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Abstract
With many desirable properties, nanoparticles hold tremendous potential for non-invasive
molecular imaging and improving the efficacy of small molecule drugs. The pharmacokinetics
(PK) and tissue distribution of nanoparticles largely define their in vivo performance and potential
toxicity, which are fundamental issues that need to be elucidated. In this review article, we
summarized how molecular imaging techniques (e.g. positron emission tomography, fluorescence
imaging, etc.) can facilitate the investigation of PK profiles of nanoparticles, using carbon
nanotubes (CNTs) and quantum dots (QDs) as representative examples. Different imaging
techniques can provide useful insights in monitoring the in vivo behavior and tissue distribution of
these nanoparticles, and a number of strategies were employed to improve the PK profiles of
CNTs and QDs. Based on the available literature reports, it can be concluded that chemical and
physical properties of the nanoparticles (e.g. surface functionalization, hydrodynamic size, shape,
surface charge, etc.), along with the administration routes/doses, can play important roles in
determining the PK and biodistribution pattern of nanoparticles. Robust chemistry for surface
modification of nanoparticles is the key to success in future biomedical and clinical applications.
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INTRODUCTION
Nanotechnology, an interdisciplinary research field involving physics, chemistry,
engineering, biology, material science, medicine, among others, has great potential for early
detection, accurate diagnosis, and personalized treatment of diseases [1–3]. A wide variety
of nanoparticles have been investigated for the delivery of drugs, where improved tissue
selectivity could be achieved due to selective uptake of nanoparticles in certain tissues. The
pharmacokinetic (PK) profiles of the “free” drug and the drug encapsulated in the
nanoparticles are often different. Therefore, it is very important to monitor the PK and
biodistribution of nanoparticles to understand and predict their efficacy and potential side
effects [4]. PK is defined as the science of quantifying the rate and extent of absorption,
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distribution, metabolism, and elimination (ADME) of chemicals and drugs in the body.
Some of the most important parameters in PK include Cmax (maximum concentration), t1/2
(half-life), clearance, area under the curve (AUC), and mean resident time (MRT; i.e.
average time that the drug molecule stays inside the body).

The PK of nanoparticles is controlled by a complex array of interrelated physicochemical
and biological factors, and in-depth knowledge of the particle characteristics (both before
and after administration into living subjects) is critical for optimal performance of the
nanoparticles as drug carriers and/or imaging agents. Currently, there is a lack of techniques
available to assess, measure, and follow real-time events pertaining to nanoparticle
characteristics in the circulation and after extravasation (e.g., flow properties within the
blood vessels, plasma protein binding dynamics, dynamic size and shape changes, excretion/
redistribution profiles, etc.).

One of the most useful tools to assess the PK of nanoparticles is molecular imaging, “the
visualization, characterization and measurement of biological processes at the molecular and
cellular levels in humans and other living systems” [5–7]. Over the last decade, a wide
variety of nanoparticles have been investigated with molecular imaging techniques [8–10].
In this review article, we aim to provide a brief overview on how molecular imaging
techniques can facilitate the study of the PK of nanoparticles, using carbon nanotubes
(CNTs) and quantum dots (QDs) as two representative examples. Although comprehensive
investigation is still needed in future research of nanoparticle-based imaging/therapeutic
agents, it is clear that molecular imaging can serve as indispensable tools for PK studies of
various nanoparticles.

PK OF CNTS
Carbon nanotubes, including single-walled carbon nanotubes (SWNTs) and multi-walled
carbon nanotubes (MWNTs), have shown great promises in many research areas especially
biomedicine [11–12]. Functionalized CNTs are reported to be capable of shuttling various
biomolecules into cells effectively, including drugs, plasmid DNA, small interfering RNA,
etc. [12–14]. In addition, encouraging results for CNT-based cancer therapy has been
achieved in various small animal models in vivo.

Although a number of literature reports from many research groups have shown promising
results of CNT-based nanomedicine, much future effort will be needed before these exciting
findings can be translated into the clinic to benefit cancer patients. The PK, long-term fate,
and potential toxicity of CNTs should be thoroughly examined before the ultimate
applications of CNT-based agents in the clinic [3, 15]. Over the last decade, many studies
have been carried out to assess the PK, biodistribution, and toxicity of CNTs in animals [16–
20]. Various imaging techniques have been employed to study the in vivo behavior of
CNTs, which include radionuclide-based techniques such as positron emission tomography
(PET) and single-photon emission computer tomography (SPECT), optical imaging (e.g.
with fluorescence and Raman detection), photoacoustic imaging (PAI), magnetic resonance
imaging (MRI), etc. In the next section, we summarize the findings regarding PK of CNTs
and clarify the important factors that affect the in vivo behavior and toxicology of CNTs.

Imaging CNTs with various techniques
Radionuclide-based imaging—Radionuclide-based imaging techniques have been
widely used in clinical oncology over the last several decades [21–25]. Since PET and
SPECT imaging are sensitive and quantitative, radiolabeling has often been employed to
evaluate the PK of CNTs. To date, many radioisotopes have been used for in vivo tracking
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of CNTs with SPECT and PET, such as 111In (t1/2: 67.5 h), 125I (t1/2: 60 d), 64Cu (t1/2: 12.7
h), 86Y (t1/2: 14.7 h), and 89Zr (t1/2: 78.4 h).

