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Abstract Malignancies of the lungs, both primary and met-

astatic, are the leading cause of death worldwide. Over 1.5

million new cases of primary lung cancer are diagnosed

annually worldwide with a dismal 5-year survival rate of

approximately 15 %, which remains unchanged despite major

efforts and medical advances. As expected, survival for patients

with lung metastases is even worse at about 5 %. Early detec-

tion and staging are fundamental in improving survival rates

and selecting the most effective treatment strategies. Recently,

nanoparticles have been developed for imaging and treating

various cancers, including pulmonary malignancies. In this

work, three different examples of nanoparticle configurations

for cancer theranosis are presented, namely conventional

spherical polymeric nanoparticles with a diameter of

*150 nm; and discoidal mesoporous silicon nanoconstructs

and discoidal polymeric nanoconstructs with a diameter of

*1,000 nm and a height of 400 and 500 nm, respectively. The

spherical nanoparticles accumulate in tumors by means of the

well-known enhanced permeation and retention effect, whereas

sub-micrometer discoidal nanoconstructs are rationally

designed to adhere firmly to the tortuous tumor vasculature. All

three nanoparticles are characterized for their in vivo perfor-

mance in terms of magnetic resonance, positron-emission

tomography (PET), and optical imaging. Preliminary data on

the in vivo and ex vivo PET/CT imaging of breast cancer

metastasis in the lungs using discoidal nanoconstructs is pre-

sented. In conclusion, opportunities for nanoparticle-based

theranosis in primary lung cancer and pulmonary metastasis are

presented and discussed.
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Nanomedicine

Introduction

Primary and secondary malignancies developing in the lungs

are among the world’s leading cancer killers. Primary lung

cancer annually accounts for 7.6 million deaths worldwide

and, in 2014, about 160,000 Americans are expected to die

from this disease, corresponding to approximately 27 % of

all cancer deaths [1, 2]. The 5-year survival rate for lung

cancer is only 15 %, which is much lower than for many

other malignancies. For lung cancers detected at an early

stage, survival dramatically improves with stage I survival as

high as 77 % [3]. However, only 15 % of lung cancers are

diagnosed at an early stage. The picture is far more complex

as regards secondary tumors developing in the lungs, which

show a 5-year survival rate of only 4 %. Contrary to other
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malignancies, the number of deaths due to primary and

secondary lung cancers has steadily increased over the last

10 years [4]. Because of their fine microvascular network,

the lungs are among the most frequent sites of metastases

from extra-thoracic malignancies. Therefore, if primary lung

cancer is mostly considered a disease of older heavy smokers

[5], pulmonary metastasis affects all age groups. Pulmonary

metastatic disease, originating from primary tumors at other

sites, is seen in 20–50 % of extra-thoracic malignancy cases

[6]. Pulmonary metastasis originates from practically any

primary tumor, most commonly from lung, skin (mela-

noma), bone (osteosarcoma), bladder, prostate, breast, colon,

and kidney cancers, among others.

Given the relatively high survival rates for early-detected

cases, accurate staging of tumors developing in the lungs is

important for selecting the most effective treatment plan and

improving outcomes. Relatively small tumors are generally

resectable unless they are located in critical areas, whereas

large tumors and pulmonary metastasis are treated with

metastectomy, radiation therapy, chemotherapy, or combi-

nation therapy [7]. Clinically relevant imaging modalities for

staging lung cancers and identifying pulmonary metastasis

are chest radiographs (CXR), computed tomography (CT),

and fused positron-emission tomography CT (PET/CT).

Chest radiography (CXR) is the most commonly used

imaging modality and often the first modality used in

assessing the lungs for pulmonary metastasis from many

non-thoracic primary malignancies. However, chest radio-

graphs have low sensitivity, especially for primary lung

cancer. Low-dose CT is now the recommended modality for

early detection of primary lung cancer [8]; diagnostic CT is

the primary method used for staging many non-thoracic

malignancies. However, long-term use of CT for surveil-

lance of metastatic lung disease is not common because of

the expense and potential radiation dose exposure [9]. Also,

CT guidance is often required for radiation therapy and

histological sampling. Whole-body PET using 18F-deoxy-

glucose (FDG) has also become a very useful tool in staging

primary lung cancer as well as many non-thoracic malig-

nancies; and fused PET/CT imaging is now the standard

FDG modality because of its improved performance over

PET alone and over conventional staging methods [10–12].

