonstrated the that the drug could be released from the nanoparticles over a 69 hour
period [59].

While traditional micelle systems have been used primarily to incorporate hydrophobic drugs,
adapted systems have been used to entrap more hydrophilic species such as biomolecules. For
example, drug carrier systems called polyion complex (PIC) micelles have been synthesized
from PEG block copolymers. The PIC micelles are formed using block copolymers consisting
of a hydrophilic block and a polyionic block. In this case, electrostatic interactions between
the ionic polymer and an oppositely charged species are a driving force for the formation of
the micelles. Poly(ethylene glycol-grafted-chitosan), PEG-g-chitosan, block copolymers were
used to entrap diammonium glycyrrhizinate (DG) in micelles assembled in acetate buffer after
addition of TPP to induce chitosan aggregation. Loading efficiencies of DG over 96% have
been obtained using these systems and the average diameter of micelles was between 20 and
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30 nm. Release profiles varied based on the free ions in solution. In ionic solution, a burst
release was observed, but there was limited release in DI water [60].

Polymer vesicles called polymersomes or polymerosomes have been used to entrap a variety
of therapeutics and model drugs. For example, polymersomes with diameters around 100 nm
were prepared from triblock copolymers, poly(caprolactone)-poly(ethylene glycol)-poly
(caprolactone), PCL-PEG-PCL, using a double emulsion method. Insulin was incorporated
during self-assembly of 122 nm particles [61]. In another study, triblock copolymers, poly
(ethylene oxide)-b-poly(acrylic acid)-b-poly(N-isopropylacrylamide) (PEO-PAA-PNIPAM),
were synthesized via RAFT polymerization. The resulting polymers were water soluble at room
temperature, but formed polymer vesicles with diameters between 170 and 250 nm above 32°
C. These polymersomes were loaded with FITC-dextran during self-assembly at elevated
temperatures and then crosslinked using cystamine via carbodiimide chemistry. The crosslinks
were shown to degrade in the presence of dithiothreitol, and therefore, it was hypothesized that
these systems are degradable in vitro and in vivo. Loading capacity of these nanoparticles was
measured at levels exceeding 85% by weight [62].

Recently, there has been interest in creating systems that are hybrid particles combining
properties of liposomes and synthetic polymer systems for nanodelivery applications. Cationic
lipids have been combined with peptide-lipid amphiphiles and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-carboxy(polyethylene glycol) to design liposome nanoparticles
targeted to the urokinase plasminogen activator receptor (uPAR) overexpressed on many
tumors. The particles have an ABCD structure, an inner aqueous (A) layer of loaded anionic
nucleic acids, a cationic lipid bilayer (B), a PEG layer for stealth characteristics (C), and a
peptide sequence layer for targeting of uPAR (D). Loading efficiencies as high as 60% were
achieved when 10 wt% docetaxel was added during the particle self-assembly process [63]. In
another example, hybrid systems were formed through self-assembly to form nanoparticles
with a lipid monolayer surrounding a PLGA core loaded with a hydrophobic drug. This unique
system relied on PEG-conjugated lecithin to form a hydrophilic outer shell of PEG as the lipid
monolayer formed around the hydrophobic PLGA polymer. Drug loading of docetaxel into the
PLGA core was accomplished during this self-assembly process by first dissolving polymer
and drug in an organic solvent and then dripping this solution into an aqueous solution
containing PEG-lecithin. This process led to the formation of the particles via self-assembly
and the solvent was allowed to evaporate. Encapsulation efficiencies of 62% were obtained
using this method when adding 10 wt% docetaxel to the organic polymer solution. Controlled
release was observed over a 100 h period and shown to be a function of lipid coverage, where
the release rate could be slowed by increasing the lipid to polymer ratio [64].