The distribution profile of 111In-labeled MWNTs and SWNTs was monitored by SPECT
[26–27]. Rapid renal excretion of the labeled CNTs was reported, which was attributed to
the one-dimensional shape of these CNTs. In another study, a similar labeling strategy was
used to investigate whether antibody conjugation onto the SWNTs could confer enhanced
tumor accumulation in mouse models [28]. Encouraging results were observed for specific
tumor targeting with these antibody-conjugated CNT constructs both in vitro and in vivo.

Besides 111In, 125I has also been used to label CNTs and evaluate their in vivo kinetics. For
example, water-soluble hydroxylated SWNTs were labeled with 125I to study the
distribution in mice [29]. It was suggested that these SWNTs moved easily among the
compartments and tissues of the body and behaved as small molecules, although their
apparent molecular weight is tremendously large. However, the high uptake of 125I in the
stomach suggested significant deiodination from the labeled SWNTs, therefore the
distribution of 125I may not accurately reflect the distribution of SWNTs in vivo. In order to
reduce deiodination, 125I encapsulation (i.e. Na125I was sealed inside the SWNTs, which
were subsequently covalently modified with biantennary carbohydrates) was conducted in
another report to study the distribution of glycosylated SWNTs (termed as GlcNAcD-
Na125I@SWNTs) in mice after intravenous administration [30]. Specific accumulation was
observed in the mouse lung (Figure 1), which confirmed high in vivo stability of GlcNAcD-
Na125I@SWNTs. This labeling method prevented leakage of radionuclide to high-affinity
organs (e.g. 125I to the thyroid and stomach) or excretion, and resulted in sensitive and
longitudinal tracking of the 125I-labeled SWNTs for up to 7 days. Clearance of the 125I-
labeled SWNTs via liver and kidney was observed.

In one early study, the biodistribution in mice of 64Cu-labeled SWNTs, which were
functionalized with polyethylene glycol (PEG) chains of different length on the SWNT
surface (2 kDa or 5.4 kDa), was investigated [31]. It was found that these SWNT conjugates
were highly stable in vivo and the surface PEG chain length could significantly affect the
circulation half-life and biodistribution. Both SWNT conjugates showed significant
accumulation in the mononuclear phagocyte system (MPS), and significantly reduced MPS
uptake was observed for SWNTs coated with longer PEG chains (i.e. 5.4 kDa). Importantly,
efficient targeting of integrin αvβ3-positive tumors in mice was achieved with SWNTs
coated with 5.4 kDa PEG chains, when a cyclic arginine-glycine-aspartic acid (RGD, potent
antagonist of integrin αvβ3 [32]) peptide was used as the targeting ligand.

In another report, 86Y-DOTA-SWNTs (DOTA denotes 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) were synthesized and the whole-body
distribution and clearance were investigated by PET [33]. It was reported that 86Y-DOTA-
SWNTs cleared from the blood within 3 hours and distributed predominantly to the kidneys,
liver, spleen, and bone. Although radioactivity in the kidney cleared with time, whole-body
clearance of 86Y-DOTA-SWNTs was slow. Over the last decade, 89Zr has been extensively
investigated for antibody labeling and PET imaging [34–35]. Using desferrioxamine as the
chelator, 89Zr-labeled SWNTs were prepared and investigated in LS174T tumor-bearing
mice with serial PET imaging [36]. Rapid blood clearance (< 1 h) and specific tumor
accumulation of the construct was observed.

Radiolabeling with PET/SPECT isotopes is highly sensitive for investigating the PK of
CNTs. However, one major concern is the potential detachment of radioisotopes from CNTs
inside the animal body, which can cause misleading findings since PET/SEPCT imaging
detects the radioisotopes (whether they are on the CNTs or not) but not the CNTs
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themselves. High in vivo stability of the radiolabeled CNTs is critical for long-term tracking
and excretion studies. Besides the abovementioned positron-emitting and gamma-emitting
isotopes, another alternative for labeling CNTs is 14C (t1/2: 4370 y). In one study, 14C-
labeled MWNTs (functionalized by 14C-taurine) were prepared to study the biodistribution
and translocation pathways of MWNTs in mice through ex vivo autoradiography [37],
where persistent liver accumulation was observed for over one month. Subsequently,
the 14C-labeling strategy was further optimized for MWNTs by generating a C-C bond
between MWNTs and the 14C [38]. The highly stable C-C bond makes the distribution
profile (based on 14C detection) more reliable, and the organs with prominent accumulation
of 14C-labeled MWNTs were found to be the liver, lung, and spleen (Figure 2). Slow
excretion of the MWNTs from mice was also noticed in this study.

Imaging CNTs with their intrinsic properties—Despite the high sensitivity of
radionuclide-based imaging techniques, complete elimination of radioisotope detachment
from labeled CNTs is challenging, even with 14C-labeling. In the meantime, CNTs possess
many unique intrinsic physical properties, which can be extremely useful for their in vivo
and/or ex vivo long-term tracking. For example, the intrinsic near-infrared fluorescence
(NIRF) signal suggests that CNTs may be useful fluorescent tags for imaging applications in
small animal studies. However, the extremely low quantum yield and high sensitivity to
environmental conditions make NIRF imaging of CNTs very challenging. In one report, the
inherent NIRF signal of SWNTs were used to study the biodistribution in rabbits [18].
Individualized, chemically pristine SWNTs were intravenously administered to rabbits and
monitored ex vivo through their characteristic NIRF signal in the blood sample and excised
tissue. Similar as observed in many other literature reports, these SWNTs were found to
mostly accumulate in the liver. Generally speaking, NIRF imaging of CNTs is not ideal for
quantitative measurement and long-term tracking in vivo.