In cancer imaging and therapy, nanoparticles (NPs) have

been proposed as agents for disease detection, treatment

and follow-up of therapy. NPs are man-made objects small

enough to be injected intravascularly and navigate safely

within the circulatory system, and they are designed to

perform several, useful functions [13, 14]. They can effi-

ciently carry multiple, and different, imaging and thera-

peutic molecules from the site of injection to the biological

target (malignant tissue), where they provide contrast

enhancement and exert a curative action. A large variety of

NPs having different sizes, shapes, surface properties, and

compositions have been developed for diverse oncological

applications. It is important to recall that colloidal formu-

lations of different materials are already approved and

routinely used in the clinic for cancer imaging and therapy.

For instance, the intravenous administration of technetium
99mTc–sulfur colloids is employed in delineating the lym-

phatic drainage from primary tumors and in localizing

sentinel nodes in breast cancer and melanoma. Tiny glass

beads, filled with the radioisotope yttrium-90, are used for

the radioembolization of malignancies growing in the liver.

However, aspects of the in vivo performance of the most

recently developed NPs, such as their circulation half-life

and organ biodistribution, can be finely tuned by precisely

controlling, during synthesis, their geometrical and phys-

ico-chemical properties.

Here, after introducing the notion of NPs and their

applications in the field of cancer imaging and therapy

(theranosis), this work presents three different examples of

NPs developed by the authors and discusses recent pre-

liminary data on the multi-modal imaging of pulmonary

breast cancer metastasis.

Nanoparticles for cancer theranosis

In cancer imaging and therapy, the advantage of using NPs

over freely administered molecules can be summarized in the

following two points: (1) the size, shape, surface properties

and composition of NPs can be finely tuned, during synthe-

sis, to enhance their accumulation at the diseased site while

limiting off-site targeting (engineerability of nanoparticles);

(2) multiple and different therapeutic and imaging molecules

can be simultaneously loaded within the same NP, without

interfering with the original organ-specific biodistribution

(multi-functionality of nanoparticles).

The main paradigm in the design of NPs for oncological

applications is based on the observation that the tumor

vasculature is discontinuous and presents openings (fene-

strations) measuring several hundreds of nanometers. NPs,

typically being smaller than 200 nm, progressively accu-

mulate within the tumor tissue by crossing these endothe-

lial fenestrations (Fig. 1) [15]. This phenomenon, first

documented by Maeda in 1989 [16], is generally known as

the enhanced permeation and retention (EPR) effect. The

majority of NPs described in the literature over the last

20 years are designed according to this paradigm. Unfor-

tunately, however, organs of the reticulo-endothelial sys-

tem, such as the liver, spleen, and bone marrow, are also

characterized by a discontinuous endothelium and tend to

avidly sequester foreign circulating objects, including NPs.

Consequently, only a small fraction of injected NPs ulti-

mately accumulates at the diseased site. Generally this is in

the order of 1 % of the injected dose per gram tumor
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(% ID/g). Nonetheless, this is a much larger proportion

than the typical accumulation dose of freely injected

molecules, and it has been demonstrated to be sufficient for

successfully treating cancer in several animal models and,

in a few cases, also in humans [14].

Besides fenestrations, tumor masses are also character-

ized by a tortuous vascular network, low mean blood

velocity, impaired lymphatic system, and high interstitial

fluid pressure [15]. In particular, the mean blood velocity in

most tumors is 1–10 lm/s, which is about ten times lower

than that recorded in healthy vessels [15]. Taking advan-

tage of this, our group has proposed sub-micron, discoidal

nanoconstructs as vehicles for preferentially targeting the

malignant vasculature, without relying on the EPR effect

(Fig. 1) [17]. Unlike small NPs, these discoidal nanocon-

structs are designed to recognize the altered tumor vascu-

lature and to adhere firmly to the endothelial walls, without

crossing the fenestrations [18, 19]. They are sub-micron in

size and tend to be pushed laterally in the so-called cell-

free layer by the fast moving red blood cells. Therefore, by

design, these nanoconstructs tend to move in close prox-

imity to the vessel walls, continuously sensing for local

vascular abnormalities [20]. Also, the discoidal shape of

these nanoconstructs favors firm, stable adhesion to the

vessel walls in regions of lower blood velocity [18, 19].

