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ABSTRACT

During the last decades, a plethora of nanoparticles have been developed and evaluated and a real hype has been created

around their potential application as diagnostic and therapeutic agents. Despite their suggestion as potential diagnostic

agents, only a single diagnostic nanoparticle formulation, namely iron oxide nanoparticles, has found its way into clinical

routine so far. This fact is primarily due to difficulties in achieving appropriate pharmacokinetic properties and

a reproducible synthesis of monodispersed nanoparticles. Furthermore, concerns exist about their biodegradation,

elimination and toxicity. The majority of nanoparticle formulations that are currently routinely used in the clinic are used

for therapeutic purposes. These therapeutic nanoparticles aim to more efficiently deliver a (chemo-) therapeutic drug to

the pathological site, while avoiding its accumulation in healthy organs and tissues, and are predominantly based on the

“enhanced permeability and retention” (EPR) effect. Furthermore, based on their ability to integrate diagnostic and

therapeutic entities within a single nanoparticle formulation, nanoparticles hold great promise for theranostic purposes

and are considered to be highly useful for personalizing nanomedicine-based treatments. In this review article, we present

applications of diagnostic and therapeutic nanoparticles, summarize frequently used non-invasive imaging techniques

and describe the role of EPR in the accumulation of nanotheranostic formulations. In this context, the clinical potential of

nanotheranostics and image-guided drug delivery for individualized and improved (chemo-) therapeutic interventions is

addressed.

Currently, in vivo molecular imaging comprises an im-

portant focus area of medical research. The rapidly evolv-

ing field of molecular imaging improves early disease

detection and disease staging and enables image-guided

therapy and treatment personalization. Furthermore, it

provides essential information on the therapy efficacy.

However, molecular imaging requires the use of molecular

imaging probes to visualize and characterize biological

processes at the cellular and molecular level.1–5

Recent advances in nanotechnology have led to the de-

velopment of various nanoparticle formulations for

diagnostic and therapeutic applications. Diagnostic nano-

particles aim to visualize pathologies and to improve the

understanding of important (patho-) physiological prin-

ciples of various diseases and disease treatments. Clinically,

however, nanodiagnostics are only useful in a limited

number of situations, due to the complex demands on

their pharmacokinetic properties and elimination. There-

fore, the majority of nanoparticle formulations currently

used in the clinics is applied for therapeutic purposes.

Therapeutic nanoparticles aim to improve the accumula-

tion and release of pharmacologically active agents at the

pathological site, increase therapeutic efficacy and reduce

the incidence and intensity of side effects by reducing their

localization in healthy tissues.6–9 The intrinsic character-

istics of nanoparticles hold great promise for integrating

diagnostic and therapeutic agents into a single nanoparticle

formulation, enabling their application for theranostic

purposes, such as monitoring the biodistribution and tar-

get site accumulation, visualizing and quantifying drug

release and longitudinally assessing the therapeutic efficacy.

Such theranostic nanoparticles may be used for personal-

izing nanomedicine-based therapies by enabling patient

preselection and by controlling therapeutic efficacy.7–15

In this review article, indications of current nanoparticle

formulations for diagnostic and therapeutic applications

and a brief overview of non-invasive imaging modalities

will be given. In addition, the suitability of nanoparticles as
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molecular imaging probes and contrast agents to enhance dis-

ease diagnosis and treatment and their potential clinical appli-

cation to facilitate personalized therapy interventions will be

addressed and discussed.

GENERAL CONSIDERATIONS ON MEDICAL

IMAGING MODALITIES AND PROBES

In this section, a brief overview of frequently used non-invasive

imaging modalities with respect to the application of nano-

particles will be provided. Medical imaging comprises the

non-invasive assessment of anatomical (or morphological),

functional and molecular information, which enables the di-

agnosis of pathophysiological abnormalities. Current imaging

modalities that are routinely used in preclinical research and

clinical practice include MRI, CT, ultrasound, optical imaging

(OI) and photoacoustic imaging (PAI), as well as positron

emission tomography (PET) and single photon emission CT

(SPECT). These modalities are based on different underlying

physical principles and, therefore, possess specific advantages

and disadvantages with respect to sensitivity and specificity to

contrast agents, tissue contrast, spatial resolution, quantita-

tiveness and tissue penetration.3,16–18 An overview of the

clinically most relevant imaging modalities and their charac-

teristics is provided in Table 1.

The choice of an imaging method should not only be based on

the type of available contrast agent but also on the intended

application. For example, if whole body scans are required,

modalities such as MRI, CT, PET and SPECT are recommended.

However, fast and low-cost organ-specific examinations can

excellently be performed by ultrasound. Optical and photo-

acoustic applications, however, are most suitable for in-

vestigating superficial lesions (e.g. skin, peripheral joints),

endoscopic and intraoperative procedures.