Raman spectroscopy, which can differentiate the spectral fingerprint of many molecules [10,
39], can serve as another important tool for imaging of SWNTs. SWNTs have an intense
Raman peak produced by strong electron-phonon coupling, which causes efficient excitation
of tangential vibration in the SWNT upon light exposure [40]. In a pioneering study,
SWNTs and other nanoparticles were studied for their potential in non-invasive Raman
imaging, PK evaluation, multiplexing, as well as in vivo tumor targeting, with an imaging
system adapted for small animal Raman imaging [41]. In the meantime, another study used
Raman spectroscopy to quantitatively measure the concentration of intravenously injected
SWNTs in various organs and tissues of mice ex vivo over a period of three months [16].
Near-complete disappearance of SWNT Raman signal was observed after three months
(Figure 3).

Shortly after these reports, an optimized Raman microscope was developed to evaluate
tumor targeting and localization of SWNTs in tumor-bearing mice [42]. In addition, the
acute and chronic toxicity of functionalized SWNTs were examined by Raman microscopy
and histology for over four months, after intravenous injection into mice [17]. The Raman
signal of SWNTs was very stable against photobleaching, thereby enabling long-term
imaging and tracking. No obvious toxic effect was observed in mice, which paved the way
for future investigation of SWNT-based agents for various biomedical applications such as
cancer imaging and therapy. The primary limitations of Raman imaging in larger subjects
are those also faced by other optical techniques: even in the near-infrared region (700–900
nm), light penetration beyond a few centimeters of tissue is very challenging [43–45]. The
key advantages of Raman imaging over fluorescence imaging is the superb multiplexing
capability and lack of confounding background signal from tissue autofluorescence.
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PAI is an imaging technique based on the photoacoustic effect in which the tissue is usually
irradiated by a short-pulsed laser beam to produce thermal and acoustic responses (i.e. light
in, sound out) [46–48]. PAI can offer higher spatial resolution and slightly better tissue
penetration than most other optical imaging techniques. SWNT conjugated with cyclic RGD
peptides was first reported as a molecularly-targeted contrast agent for PAI in tumor-bearing
mice [49], and the detection limit of PAI for SWNTs was reported to be ~50 nM in this
study. One of the major limitations of this imaging technique is that the data acquisition time
was quite long, therefore it may not be an ideal choice for in vivo evaluation of the PK of
SWNTs. Subsequently, it was demonstrated that indocyanine green-enhanced SWNTs could
generate about 300 times higher photoacoustic contrast than the abovementioned SWNTs
[50]. Recently, a photoacoustic microscope was developed to detect trace amount of SWNTs
in tissue specimens, which may be used for future PK evaluation of SWNTs [51].

MRI—MRI detects the interaction of protons (or certain other nuclei) with each other and
with the surrounding molecules in a tissue of interest [52–53]. Development of Gd3+-
functionalized SWNTs for MRI applications has been reported [54], and the distribution
pattern of Gd3+-doped SWNTs after the release from a degrading poly(lactic-co-glycolic
acid) (PLGA) scaffold was studied in rats [55]. The release of Gd3+-SWNTs from the PLGA
scaffold into the surrounding tissue was observed during a period of three weeks. In several
other studies, susceptibility-weighted MRI was adopted to evaluate the distribution of raw
and purified SWNTs [19, 56]. The susceptibility effects induced by metal impurity in the
intrapulmonary instilled raw SWNT samples were large enough to cause a significant drop
in magnetic field homogeneity, which was detectable by MRI. Of note, this technique is not
suitable for monitoring the PK of ultra-pure, robustly surface-functionalized SWNTs.

Other techniques—One of the most direct measurements of SWNT biodistribution was
reported in 2007 [57]. In this study, the biodistribution of pristine SWNTs in mice was
determined by using the skeleton 13C-enriched SWNTs and isotope ratio mass spectroscopy
(which measures the 13C/12C ratios). The concentration of 13C-enriched SWNTs in various
organs was determined and the results suggested that these SWNTs were distributed in the
entire mouse body, with major accumulation in the liver, lungs, and spleen over an extended
period of time (without appreciable clearance over 28 days). Although such measurement
of 13C/12C ratios is direct and unbiased, the requirement of special sample preparation
(e.g. 13C enrichment) and low detection sensitivity are major disadvantages for this
approach. Recently, dual-modality optical coherence tomography (OCT) and MRI was also
investigated for detection of PEG-coated SWNTs in aqueous solutions [58]. However, no in
vivo studies were reported.

Major factors that affect the PK of CNTs
PK is a critically important factor to determine the therapeutic efficacy of a drug or the in
vivo performance of an imaging agent. Although much more systematic research will need
to be performed in the future to thoroughly characterize the PK of SWNTs and MWNTs in
small and large animals before potential clinical applications, some general principles can be
gleaned from the available literature reports. Because direct comparison of results from
literature reports is very challenging due to the different CNTs, animal species, animal
models, etc. that were employed for each individual investigation, these general principles
may not apply to all CNT-based imaging/therapeutic agents and case-by-case evaluation
may be needed.

Surface functionalization—Similar as other nanomaterials, the in vivo PK and
biodistribution of CNTs are closely associated with their surface coating. Different surface
coatings can significantly change the circulation half-lives of CNTs in the bloodstream, alter
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their biocompatibility profile, and affect potential aggregation of individual CNT through
van der Waals forces. Of note, pristine CNTs themselves are highly hydrophobic, hence not
suitable for biomedical applications without surface functionalization. In order to improve
hydrophilicity and water solubility, sidewall functional groups (e.g. hydroxyl and carboxyl)
can be introduced onto CNTs. In addition, these functional groups can also be used to attach
specific polymer coatings or biomolecules to CNTs for imaging/therapeutic purposes.