Both conventional spherical NPs and discoidal nano-

constructs can be loaded with a variety of drug molecules,

including potent chemotherapeutic molecules, such as

doxorubicin, docetaxel, paclitaxel [21–23], and labeled

with multiple contrast agents, including infra-red and near

infra-red dyes (for optical imaging) [22]; Gd3?-ions and

iron oxide nanocrystals (for magnetic resonance imaging:

MRI) [23–27]; radioisotopes (for nuclear imaging) [28];

and iodine molecules and gold nanoparticles (for CT

imaging).

Spherical polymeric nanoparticles

Nanoparticles for oncological applications are generally

spherical in shape and exhibit a diameter of up to about

200 nm. These NPs are synthesized via a bottom-up

approach where the different constituents (i.e., lipid and

polymer chains) spontaneously assemble via inter-molec-

ular interactions to form larger constructs. Therapeutic

molecules are generally dispersed within the NP core

during the synthesis process, whereas imaging molecules

are attached to the NP surface at the end of the process.

Our group has been synthesizing spherical, polymeric-

phospholipid NPs by means of a nano-precipitation method

[28]. These NPs present a hydrodynamic diameter of about

Fig. 1 Delivery of nanoparticles to cancers developing in the lungs.

Spherical nanoparticles, typically smaller than 200 nm in size,

accumulate within tumor tissue by crossing endothelial fenestrations,

whereas sub-micron discoidal nanoconstructs are designed to lodge

within the tortuous tumor vasculature without relying on the enhanced

permeation and retention (EPR) effect. Spherical nanoparticles and

discoidal nanoconstructs can be loaded with a variety of

chemotherapeutic molecules (such as doxorubicin, docetaxel, paclit-

axel), and with multiple imaging agents, including infra-red and near

infra-red dyes (for optical imaging), Gd3?-ions and iron oxide

nanocrystals (for magnetic resonance imaging), radioisotopes (for

nuclear imaging), and iodine molecules and gold nanoparticles (for

CT imaging) (color figure online)
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150 nm, a n-potential of -35.0 mV, and are sufficiently

small to rely on the EPR effect for tumor accumulation

[29–31]. A schematic representation of this type of NP is

presented in Fig. 2a. In this configuration, NPs comprise

three different compartments: a poly(lactic-co-glycolic

acid) (PLGA) core, encapsulating 5 nm ultra-small super-

paramagnetic iron oxide nanocrystals (USPIOs); a middle

compartment, composed of a single phospholipid layer

which can be labeled with radionuclides (64Cu) and optical

probes; and an outer compartment, composed of

poly(ethylene glycol) (PEG) chains, conferring long resi-

dence times in blood. The phospholipid monolayer and the

PEG chains also serve to stabilize the PLGA core. In the

present configuration, Cu2?-ions are stably chelated to the

lipid monolayer via a DOTA cage, so that the resulting NPs

can carry, simultaneously, USPIOs for MRI and
64Cu(DOTA) for PET imaging. For this reason, the

resulting NPs are named positron-emitting magnetic

nanoconstructs (PEMs). In addition to being used as con-

trast agents, PEMs have also been loaded with drug

molecules, such as docetaxel and rosiglitazone for the

treatment of tumors and atherosclerosis, respectively [29].

Following their injection into mice bearing breast

tumors (MDA-MB-231), the distribution of PEMs in var-

ious organs is monitored over time using a micro-PET/CT

scanner (Siemens Inveon) (Fig. 2b). Actually, the same

analysis can also be performed in other tumors, including

primary and secondary malignancies developing in the

lungs, as shown later. Images were taken at 1, 6, and 20 h

post-injection (p.i.). Within 1 h p.i., high activity is

detected in the lungs, heart and organs of the abdominal

cavity, particularly the liver and spleen. However, over

time, this signal reduces while the activity in the malignant

mass steadily grows. This behavior has to be ascribed to the

long circulation properties of PEMs that reside in the blood

pool for several hours p.i. and progressively accumulate

within the malignant mass via the EPR effect. Interestingly,

the activity in the digestive system also increases over time

suggesting that PEMs are metabolized in the liver and

follow the biliary excretion route. Because of the surface

Fig. 2 Cancer imaging with spherical polymeric nanoparticles.