Nanoparticles as contrast agents for functional and molecular

imaging include among others polymers, liposomes, ultrasmall

superparamagnetic iron oxide (USPIO) nanoparticles and gold

nanoparticles. However, not every nanoparticulate contrast

agent is suitable for clinical translation. One reason is that many

clinical questions can already be answered without (nano-

particle) contrast agents, such as angiography by arterial spin

labeling MRI. However, arterial spin labeling is not suitable for

all types of tumours depending on their blood flow and the

achieved signal-to-noise ratio. Alternatively, since scan times in

MRI and CT have become very short, clinically approved small-

molecular-weight agents can be used,6 which reduce the need for

blood pool contrast agents. For example, CT angiography was

shown to reliably detect pulmonary embolism, as well as vascular

damage after upper extremity trauma and the integrity of aortic

stent grafts.47 Furthermore, using clinically approved small gado-

linium chelates, successful contrast-enhanced MR angiography of

the coronary vasculature, the detection of atherosclerotic plaques,

as well as peripheral arterial diseases has been demonstrated.48

For molecular imaging purposes, 5- to 100-nm sized diagnostic

nanoparticle formulations are often inferior to very small

(,5 nm) as well as very large (.1mm) diagnostic agents in

acquiring highly specific imaging information. The diagnostic

demands on nanoparticles rely on a rapid and highly site-

specific contrast enhancement. However, blood half-lives of

larger diagnostic nanoparticle formulations may be too long

(there will be no renal clearance for particles with sizes over

5 nm) and there may be too much unspecific retention in the

extravascular compartment or too high uptake by the re-

ticuloendothelial system (RES), all of those factors contributing

to high background signal.6 Since molecularly targeted di-

agnostic agents should possess high selectivity to their target,

low-molecular-weight contrast agents, for which the unbound

fraction is rapidly eliminated by renal clearance, tend to be

optimal. Alternatively, very large imaging agents, which do not

extravasate at all (and thus do not non-specifically accumulate in

the extravascular space) and possess very short circulation times,

are able to provide highly specific signals for intravascular tar-

gets. Consequently, diagnostic nanoparticles are often out-

performed by low-molecular-weight contrast agents with respect

to achieved signal-to-noise levels, pharmacokinetic properties,

biodistribution and tissue penetration.

Therefore, when intending to use nanodiagnostic agents, one

has to carefully consider their clinical need, the added value over

current (contrast-enhanced) imaging methods and their ad-

vantage over low-molecular-weight diagnostic probes. In addi-

tion, due to the usually considerably long intracorporal

persistence of these probes, potential long-term toxicity effects

have to be taken into account.11,49

NANOPARTICLES AND THEIR

PHARMACOKINETIC CHARACTERISTICS

Numerous nanoparticle formulations have been designed and

evaluated over the last years, including, for example, liposomes,

polymers, micelles, proteins, antibodies, gold nanoparticles,

USPIO nanoparticles and nanotubes, which possess intrinsic

properties that influence their biodistribution, elimination and

target site accumulation (Figure 1). The majority of these

nanoparticles are used for therapeutic purposes.6,16,50,51 Cur-

rently, several therapeutic nanoparticles are applied in clinical

practice. Doxil® (PEGylated, doxorubicin-loaded liposomes,

Janssen Biotech, Inc., Horsham, PA), Abraxane (paclitaxel-

containing albumin nanoparticles, Celgene, Summit, NJ) and

AmBisome (liposomal amphotericin B, Gilead, Foster City, CA)

are some prominent examples of clinically approved therapeutic

nanoparticles; many other nanomedicine formulations are cur-

rently being tested in preclinical and clinical trials.52–54 In con-

trast to the therapeutic application of nanoparticles, diagnostic

applications are still lagging behind.6,8 Although nanoparticles

are frequently proposed as diagnostic agents, there is still only

one nanoparticle formulation, namely iron oxide nanoparticles,

that was used in clinical practice (ferucarbotran, Resovist; Bayer

Schering Pharma, Berlin, Germany). However, even ferucarbo-

tran was recently taken off the market. Instead, ferumoxytol

(Feraheme; AMAG Pharmaceuticals Inc., Cambridge, MA),

which is an FDA (Food and Drug Administration)-approved

therapeutic iron oxide nanoparticle formulation for treating

anaemia, is now used off-label by many radiologists.55

Despite enormous progress in the synthesis of novel diagnostic

nanoparticle formulations, there are several limiting factors that
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impede the clinical translation of diagnostic nanoparticles. The

major difference between nanodiagnostics and nanotherapeutics

is their intended pharmacological behaviour. While nano-

therapeutics should possess pharmacological activity, nano-

diagnostics should not generate (patho-) physiological effects.