In an early report, it was found that Pluronic coating was not stable in physiological
environment, which could be rapidly replaced by plasma proteins after intravenous injection
[18]. This is likely the reason why a short blood circulation half-life (~1 h) was observed for
CNTs in this study. Non-covalent wrapping of SWNTs with PEG grafted phospholipid (e.g.
DSPE-PEG) can delay the capture of SWNTs by the MPS and lead to a prolonged
circulation half-life, and longer PEG chains on the surface of SWNTs resulted in longer
blood circulation half-life [31]. A subsequent report from the same group confirmed that
functionalization of SWNTs with branched PEG chains can exhibit even longer circulation
half-life (~5 h), which was significantly improved over SWNTs coated with linear PEG
chains (a few hours) [16].

Since long blood circulation half-life is usually considered to be advantageous for
nanomedicine which can offer more opportunities for enhanced tumor targeting, several
strategies have been investigated to generate SWNTs with ultra-long blood circulation half-
lives. In one study, covalent PEGylation of SWNTs was carried out [59]. It was reported
that this strategy can increase the blood circulation half-life of SWNTs to ~22.5 h. When
non-covalent PEGylation was adopted, PEG grafted poly(maleic anhydride-alt-1-
octadecene) (denoted as PEG-PMHC18) was found to exhibit remarkably long blood
circulation half-life (~ 22 h) upon intravenous injection into mice [60]. Inspired by these
findings, a series of amphiphilic polymers were designed by combining different lengths of
PEG chains with PMHC18 at various densities before conjugation onto SWNTs [61].
Interestingly, although ultra-long blood circulation half-life was achieved with dense
PEGylation of the SWNTs, along with enhanced tumor uptake, high accumulation of these
SWNTs in the mouse skin was also observed. Through controlling the degree of PEGylation
on the polymer backbone, an optimal blood circulation half-life of SWNTs (~13 h) was
achieved in mice with low skin accumulation [61]. It was concluded that the balance
between high tumor targeting (i.e. based on long blood circulation half-life) and non-specific
background uptake should be maintained. Fine-tuning the surface chemistry of SWNTs is
crucial to optimize their in vivo PK for the desired biomedical applications.

Based on many other literature reports, specific functional groups can strongly affect the PK
and fate of CNTs. For example, hydroxylated CNTs (e.g. 125I-labeled SWNTs [29]) can
quickly distribute throughout the whole body and accumulate in the bone for a prolonged
time period, whereas taurine functionalized MWNTs that are more negatively charged
predominantly accumulated in the liver for over three months with noticeable liver toxicity
[37]. Intriguingly, 111In-DTPA-SWNTs or MWNTs were not retained in the MPS (e.g. liver
and spleen) and exhibited rapid clearance via renal excretion [26–27]. Taken together the
literature findings, surface modification can significantly alter the interactions of CNTs with
cellular lipid bilayer, plasma proteins, and macrophages, which can act as one determining
factor for the PK and behavior of CNTs.

Morphology (length & shape)—The major morphological factor that contributes to the
in vivo PK of CNTs is the length, since they all have similar one-dimensional shape. One
study reported that macrophages can capture 220 nm-long MWNTs more readily than 825
nm-long MWNTs, and the latter triggered higher degree of inflammation [62]. Although the
“cutoff” length of CNTs for macrophage capture is not known, the “shorter” CNTs (length
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from 100 to 300 nm) in abovementioned studies tended to accumulate in the liver and spleen
[16, 29, 31], the “medium” CNTs (length from 300 nm to 2 μm) were reported to undergo
rapid renal excretion [26–27], and the “longer” CNTs (length > 2 μm) typically resulted in
high uptake in the lungs along with significant retention in the liver and spleen [38, 57].
Besides the length, the shape of CNTs also matters to a certain degree. For example, long
and needle-like CNTs were reported to activate IL-1 and lead to the production of a series of
reactive oxygen species in macrophages [63], which can significantly affect the PK of
CNTs.

Administration route—The PK and toxicity of CNTs are also strongly associated with
the administration route. Although most of the current PK studies were focused on
intravenous injection, other administration routes such as intraperitoneal injection [64],
intratracheal administration [65], and oral gavage have also been investigated. In one study,
it was found that SWNTs can coalesce with each other inside the body to form fiber-like
structures after intraperitoneal administration [64], and induce granuloma formation when
the structure length exceeded 10 μm. Although shorter aggregates (<300 nm) did not induce
granuloma formation, they persisted inside the mouse body for up to 5 months after
intraperitoneal administration. In addition, it was found that short and well-individualized
SWNTs could escape the MPS to be excreted through the kidneys and bile ducts.

When CNTs were administered intratracheally into animals, an induction of inflammatory
reactions in the lung was usually observed along with cardiovascular adverse effects [66–
67]. However, one report also demonstrated the lack of obvious toxicity for SWNTs, which
were formulated using a biocompatible nanoscale dispersion technique [68]. In this work,
stable nanoscale dispersions of SWNTs were produced by ultrasonication of SWNT powder
in 1 wt% aqueous solution of Pluronic F 108NF followed by ultracentrifugation, which
eliminated large SWNT bundles and dense impurity species. Based on these literature
reports, it is clear that surface coating is the dominant factor to determine pulmonary toxicity
of CNTs in vivo. On the other hand, animals showed good tolerance to orally administered
CNTs at doses as high as 1,000 mg/kg with no behavior abnormality [64].