a Schematic representation of polymeric-phospholipid nanoparticles,

exhibiting a hydrodynamic diameter of *150 nm. The polymeric

core is stabilized by a monolayer of lipids and PEG chains, visible in

the diagram. b PET/CT imaging of breast tumor-bearing mice

following systemic injection of 100 lCi of spherical nanoparticles

labeled with 64Cu(DOTA). c Percentage of the injected dose of

spherical nanoparticles in the blood pool as a function of time,

determined via scintillation counting. d, e PET imaging and MRI of

spherical nanoparticles accumulating within the breast tumor tissue at

*20 h p.i. Nanoparticles mostly accumulate at the periphery of the

malignant mass, as dictated by the EPR effect. Rearranged from Aryal

et al. [28] (color figure online)
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PEG shielding, PEMs tend to reside in the blood pool for

several hours, presenting a circulation half-life of about 6 h

as determined via scintillation counting (Fig. 2c). This is

certainly longer than the average residence time of
64Cu(DOTA) in blood which amounts to only a few min-

utes [30].

After completing PET scanning, at 20 h p.i. mice

underwent MRI in a clinical 3T scanner (Philips Ingenia�).

Figure 2d presents PET/CT and MR images of the sole

tumor at 20 h p.i. The images show focal areas of 64Cu

activity corresponding to focal areas of reduced T2* signal

on MR images, confirming that the nanoparticles are still

intact within the tumor mass. Also, the highest PEM con-

centrations are reached at the periphery of the tumor mass,

confirming that the accumulation of PEMs is mostly

associated with the EPR effect. After animal sacrifice, a

biodistribution study was conducted by harvesting the

major organs (liver, spleen, kidneys, lungs, heart, brain,

and the tumor) and quantifying residual radioactivity using

a gamma counter (PerkinElmer�). The PEM accumulation

in the tumor was in the order of 4 % ID/g, which is con-

sistent with the literature data for most NPs. Also, as

expected, the highest tissue accumulations were observed

in the liver and spleen, corresponding to about 20 and

5 % ID/g, respectively.

Discoidal mesoporous silicon nanoconstructs

These nanoconstructs, schematically represented in

Fig. 3a, are discoidal in shape and have a diameter of

1,000 nm and a height of 400 nm. Unlike conventional

spherical NPs, these discoidal nanoconstructs are fabri-

cated using a top-down approach, as detailed by the authors

in a previous work [24, 31]. Briefly, the geometry (size and

shape) of the nanoconstructs is defined by photolithogra-

phy, whereas the mesoporous structure is obtained via

electrochemical etching. Nanoconstructs with various

geometries can be fabricated by changing the photolitho-

graphic parameters, while the pore size can be finely

adjusted to range from *10 nm (small pore) to *60 nm

(huge pore). The mesoporous structure of these nanocon-

structs has been efficiently loaded with several agents for

cancer treatment and imaging. For instance, paclitaxel-

containing polymer micelles and nanoliposomes carrying

siRNAs have been successfully encapsulated into silicon

pores and used for the treatment of breast cancer [32–34].

Also, the authors have loaded gadolinium-(diethylene tri-

amine pentaacetic acid) Gd(DTPA) molecules into the

silicon mesoporous structure for MRI [24, 25]. In this case,

it has been shown that the geometrical confinement of

Gd(DTPA) within the mesopores is responsible for

enhancing the longitudinal relaxivity r1 of the Gd3?-ions

leading to an approximately fourfold increase, as compared

to the same free molecules in a bulk solution. More

recently, the authors have also conjugated Gd(DOTA)

molecules directly to the silicon surface demonstrating

longitudinal relaxivities of up to 20 (mM s)-1, at 1.41 T

[35]. This enhancement in relaxivity for Gd(DTPA) and

Gd(DOTA) has to be ascribed to the increase in both

rotational correlation time (sR) (inner-sphere effect) for the

Gd3?-ions and diffusion correlation time (sD) for the water

molecules (outer-sphere effect within the silicon mesop-

ores) [24].