Nanogels
Nanoscale hydrogels, or nanogels, are hydrophilic crosslinked polymer networks that imbibe
water, but are insoluble in aqueous environments. Drugs can be loaded into the polymer matrix
of these materials and controlled release is dependent on the diffusion coefficient of the drug
through the hydrogel network. Additionally, hydrogel nanoparticle systems have been
developed in a class of drug carriers know as “intelligent” or “smart” delivery systems.
Nanogels can swell in aqueous medium and also can respond to a variety of environmental
stimuli such as pH, temperature, ionic strength, or electric field through an increase or decrease
in volume [65,66]. Typically, nanogels are used to carry a drug when the matrix is in a more
collapsed state. Following a change in stimulus the nanogel swells, thereby increasing the mesh
size and the rate of diffusion of the drug out of the polymer matrix. Alternatively, a method in
which the drug is squeezed out of the nanogel has been used to obtain a fast release, where a
drug is entrapped in a hydrogel in the swollen state, but upon deswelling the drug is squeezed
out of the polymer matrix [67,68].
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While most biodegradable or self-assembled nanoparticle systems are formed from previously
synthesized polymers, hydrogel nanoparticles are most commonly synthesized using
heterogeneous polymerization techniques. Because the hydrogel nanoparticles are formed
during polymerization, incorporating a therapeutic at this stage requires exposing the drug to
polymerization conditions that could potentially damage or modify the drug. However, the
porous characteristics of nanogel matrices allows for drug loading following polymerization
by partitioning methods, which eliminates the need to subject the drug to harsh polymerization
conditions. In most situations, the drug is loaded into the nanogel by incubating the
nanoparticles with the drug in aqueous conditions such that the particles are in their most
swollen state. After a period of time to allow the therapeutic to diffuse into the polymer matrix,
a condition (most commonly pH or temperature) is altered, leading to a particle size transition
to a more collapsed state with a smaller mesh size, physically entrapping the therapeutic in the
polymer matrix.

The hydrophilic nature of hydrogel systems makes them an ideal candidate for the loading and
delivery of water soluble therapeutics, of particular interest biomacromolecules such as
proteins or nucleic acids. Several nanogel systems have been investigated for the delivery of
insulin to the small intestine. In addition to their ability to entrap the water soluble insulin,
some of these systems have advantageous pH-sensitive properties allowing them to protect
insulin in the acidic environment of the stomach and release it in the more neutral pH of the
small intestine [69,70]. Polybasic nanoparticles are cationic pH responsive hydrogels with PEG
grafts. A UV-initiated free radical emulsion polymerization was used to synthesize poly[2-
(diethylamino) ethyl methacrylate] surface grafted with PEG (PDGP) nanogels. Insulin as a
model drug was added to a solution of the nanogels and the pH was adjusted to 6.5 to swell
the nanoparticles. After a loading period the pH was raised quickly to 7.4 to collapse the
particles and entrap the loaded protein. The loaded nanogels were dialyzed against water for
5 days to remove any excess protein not loaded. Encapsulation efficiencies were measured up
to 92% for insulin in PDGP particles with low crosslinking densities when equal weights of
particles and protein were added to the loading solution [71].

Controlled drug loading and release has also been shown in several studies using hydrogels
based on the temperature-sensitive polymer poly(N-isopropylacrylamide) (PNIPAAm).
PNIPAAm exhibits a negative swelling transition at 34 °C, which makes it an attractive system
from a physiological standpoint for applications in drug delivery. For example, poly(NIPAAm)
and poly(NIPAAm-co-AA) nanoparticles were loaded with 5-fluorouracil and release was
shown to be a function of pH and temperature [72].

Nanogels of poly(vinyl alcohol), PVA, and poly(vinyl pyrrolidone), PVP have also been
investigated for drug delivery applications. For example, composite systems of PVA-
crosslinked PVP nanogels were used to entrap ferromagnetic particles as well as bleomycin
A5 hydrochloride. Nanogels were prepared using a water-in-oil emulsion polymerization
initiated by gamma ray irradiation. For this emulsion polymerization, the aqueous phase
contained the PVA, PVP, and ferromagnetic particles. The resulting nanogels entrapped the
ferromagnetic particles and were then used to load bleomycin A5 hydrochloride. Dry
nanoparticles were allowed to swell in an aqueous solution containing the drug, sonicated, and
then placed on a shaker plate for 12 h of storage until no apparent liquid was visible.
Encapsulation efficiency was not reported, because it was assumed that all of the drug had been
immobilized, but in vitro release occurred over a minimum period of 8 hours [73].

While most hydrogel nanodelivery systems have been used to entrap hydrophilic molecules,
recent work on modified hydrogels has demonstrated the potential to load hydrophobic drugs
as well. In order to do so, the hydrophobicity of the nanogels has been increased through the
incorporation of amphiphiles into the hydrogel matrix. An acrylated PEG-PPG-PEG triblock
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copolymer with both hydrophobic and hydrophilic groups was used to synthesize crosslinked
nanoparticles via an inverse microemulsion using a PEG crosslinker. Properties of the emulsion
could be altered to control for particle sizes ranging from 50 to 500 nm. These nanogels were
then loaded with doxorubicin to determine their ability to carry hydrophobic drugs.
Doxorubicin, solubilized in CHCl3 with triethylamine, was added to an aqueous solution of
nanoparticles and the CHCl3 was allowed to evaporate overnight. The results indicated that
the formation of nanogels from amphiphilic macromers was a successful strategy for loading
hydrophobic drugs in a hydrogel with up to 9.8% loading capacity of doxorubicin [74].