PK OF QDS
Fluorescent semiconductor QDs have attracted tremendous attention over the last decade [9,
69–70]. QDs with composition and size tunable fluorescence emission have been widely
used as probes for in vitro and in vivo imaging applications [71–75]. The superior optical
properties of QDs over conventional organic dyes make them attractive labels for a wide
variety of biomedical applications, whereas their potential toxicity and instability in
biological environment has puzzled scientific researchers. In this section, we will summary
the influences of surface coating (or charge), hydrodynamic (HD) size, and shape on the PK
of QDs.

Effect of surface coating
Before they can be used for biological imaging studies, QDs are usually functionalized with
hydrophilic polymers or molecules to increase the water solubility, and sometimes also
conjugated to various ligands for specific targeting [73, 76–78]. Surface modification plays
a pivotal role on the surface charge, HD size, blood circulation half-life, biodistribution,
clearance, specific organ/tissue targeting, and potential degradation of QDs in living
subjects.

In an early report, surface-dependent PK behavior of QDs was demonstrated [79]. It was
shown that QDs with coatings such as poly(acrylic acid) (PAA), methoxy-terminated PEG
of 750 Da (mPEG-750), or carboxyl-terminated PEG of 3400 Da (COOH-PEG-3400) were
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all cleared from the circulation within 1 hour post-injection into mice, whereas QDs coated
with mPEG-5000 exhibited a prolonged half-life of ~3 h along with significantly lower
uptake in the lymph nodes and liver (Figure 4a). Similar prolonged blood half-life of QDs
after suitable PEGylation was also reported for amino-PEG modified QDs [80]. It is worthy
to note that QD fluorescence from lymph nodes and bone marrow could still be detected at
more than four months post-injection, indicating long-term trapping, little clearance, and
non-breakdown of intravenously injected QDs.

Without using any specific targeting moieties, Chio et al. demonstrated the ability to control
circulation half-life, organ- and tissue-selective biodistribution, and elimination route of
dihydrolipoic acid (DHLA)/PEG modified QDs (termed as QD@DHLA-PEGn, where n =
2–22) by simply changing the length of PEG chains (Figure 4b) [81]. Interestingly,
QD@DHLA-PEG2 (HD size: 5.1 nm) accumulated primarily in the liver, while the majority
of QD@DHLA-PEG3 (HD size: 5.3 nm) ended up in the kidney and bladder. QDs with
DHLA-PEG4 coating (HD size: 5.6 nm) had accelerated body excretion via the liver and
kidneys. In addition, uptake of QDs in the pancreas was only observed when QDs were
coated with DHLA-PEG8 (HD size: 6.5 nm) and DHLA-PEG14 (HD size: 8.7 nm).
QD@DHLA-PEG22 (HD size: 16 nm) exhibited poor clearance and were primarily detected
in the vasculature at 4 h post-injection, with delayed excretion through renal and hepatic
routes when compared to the QDs coated with shorter PEG chains.

Although distribution of QDs in different organs can be visualized based on whole body
fluorescence imaging, as shown in Figure 4 [79, 81], this approach is not highly accurate
due to the qualitative nature of optical imaging, the prominent and variable background
autofluorescence, as well as absorbance/scattering of light in blood and tissues. Furthermore,
the fluorescence of QDs can be susceptible to environmental factors, which makes it even
more difficult to achieve precise and quantitative evaluation of QD biodistribution [82]. In
one report, the in vivo PK, clearance, and metabolism of CdSe@ZnS QDs (TEM size: 5.5
nm) with different surface coatings in Sprague-Dawley rats was quantitatively analyzed with
inductively coupled plasma atomic emission spectroscopy (ICP-AES) [83]. When compared
to QDs conjugated to bovine serum albumin (QD-BSA), QDs coated with the organic
molecule mercaptoundecanoic acid and crosslinked with lysine (denoted as QD-LM) had
significantly slower blood clearance. Possibly due to the larger HD diameter (~80 nm) and
shorter blood circulation time (t1/2: 38.7 ± 3.5 min), QD-BSA was found almost exclusively
in the liver, with appreciable bone marrow uptake at 90 min post-injection. Both QDs
exhibited similar spleen uptake of ~2% injected dose. Different from that observed in a
previous report [79], only extremely low lymph node uptake was detected in this study. No
detectable QDs could be found in either the feces or urine for up to 10 days post-injection,
indicating minimal clearance of these QDs from the rat body.

PET imaging of small animals allows for serial imaging of live subjects, which obviates the
need to sacrifice animals and minimizes inter-individual variations [23, 84–86]. In an early
report, a dual-function PET/NIRF probe was constructed by labeling QD705 with 64Cu,
which could allow for more accurate assessment of the PK and tumor-targeting efficacy of
QDs in vivo [87]. The amino groups on QD surface was conjugated to DOTA (for 64Cu-
labeling) and RGD peptides (for integrin αvβ3 targeting). Quantitative analysis of the PET
data indicated liver uptake of ~50 percentage injected dose per gram (%ID/g) for both
targeted and non-targeted QDs. Successful tumor targeting was achieved, since uptake
of 64Cu-DOTA-QD-RGD in the U87MG tumor (integrin αvβ3 positive) was significantly
higher than that of 64Cu-DOTA-QD at all time points examined. Ex vivo PET and NIRF
imaging studies were also carried out to validate the in vivo findings. At early time points
(e.g. a few hours post-injection), the results from PET (detecting 64Cu) and NIRF (detecting
QDs) imaging matched quite well, indicating good in vivo stability of the dual-function
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agent. At late time points (e.g. 24 h post-injection), significant difference between PET and
NIRF images could be observed, which suggested shedding of the surface polymer coating
from QDs. In another study, VEGF121 was used as the ligand for tumor vasculature targeting
of QDs, and similar results were observed [88].