Following the results obtained with Gd-based macro

molecules, the authors also studied the confinement of

USPIOs within porous matrices. Following the loading of

5 nm USPIOs within the mesoporous matrix of the dis-

coidal silicon nanoconstructs (Fig. 3a, b), the transverse

relaxivity (r2) was characterized using a bench-top relax-

ometer (1.41 T). In this case, too, a considerable (almost

threefold) enhancement in relaxivity was observed,

returning discoidal silicon nanoconstructs with an r2 of up

to 350 (mM s)-1 [27]. In this case, the observed

enhancement in transverse relaxivity has to be ascribed to

the different hydration conditions of the USPIOs within the

mesopores of the silicon nanoconstructs (see TEM and

EDX analysis in Fig. 3b). Phantom images of the USPIO-

loaded discoidal nanoconstructs with different iron con-

tents are presented in Fig. 3c, as obtained using a clinical

3T MRI scanner (Philips Ingenia�).

Importantly, given the sub-micrometer size of the dis-

coidal nanoconstructs, over 4.0 9 104 USPIOs of 5 nm

size can be loaded into a single nanoconstruct thus pro-

viding a huge, localized concentration of Fe. This can be

efficiently used to guide, in vivo, the magnetic nanocon-

structs and maximize their accumulation at the tumor site.

This is demonstrated in the MR images shown in Fig. 3d

obtained in three different experimental groups of animals

bearing a melanoma tumor (B16–F10). Specifically, the top

row relates to the systemic injection of free 5 nm USPIOs,

in the presence of an external magnet; the middle row to

discoidal silicon nanoconstructs loaded with USPIOs, in

the absence of an external magnet; and the bottom row to

discoidal silicon nanoconstructs loaded with USPIOs, in

the presence of an external magnet. In all cases, the magnet

was placed on the tumor side for 4 h p.i. The same amount

of iron was injected for all three groups, corresponding to

*0.5 mg of Fe/kg (8 lg of USPIOs per mouse), which is

one order of magnitude lower than the amounts generally

injected for MRI. The mice were imaged pre-injection,

after removal of the magnet at 4 h p.i., and just before

killing at 24 h p.i, using a clinical 3T MRI scanner. For the

free USPIOs, no statistically significant difference in

intensity ratio was observed over time, most likely due to

the low injected dose. On the other hand, for the discoidal

nanoconstructs, dragged by a magnet, a significant drop in
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intensity ratio, up to 60 %, was observed within the first

4 h. This finding demonstrates that magnetic dragging with

such sub-micrometer nanoconstructs can be efficiently used

to enhance tumor accumulation and thus increase delivery

doses.

Discoidal polymeric nanoconstructs

Discoidal polymeric nanoconstructs (DPNs) are our third

example of NPs for cancer theranosis. DPNs are synthe-

sized using a top-down approach combining electron beam

lithography and polymer chemistry, as described by the

authors in a previous work [22]. The fabrication process

starts with the definition of a geometrical pattern of wells in

a master silicon template, using lithographic techniques.

The well represents the final geometry of the nanocon-

struct. From the silicon template, sacrificial templates are

originated for the actual DPN synthesis. Figures 4a, b

present scanning electron micrographic (SEM) and optical

fluorescence images of DPNs still adhering to a sacrificial

template. DPNs are seen to be arranged in an orderly

fashion in rows and columns, which are about 3,000 nm

apart, and they present a diameter of *1,000 nm. The

upper-right insets in both images present details of the

DPN geometry. A transmission electron micrograph of

DPNs demonstrates the presence of 5 nm USPIOs (black

spots) within the polymeric matrix (Fig. 4c). In this spe-

cific configuration, DPNs are obtained by photo-polymer-

izing a polymeric paste comprising PLGA chains, multi-

arm PEG acrylate chains, lipid-DOTA chains, lipid-Rho-

damine B dye (RhB), and USPIOs. While RhB and US-

PIOs are used for providing the optical and MRI

capabilities, the lipid-DOTA chains, uniformly distributed

within the polymer matrix, are reacted with copper chloride

salts after DPN formation to generate Cu64-DPNs for PET

imaging.