While the control and optimization of drug loading and release are key challenges in the field
of nanodelivery, there is not a single carrier or loading mechanism that is ideal for any drug
and any application. Each nanodelivery system and drug pairing is unique. Future studies on
the interplay between the properties of the carrier, properties of the drug, and the mechanisms
of loading will to significantly improve nanodelivery from a drug loading and release vantage
point.

Conclusion
As the field of targeted drug delivery continues to move forward, it will be increasingly
important to design nanoscale systems with tailorable properties for efficient delivery and
improved therapeutic efficacy. Important design considerations will include the
physicochemical properties that govern targeting, biodistribution, and clearance as well as the
system’s effectiveness in carrying, protecting, and even releasing active therapeutic and
diagnostic agents.

The selection and addition of targeting ligands to the surface of nanoparticles has already been
shown to improve therapeutic efficacy over systems without targeting ligands. We are only
beginning to understand the role that targeting ligands play in interfacing interactions of
nanoparticles and cells. The few studies that have compared targeted and nontargeted systems
have demonstrated that the role of targeting ligands in localization at the target site is
application dependent. Targeted delivery to atherosclerotic lesions is greatly enhanced by
targeting ligands which impart an improved ability to accumulate at the target site. However,
in the case of tumor targeting, improved performances of targeted systems over nontargeted
systems has been accomplished by improved cellular uptake as well as improved accumulation
at the target site. Some of these studies have suggested that the primary benefit of incorporating
targeting ligands is to mediate cell internalization. Only a small number of studies have focused
on comparing the in vivo performance and biodistribution of targeted and nontargeted delivery
systems. Further study is necessary to truly determine how the presence of a targeting ligand
affects targeted delivery.

Design of the physicochemical properties, including size, shape, surface charge, and
mechanical characteristics, of the nanoparticle itself will continue to be key design parameters
due to their effect on biodistribution. It is important to account for all of these factors in concert
with targeting strategies to understand how to predict and control nanoparticle distribution.
Many of the same properties that govern biodistribution also determine the clearance rate. The
challenge in designing materials for targeted delivery is that the material properties should
allow an appropriate residence time that is long enough for particle localization and delivery
of the drug or diagnostic but does not prevent the system from being fully eliminated in an
acceptable amount of time. The desired particle residence time will vary with the intended
application, and this time frame can be tuned. Ultimately, the challenge lies in designing a
system that has the perfect combination of properties to allow for sufficient interaction of the
targeted nanoparticles with the target site, desirable biodistribution, and efficient removal.
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The material properties that contribute to targeting, biodistribution, and elimination must also
be balanced with the properties that affect the ability to entrap a therapeutic or diagnostic. The
primary consideration in determining the ability of a nanoparticle system to entrap a molecule
is the interaction between the polymer and the therapeutic. This relationship is often a balance
of intermolecular interactions including hydrophobic/hydrophilic and electrostatic
interactions. Another consideration is the method in which the drug can be incorporated into
the material, and whether the available methods will allow an acceptable amount of the
therapeutic to be loaded into the carrier. Both the loading strategy and stability of the entrapped
drug must also be carefully considered in order to design systems that are able to carry a
sufficient amount of drug to the target site.