Using serial non-invasive small animal PET imaging, the in vivo fate of commercially
available CdSe QDs with varied surface modifications was quantitatively investigated in
nude mice [89]. Similar as that reported in previous studies [79–80], it was found that QDs
with a larger HD size had a faster accumulation rate in both the liver and spleen, while
PEGylated QDs exhibited slightly slower rate of accumulation in these organs. For 64Cu-
labeled QD800 (~21 nm in diameter) and QD525 (~12 nm), the uptake in the liver (27.4–
38.9 %ID/g) and spleen (8.0–12.4 %ID/g) were similar. Bone marrow uptake was only
observed for PEGylated QDs. Overall, regardless of the difference in HD size, no
convincing evidence of clearance was found for either type of QDs.

Effect of size and shape
Morphology (i.e. HD size and shape) of QDs is another important parameter that can affect
their PK profile in vivo. Many studies have suggested that the extent of non-specific binding
(or adsorption) of proteins in the bloodstream is highly dependent on the nanoparticle size,
curvature, hydrophobicity, surface charge, among others [90–92]. Protein adsorption on QD
surface could dramatically increase the HD size, change the surface charge, and cause
aggregation, thereby leading to dramatic alterations in their physicochemical properties and
PK in vivo. Although many types of QDs cannot efficiently escape recognition and
clearance by the MPS, some specially designed QDs may be able to avoid MPS
sequestration and substantially extravasate in certain tumor models, which hold greater
potential for more efficacious tumor targeting in vivo [77, 93]. Herein we will summarize
the impact of HD size and shape on PK and extravasation of QDs.

Effect of HD size on biodistribution and clearance of QDs—The charge of QD
surface coating has a profound effect on the adsorption of serum proteins, as well as the HD
size. For example, net anionic or cationic charges are usually associated with an increase in
the HD size [83]. By coating QDs with a zwitterionic surface, Choi et al. demonstrated that
undesirable serum protein adsorption could be prevented to obtain a series of QDs with
extremely small HD sizes [93]. Systematic in vivo optical and γ-camera imaging
demonstrated that biodistribution and clearance of QDs is highly dependent on the HD size.
It was suggested that although PEGylation could allow for delayed (or sometime negligible)
MPS clearance of QDs, it increases the HD size and prevents renal excretion. Convincing
evidence was provided to demonstrate that only QDs with a final HD size below 5.5 nm
could be excreted through the urine [93]. In a follow-up study, these researchers further
demonstrated in vivo active targeting and renal clearance of RGD peptide-conjugated QDs
within 4 h post-injection [77]. Since potential toxicity and slow clearance are two major
obstacles for clinical translation of QDs, especially the long-term effect and unpredictable
hepatic clearance, these two studies provided a foundation for the design and development
of molecularly targeted imaging agents for future cancer diagnosis and therapy with QDs
and other nanoparticles [77, 93].

Subsequently, many studies have further confirmed that QDs with HD sizes larger than the
renal clearance cutoff (~5.5 nm) usually ended up in the liver and spleen, with only very
limited clearance over the study period [94–95]. Although QDs have been reported to
maintain their fluorescence signal over months or even years in animals [79, 94], the
degradation of surface coating and potential breakdown of QDs in vivo are still under
debate. In an in vitro study, it was suggested that surface coating of QDs may not be as
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stable as previously imagined [96]. Appropriate choice of both nanoparticle size and
monolayer structure was considered to be critical for future imaging applications.

In fact, several long-term toxicity studies did suggest the degradation of QDs in vivo. In a
recently reported pilot toxicity study in rhesus macaques by intravenous injection of 25 mg/
kg of phospholipid micelle encapsulated CdSe@CdS@ZnS QDs (~52 nm), a surprisingly
higher Cd-to-Se ratio in the kidney was observed based on the ICP-MS results, when
compared with that of the liver and spleen at day 90 post-injection (Figure 5) [97]. Since no
QD fluorescence signal could be detected in the kidney despite the high concentration of
elemental constituents of QDs, the break-down or slow degradation of QDs may be the only
reasonable explanation for the different Cd-to-Se ratio in different organs. Although many
previous reports have demonstrated that degradation of surface coating in vivo could
compromise the stability/utility of QDs and result in potential toxicity in vivo [98–99],
surprisingly, no clear evidence of toxicity was observed within three months in this study
[97]. Blood and biochemical markers remained within normal ranges, and histology of
major organs showed no abnormalities. ICP-MS analysis further revealed dominant Cd
element distribution in the liver (~58 %ID), spleen (~6 %ID), and kidney (~35 %ID) at day
90 post-injection. Importantly, > 90% of injected Cd remained in the animals after 90 days.
In a previous study carried out in rats, QDs were also found to be sequestered with no
excretion based on measurement of Cd element in the bile, intestinal lumen, and kidney
[100].

Similar and more obvious redistribution of QDs from liver to kidneys has been observed in
other studies [101–102]. For example, the biodistribution of aqueous QDs with HD sizes
ranging from 2.9 to 4.5 nm were investigated [101]. A rapid accumulation of QDs in the
liver (up to 30 %ID/g) was observed over a short-term, followed by increased accumulation
in the kidneys (40 %ID/g) after 80 days. QDs of larger HD size were demonstrated to have a
quicker accumulation in the spleen. No overt toxicity of QDs after 80 days of exposure was
detected, based on histological and biochemical analyses.