Fig. 3 Cancer imaging with discoidal mesoporous silicon nanocon-

structs. a Schematic representation of discoidal mesoporous silicon

nanoconstructs, loaded with iron oxide nanocrystals (USPIOs: red

beads). In this configuration, the average pore size of the silicon

matrix is 40 nm. b Transmission electron micrographs and energy-

dispersive X-ray spectroscopy imaging of the discoidal nanocon-

structs for silicon (Si) and iron (Fe). c MRI phantom images of the

discoidal nanoconstructs, showing different iron concentrations (at

3T). d MR imaging of melanoma tumor-bearing mice following

systemic injection of free 5 nm UPIOs, in the presence of a magnet

(top); discoidal nanoconstructs loaded with USPIOs, in the absence of

a magnet (middle); discoidal nanoconstructs loaded with USPIOs, in

the presence of a magnet (bottom) (injected dose: *0.5 mg of Fe/kg

animal). Rearranged from Gizzatov et al. [27] (color figure online)

432 Clin Transl Imaging (2014) 2:427–437

123



These polymeric nanoconstructs have been used to

image breast (MDA-MB-231), brain (U87-MG), and mel-

anoma (B16-F10) tumors. In the case of breast cancer

(Fig. 4d), PET/CT imaging was performed at different time

points, namely 1, 6, 20 h p.i., in order to follow longitu-

dinally the in vivo behavior of DPNs. Images are normal-

ized by the injected dose and corrected for the decay time

of the radioisotope so that they can be directly compared.

As expected for any nanoparticle, within the first hour p.i.,

a significant activity is detected in the lungs. This reduces

over time as the DPNs are washed away from the pul-

monary microvasculature. A significant activity is also

observed in the abdominal cavity, and it is again associated

mostly with the long residence time of DPNs in the cir-

culation. More importantly, as time progresses, the activity

in the malignant mass (right flank) grows consistently. As

DPNs escape the lung microvasculature and pass through

the highly perfused liver and abdominal organs, they pro-

gressively lodge within the tumor vasculature reaching

unprecedented accumulation doses at 48 h p.i. DPNs

exhibit a circulation half-life of almost 24 h (data not

shown).

Given the initial, transient accumulation of DPNs in the

lungs, these same nanoconstructs have been considered for

preliminary imaging studies of pulmonary tumors. The

hypothesis is that DPNs would permanently deposit in the

tortuous vasculature of pulmonary tumors. In order to

verify this hypothesis, pulmonary metastasis of breast

cancer has been originated by injecting MDA-MB-231/Luc

cells (1 9 105 cells) into mice, via the tail vein. The cancer

Fig. 4 Cancer imaging with discoidal polymeric nanoconstructs. a,

b Scanning electron micrographic (SEM) and optical fluorescence

images of discoidal polymeric nanoconstructs, lying in an orderly

fashion over a polymeric sacrificial template. c Transmission electron

micrograph of discoidal polymeric nanoconstructs loaded with 5 nm

iron oxide nanocrystals (black dots). d PET/CT imaging of breast

tumor-bearing mice following systemic injection of 50 lCi of

discoidal polymeric nanoconstructs labeled with 64Cu(DOTA) (color

figure online)
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cells express luciferase and can therefore be conveniently

imaged to monitor tumor development within the lungs.

Figure 5 shows PET/CT images of murine lungs taken at 1,

6 and 24 h p.i. Within the first 1 h p.i., the signal in the

lungs is saturated and progressively reduces over time

leaving a few host spots at 24 h p.i. Figure 6a shows the

accumulation of MDA-MB-231/Luc cells within the lungs

of a living mouse. These cells require 3–5 weeks to

develop into pulmonary nodules. Figure 6b–d shows

ex vivo images of harvested lungs acquired via biolumi-

nescence (BL) (Fig. 6b), which identifies the location of

the metastasis; PET/CT (Fig. 6c), which serves to localize

DPNs and quantify their accumulation in the microvascu-

lature; and optical imaging, which helps in delineating

regions with multiple tumor nodules (yellow arrows in

Fig. 6d). The spatial distribution of the hot spots observed

via BL, PET/CT, and the surface nodules correlates well.

In particular, a large metastatic site is identified in the

upper portion of the right lung, as confirmed by the pictures

in Fig. 6b–d, and seems to correlate with the PET hot spot

detected in the live animal at 24 h (Fig. 5). Although still

preliminary, these data demonstrate the potential of DPNs

for detecting lung malignancies simply by exploiting the

altered vascular structure and blood perfusion within the

pulmonary cancer nodules.

Future directions and opportunities

Nanoconstructs can improve the bioavailability and bio-

distribution of systemically injected agents by exploiting

the altered architecture and biology of the tumor vascula-

ture. The size, shape, surface properties, and composition

of nanoconstructs can be tailored during the fabrication

process to support their preferential deposition within the

tumor vasculature or passive permeation through tumor

fenestrations (engineerability). Also, nanoconstructs can

encapsulate large amounts of different therapeutic and

imaging agents (multi-functionality).