As we move towards developing optimally effective, high performance nanodelivery systems,
it will be necessary to design new materials that incorporate the best properties for targeting,
biodistribution, clearance, drug incorporation, and release at the target site.
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Figure 1.
The in vivo biodistribution of intravenously administered targeted HFT-T nanodelivery
systems and nontargeted HT-T was investigated in a KB-3-1 xenograft-bearing mouse model.
(a) Near-infrared fluorescence imaging of mice at 1, 24, and 48 h showed the biodistribution
of nanodelivery systems. (b) At 48 h, the biodistribution of nanoparticles in various tissues
was quantified by fluorescence intensity. (c) Nanoparticle (red) uptake by xenograft cells was
shown by colocalization with EpCAM-positive (green) xenograft cells. Targeted systems were
found predominantly in cells while nontargeted systems were less likely to be internalized
remaining in the extracellular matrix. (d) Flow cytometry of disaggregated xenograft cells
stained with a FITC-conjugated EpCAM antibody distinguished nanoparticle uptake in human
xenograft tumor cells from nanoparticle uptake in host non-tumor cells for targeted and control
nanoparticles. Human tumor cells were EpCAM positive in Q4-2 (green in lower right
quadrant) and Q2-2 (yellow). Nanoparticle uptake by tumor cells are shown in Q2-2 (yellow),
and nanoparticle uptake in host cells are shown in Q1-2 (red). Reprinted with permission from
[2]. Copyright 2009 American Chemical Society.
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Figure 2.
The in vivo performance of siRNA administered via targeted and nontargeted nanodelivery
systems. (a) Micro-PET/CT images of mice show the distribution of targeted and nontargeted
nanoparticles in tumors (arrow) 1 day after administration. (b) Bioluminescence imaging of
mice shows luciferase expression in the tumor before and 1 day after administration of
nontargeted and targeted nanoparticles. (c) A decrease in luciferase activity was associated
with siRNA activity 1 day after administration of targeted (Tf) nanoparticles and nontargeted
(PEG) nanoparticles. Error bars represent standard error. Reproduced from [5]. Copyright 2007
National Academy of Sciences, U.S.A.
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Figure 3.
Transport of small and large molecular weight drugs and nanoparticles from defective tumor
vasculature into tumor space. (a) Small molecular weight drugs (black) can diffuse out of tumor
vasculature but can also diffuse back into tumor vasculature which allows clearance of these
compounds from the tumor space. (b) Larger molecular weight drugs or nanoparticles (green)
can diffuse into the tumor space but are retained due to the EPR effect. Reprinted from [10],
Copyright 2006, with permission from Elsevier.
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Figure 4.
Delivery of image contrast agent and a heparin hirulog to atherosclerotic plaques in the aortic
tree of ApoE-null mice using micelles. (a) Fluorescence images of excised aortic trees show
that image contrast with fluorescently labeled (FAM-labeled) nontargeted micelles is improved
upon by targeted (FAM-CREKA) micelles. The contrast provided by FAM-CREKA micelles
disappears with the addition of excess targeted micelles lacking a fluorescent label. Contrast
is not significantly decreased when FAM-CREKA targeted micelles are administered along
with nontargeted micelles without a fluorescent label. (b) The average fluorescence intensity
of image pixels for the various studies. (c) The delivery of the anticoagulant peptide hirulog-2
to atherosclerotic plaques from micelles was quantified with a thrombin activity assay. In an

Phillips et al. Page 25

Nano Today. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ApoE null mouse model, hirulog delivery was significantly improved using targeted micelles
compared to nontargeted micelles. The delivery of hirulog via targeted micelles in wild-type
mice was significantly lower than targeted delivery in the ApoE atherosclerotic model.
Reproduced from [13]. Copyright 2009 National Academy of Sciences, U.S.A.
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Figure 5.
CdSe core and ZnS shell quantum dot clearance from blood, biodistribution, and renal
clearance. (a) The concentration of radiolabeled quantum dots in blood after intravenous
injection in a CD-1 mouse model decreases with nanoparticle size. (b) For quantum dots
between 4 and 9 nm, the blood half-life of quantum dots increases with size. (c) Color video
(left) and gamma-ray images taken with an Anger camera (middle) to show the biodistribution
of 4.36 nm quantum dots in animals immediately after sacrifice (top row) and in organs (bottom
row). The merged color image and gamma-ray image show nanoparticles in the bladder (Bl)
(top right). The overall biodistribution of quantum dots in each organ is also quantified (bottom
right). Abbreviations are: skin (Sk), adipose (Ad), muscle (Mu), bone (Bo), heart (He), lungs
(Lu), spleen (Sp), liver (Li), kidneys (Ki), stomach (St), intestine (In), and brain (Br). (d)
Biodistribution of 8.65 nm quantum dots following intravenous injection. Data corresponds to
Figure 5c. (3) Quantum dot excretion via urine 4 h post-injection (blue) decreases with size
and retention in the body (red) increases with size. Data is mean ± standard deviation. Reprinted
by permission from Macmillan Publishers Ltd: [18], Copyright 2007.
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Figure 6.
Drug loading of various nanodelivery systems. (a) Liposome loaded with hydrophilic (green)
and hydrophobic drugs (purple). (b) Encapsulation of hydrophobic drugs in a micelle. (c)
Entrapment of hydrophilic drugs in nanogels.
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Table 2

Measurement techniques for quantifying biodistribution

Technique Agent Study

Computed tomography (CT) Iohexol [76]

Fluorescence imaging Cy5.5 [2]

Inductively coupled atomic emission spectroscopy (ICP-AES) Gd [3]

Inductively coupled plasma-mass spectrometry (ICP-MS) Au
Fe

[6,22,25]
[77]

Micro-positron emission tomography (PET)/computed tomography (CT) 64Cu [5]

MRI imaging Gd [15]

Radiography 111In
67Ga
125I-CA
64Cu
Tc-O complex
C14

[3,9,24,32]
[8]
[30]

[12,29]
[78]
[79]

Superconducting quantum interference device (SQUID) magnetometer Iron [28]

Two-photon luminescence Gold nanorods [80]
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