Effect of size and shape on extravasation—In a series of studies, we have shown that
RGD peptide conjugated NIRF QDs could be specifically targeted to U87MG human
glioblastoma tumors in vivo, which express high levels of integrin αvβ3 on both the tumor
cells and the tumor vasculature [78, 87, 103]. Immunofluorescence staining confirmed
specific integrin αvβ3 targeting of these QDs to the tumor vasculature, and the vast majority
of injected RGD conjugated QDs did not extravasate (far) from the tumor vessels. A series
of subsequent studies further demonstrated that extravasation of QDs is highly complex,
which may depend on many factors including the size and shape of QDs, surface
modifications, tumor types, among others [104–106].

Different behaviors in extravasation from the normal vasculature to interstitial fluid were
investigated in rat models, using DHLA coated and DHLA-PEG coated InAs@ZnSe QDs
[107]. Obvious extravasation of QD@DHLA-PEG (HD size: 8.7 nm) was observed based
on NIRF imaging, whereas minimal extravasation was found for QD@DHLA (HD size:
13.8 nm). Although both QDs were reported to have similar circulation half-lives, it was
suggested that the increased HD size of QD@DHLA (from 5.3 nm in phosphate-buffered
saline to 13.8 nm in fetal bovine serum) caused by non-specific protein binding in vitro/in
vivo could be the main reason behind such differences.

Using intravital microscopy which has subcellular resolution, the real-time specific binding
of RGD conjugated QDs to integrin αvβ3 on tumor neovasculature was studied in mouse
tumor models [105–106]. Intriguingly, it was found that the binding rates and binding
patterns between various tumor types did not vary significantly. However, striking
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difference was observed with regard to extravasation of QDs from tumor vasculature. Little
extravasation of RGD conjugated QDs (HD size: 5–25 nm) was observed in xenograft
SKOV-3 ovarian cancer and U87MG glioblastoma models in nude mice. On the other hand,
unequivocal and rapid extravasation of QDs from blood vessels in xenograft LS174T
colorectal tumors was found in mice injected with similar doses of the same QD conjugates.
Clearly, HD size is not the only factor that governs QD extravasation in tumors. The
heterogeneity of tumor neovasculature across different tumor types also plays a significant
role.

In a follow-up study, these investigators extended their research to study and quantify the
differences in extravasation of QDs (HD size: 20–25 nm) and SWNTs (~200 nm in length),
the two commonly used but very differently shaped nanoparticles [104]. Both nanoparticles
were designed to possess similar charge, surface coating, and density. Different from the
clear extravasation that was observed in an abovementioned report [107], no extravasation
of either QDs or SWNTs from normal vasculature was found in mice implanted with any of
the three tumor types (U87MG, LS174T, and SKOV-3) [104]. Detailed investigation
revealed that neither nanoparticle extravasated in the SKOV-3 tumors, which was suggested
to be due to the small pore size cutoff of the vasculature. In the LS174T and U87MG
tumors, the extent and dynamics of extravasation was reported to be highly complex:
significantly more extravasation was detected for QDs than SWNTs in the LS174T tumor,
where the opposite was observed in the U87MG tumor (Figure 6). In vitro simulated
diffusion experiments were carried out to provide a rationale for such findings. However, the
exact reason behind such surprising geometrical dependence of nanoparticles in tumor
extravasation remain to be elucidated in future studies.

CONCLUSION AND FUTURE PERSPECTIVES
Molecular imaging is one of the most vibrant areas of research over the last decade, not only
in oncology but also in many other disciplines [5, 108–110]. A wide variety of nanoparticles
have been investigated for imaging and therapeutic applications, which spanned every single
imaging modality [8]. With the rapid development of nanotechnology, humans may be
exposed to various nanoparticles through inhalation, ingestion, skin contact and uptake,
intravenous injection, etc. The long-term impact of many nanoparticles is poorly understood
to date, and conflicting results have often been reported, partly due to the fact that the PK
and biodistribution of nanoparticles is dependent upon multiple factors such as size, shape,
surface charge, surface chemistry, and many others. Through rational design and
optimization of these factors, non-specific uptake of nanoparticles can be greatly reduced
and blood circulation can be prolonged, thereby conferring the nanoparticles enhanced
opportunities to home to the targeted tissue (e.g. tumor, cardiovascular diseases, etc.).

Various imaging techniques have been employed to evaluate the PK of nanoparticles, among
which radionuclide-based imaging (especially PET) can provide the highest detection
sensitivity (down to picomolar level) and offer high clinical relevance. However, despite the
many strategies that have been explored to increase the overall stability of conjugated
nanoparticles and prevent the radioisotopes from dissociation [30, 38], potential detachment
of radioisotopes from the nanoparticles remains a major concern which can significantly
complicate the interpretation of experimental findings. Rigorous validation of the in vivo
findings with ex vivo measurements are always needed to provide more reliable results. To
obtain more accurate PK profile, imaging techniques that can capture the intrinsic physical
or chemical signals from the nanoparticle itself may be more desirable. For example, the
intense Raman signal from SWNTs [16, 64, 111] and the strong and stable fluorescence
signal from QDs [75, 93] can be good candidates for PK investigation, with the caveat that
both Raman and fluorescence imaging suffer from poor signal penetration in tissues, hence
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only suitable for small animal studies. MRI was also used for PK studies of nanoparticles.
However, the inherent low sensitivity severely limits the utility of this imaging technique for
in vivo PK assessment. With regard to PK evaluation of SWNTs, in some cases MRI detects
the metal doping or the effect triggered by metal impurities from SWNTs rather than the
SWNTs themselves [19, 56], which is suboptimal and can complicate the scenarios.