For tumor imaging, nanoconstructs can be loaded with

USPIOs and tagged with Gd-based macromolecules

[Gd(DOTA), Gd(DTPA)] for MRI; labeled with different

types of radionuclides (18F, 64Cu) for PET and (99Tc, 111In)

SPECT imaging; decorated with a variety of dyes (RhB,

Cy5.5) for optical imaging; and loaded with iodine mole-

cules and gold nanoparticles for CT imaging. All these

modalities (MRI, PET, SPECT, optical, CT) can coexist

within the same nanoconstructs, without interfering with

any moieties for molecular targeting, thus nanoconstructs

enable both multi-modal and molecular imaging. For can-

cer therapy, NPs can deliver multiple agents providing

different curative approaches. Potent chemotherapeutic

Fig. 5 PET/CT imaging of pulmonary metastasis with discoidal

nanoconstructs. PET/CT imaging of mice, bearing breast cancer

metastasis in the lungs, following systemic injection of 50 lCi of

discoidal polymeric nanoconstructs labeled with 64Cu(DOTA).

Images are taken at 1, 6 and 24 h post-injection and show the

presence of hot spots in the lungs at the later time point (24 h),

possibly associated with metastasis. The liver activity reduces

progressively over time. Note that PET images are corrected for the

decay time of the radioisotope so that they can be directly compared

(color figure online)
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molecules, such as doxorubicin, docetaxel, paclitaxel, and

so on, can be encapsulated within the same nanoconstructs

and released, at the diseased site, following precise

schedules. In addition, metal nanoparticles, such iron oxide

and gold nanoparticles, loaded into the nanoconstructs can

deploy, upon external excitation, significant doses of

thermal energy to induce localized hyperthermia and tissue

ablation. Indeed, truly combinatorial drug delivery and

synergistic therapies can be achieved only by using

nanoconstructs.

Specifically, for the imaging and treatment of lung

tumors and pulmonary metastasis, different nanoconstruct

configurations can be envisioned which could improve on

the current clinically available intervention protocols. For

instance, sub-micrometer discoidal nanoconstructs can be

tagged with 64Cu and loaded with gold nanorods for

spotting small malignant masses via PET imaging and for

guiding radiation therapy via CT. The presence of gold

nanorods could locally enhance the efficacy of radiation

therapy, limiting side effects and radiation doses. The same

nanoconstructs could also slowly release locally one or

more chemotherapeutic drugs to ameliorate the efficacy of

the radiation therapy. In another possible configuration,
64Cu-tagged discoidal nanoconstructs could be loaded with

USPIOs and exposed to focused alternating magnetic fields

to induce local hyperthermia and enhance blood perfusion

and vessel permeability. In addition, conventional spherical

NPs, loaded with chemotherapeutic molecules, could more

efficiently accumulate deeper into the tumor matrix, upon

systemic injection. Indeed, the possible combinations are

limited only by the available resources and clinical needs.

In conclusion, it should be emphasized that nanocon-

structs will always appear more complicated and more

difficult to handle than single molecules in the eyes of

Fig. 6 Ex vivo imaging of pulmonary metastasis with discoidal

nanoconstructs. a Bioluminescence imaging of MDA-MB-231/Luc

cells forming pulmonary metastasis in the right and left lungs of a

mouse (right). The control mouse (left), which was not injected with

tumor cells, shows no bioluminescence signal. The MDA-MB-231/

Luc cells are injected via the tail vein (*106 cells) and require

3–5 weeks to develop stably growing pulmonary metastasis.

b Bioluminescence imaging of the harvested lungs showing clusters

of tumor cells in the upper portion of the right lung and lower portion

of the left lung. c PET/CT imaging of the harvested lungs showing hot

spots in the upper and central portions of the right lung and central

and lower portions of the left lung. d Photograph of the harvested

lungs showing regions (yellow arrows) with multiple nodules on the

right and left lungs (color figure online)
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pharmaceutical companies, approval agencies, and some

scientists. But the opportunities to be derived from merg-

ing, in a single entity, multiple imaging modalities and

different therapeutic strategies are offered only by nano-

particles, and more effort should be dedicated to develop-

ing nanoconstructs for theranosis in pulmonary cancers.
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