Based on the available literature reports on PK studies of QDs and SWNTs, a few general
principles can be established. First, surface functionalization is the most important factor to
alter and fine-tune the PK of nanoparticles. Let’s take CNTs as the example: optimally
surface-functionalized CNTs with biocompatible coating (e.g. PEGylation) exhibited much
lower toxicity, prolonged blood circulation half-life, reduced uptake in the MPS, and
enhanced tumor-targeting efficiency in vivo than the CNTs without appropriate surface
coating. The same rule is also generally applicable for QD-based agents. Second, besides the
surface functionalization/chemistry, morphology of nanoparticles also matters. The right
shape and size of nanoparticles can result in less non-specific capture by macrophages,
which can also affect their excretion route, circulation half-life, as well as how they will
interact with different tissues in vivo. Last but not least, the route from which the
nanoparticles enter the body and the dose administered also contributes to the overall PK
profile of nanoparticles. Oral administration of nanoparticles can be well-tolerated at a
comparatively high dose, while intravenous/intraperitoneal/intratracheal administration of
nanoparticles may be more likely to trigger acute and/or chronic toxicity, which can be
closely associated with their surface chemistry.

Recently, nanotoxicology has emerged as a new branch of toxicology for studying the
undesirable effects of nanoparticles [112–115]. Development of novel nanoparticles for
biomedical applications must proceed in tandem with the assessment of any toxicological
side effects. A thorough understanding of the PK profiles of various nanoparticles is
necessary for risk assessment and minimizing any adverse effects to the patients or the
environment. We believe that the key question is not how toxic the nanoparticles themselves
are, but how to modify and functionalize them so that they do not exhibit acute/chronic
toxicity, can be cleared from the body over time, and thereby can be best used for
biomedical applications. Robust chemistry for surface modification of nanoparticles is the
key to success in future biomedical and clinical applications.

It is anticipated that the emergence of new nanotechnology will facilitate the development of
novel drug delivery systems that can not only specifically deliver a drug to the target tissue,
but also release it locally and efficiently. The future of nanomedicine lies in multifunctional
nanoplatforms which combine both therapeutic components and non-invasive imaging. Such
integration of diagnostic imaging capability with therapeutic interventions, often termed as
“theranostics” [14, 116–118], is critical to addressing the challenges of cancer heterogeneity
and adaptation. With the unprecedented initiatives such as the NCI Alliance for
Nanotechnology in Cancer that encompasses the public and private sectors, designed to
accelerate the applications of the best capabilities of nanotechnology to cancer [2], it is
expected that promising molecular discoveries will be efficiently translated into the clinic to
benefit (cancer) patients. Nanotechnology can provide the technical power and tools that
will enable the development of new diagnostics, therapeutics, and preventives which can
radically change the way we diagnose, treat, and prevent cancer.
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Fig. 1.
a The structure of 125I-encapsulated, carbohydrate-modified SWNTs. b SPECT/CT images
acquired immediately and 7 days after injection of GlcNAcD-Na125I@SWNTs. Cross-
sections of the thyroid (TH), lung (LU), stomach (ST), liver (LI), kidney (KI) and bladder
(BL) are also shown. c Tissue biodistribution and blood clearance profile of GlcNAcD-
Na125I@SWNTs. Adapted with permission from reference [30].
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Fig. 2.
a Schematic structure of 14C-labeled MWNTs. b Biodistribution of 14C-labeled MWNTs at
different time points after intravenous injection. c Autoradiography images of mouse liver,
lungs, spleen, and kidney at 24 h post-injection of 14C-labeled MWNTs. Adapted with
permission from reference [38].
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Fig. 3.
a Biodistribution of SWNT conjugated with different PEG chains at 1 day post-injection, as
measured by Raman spectroscopy. l: linear; br: branched. b The retention profile of SWNT
in mouse liver and spleen over a period of three months. c Raman images of liver slices
from mice treated with SWNTs functionalized with different PEG chains. d Blood
concentration of intravenously injected SWNTs functionalized with different PEG chains, as
measured by Raman imaging. e Blood circulation time of SWNTs functionalized with
different PEG chains. Adapted with permission from reference [16].

Hong et al. Page 21

Mol Imaging Biol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
a In vivo whole body fluorescence imaging of QD@mPEG-750 and QD@mPEG-5000 at 1
h post-injection into mice. b In situ fluorescence imaging of intravenously injected QDs
coated with varied length of PEG chains (2–22 ethylene glycol units). The hydrodynamic
diameters of the QDs are also shown (ranging from 5.1 to 16.0 nm). Bl: bladder; In:
intestine; Ki: kidney; Li: liver; Pa: pancreas; Sp: spleen. Adapted with permission from
references [79, 81].
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Fig. 5.
ICP-MS analysis of the major organs of treated and control rhesus macaques at day 90 after
intravenous injection of CdSe@CdS@ZnS QDs, showing the biodistribution of cadmium
(a), selenium (b), and zinc (c). d Blood clearance profile of QDs in vivo. Adapted with
permission from reference [97].
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Fig. 6.
Extravasation of QDs and SWNTS from the vasculature of murine tumor models. a
Extravasation of QDs is compared with that of SWNTS for each tumor type. b A schematic
illustration showing that QDs extravasate from the LS174T tumor but not the U87MG
tumor, whereas SWNTS extravasate from the U87MG tumor but only minimally from the
LS174T tumor. Adapted with permission from reference [104].
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