Furthermore, nanotherapeutics should be characterized by

a long blood circulation time, as their main purpose is to achieve

a selective accumulation of drugs in tissues characterized by

enhanced permeability and retention (EPR), such as tumours. In

this regard, therapeutic nanoparticle formulations are advanta-

geous over standard low-molecular-weight drugs, as their renal

excretion is reduced, causing prolonged circulation times and

decreased volume of distribution. This leads to less accumu-

lation in healthy tissue and thus less side effects and improves

the ability of drug molecules to accumulate at the pathological

site, and thereby increases their therapeutic efficacy.6,8–11 For

Table 1. Overview of routinely used imaging modalities in the clinic, their specific advantages and disadvantages and examples of

nanoparticulate contrast agents for the respective imaging method. Please note that the sensitivity and penetration depth values

are based both on the literature and on our own experience and strongly depend on the method and tissue properties. Compiled

using information from Kunjachan et al16 and Ehling et al17

Imaging

method
Advantages Disadvantages

Sensitivity to

contrast agents

Nanoparticulate

contrast agents

MRI

–High spatial resolution

(;10–500mm)

–Unlimited penetration

depth

–Excellent soft tissue contrast

–Versatile options for

structural, functional and

metabolic tissue

characterization

–Low sensitivity to contrast

agents

–High costs

–Time-intensive

Milli- to micromolar

–Gadolinium-containing

probes19

–(Ultrasmall)

superparamagnetic iron

oxide nanoparticles [(U)

SPIO]20

–Paramagnetic liposomes

and polymers21,22

–ParaCEST agents23

–Hyperpolarized probes24

CT

High resolution

(;20–200mm)

–Unlimited penetration

depth

–Good soft tissue contrast

after injection of contrast

agent

–Low costs

–Fast

–Insufficient soft tissue

contrast without injection of

contrast agents

–Radiation exposure

–Low sensitivity to contrast

agents

Millimolar

–Iodine-based micelles and

liposomes25,26

–Barium-based

nanoparticles27

–Gold-based

nanoparticles28,29

–Bismuth nanoparticles30

Ultrasound

–High temporal and spatial

resolution (;50–100mm)

–Rapidly operable

–Real-time imaging

–Low costs

–User dependence

–Not appropriate for whole

body imaging

Single MB detectable

–Targeted and non-targeted

gas-filled microbubbles31–33

–Nanobubbles34

–Air-releasing polymers35

Optical imaging

–High sensitivity for contrast

agents

–Broad range of probes

–Low costs

–Low penetration depth

(,10 cm)

–High background signal

–Sensitive to artefacts

Nanomolar

–Near-infrared

fluorochrome-labelled

nanoparticles36

–Quantum dots37

–Fluorescent nanoparticle

probes38

Photoacoustic

imaging

–High sensitivity

–Real-time imaging

–Low costs

–Limited penetration depth

(up to ;5–6 cm)

–Relatively low specificity to

contrast agents (signal from

haemoglobin)

Milli- to nanomolar

–Gold nanoparticles, gold

nanorods39

–Carbon nanotubes40

–Fluorescent/dye-loaded

nanoparticles41

Positron emission

tomography

–Very high sensitivity

–Deep penetration depth

–Quantitative

–Low spatial resolution

(1–2mm)

–No anatomical information

–Radiation exposure

–High costs

Picomolar

–Radioactive contrast agents

(e.g. radiolabeled gold

nanoshells)42

–Polymeric nanoparticles43

Single photon

emission CT

–Very high sensitivity

–Unlimited penetration

depth

–Long-circulating

radionuclides

–Low spatial resolution

(1–2mm)

–No anatomical information

–Radioactive probes

–High cost

Picomolar

–Technetium-labelled gold

nanoparticles44

–Indium-labelled

liposomes45

–Nano- and microcolloids46
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nanodiagnostics, short circulation times and fast biodegrada-

tion and elimination without pharmacological and toxicolog-

ical activity are preferred. In addition, with respect to their

application as molecular imaging probes, diagnostic nano-

particles should possess a good and efficient delivery to the

target site and should exhibit highly specific binding and in-

ternalization capabilities. Their non-specific accumulation in

healthy tissue should be low and short. Furthermore, a high

sensitivity of the imaging method to detect the molecularly

targeted diagnostic nanoparticles is required (ideally in the

nano- to picomolar range).

Unfortunately, the intrinsic properties of nanoparticles often do

not correspond with the pharmacokinetic and pharmacody-

namic demands. If not taken up by the mononuclear phagocyte

system (MPS) (formerly known as RES), due to their size,

ranging from a few nanometres to a thousand nanometres, the

biodistribution tends to be restricted to the compartment in

which they were administered. For diagnostic agents targeting

extravascular structures, it is essential that they rapidly extrav-

asate out of blood vessels and penetrate and distribute within the

interstitial space. The unbound fraction also has to leave these

compartments rapidly in order to keep the unspecific back-

ground signal low. However, although nanoparticles accumulate

in the interstitial space, their penetration into the tissue is slow

and their intratumoral distribution is significantly smaller than

for low-molecular-weight diagnostics.6,8,11 It should be noted

that, for therapeutic nanoparticles, it is often sufficient that the

nanoparticles reach the interstitial space and here release their

drug load, while tumour cell-targeted diagnostic probes need to

pass the entire interstitial space to ultimately reach and bind to

the tumour cell. Those demands for diagnostic nanoparticle

formulations are often not adequately addressed.6

Nanoparticles for imaging the mononuclear

phagocyte system

Most nanoparticles serve as ideal candidates to image the MPS,

which comprises the liver, spleen and lymphatics. The majority

of nanoparticles are taken up by the MPS due to the high

content of macrophages present in those tissues. Numerous

nanoparticle-based imaging agents have been proposed for di-

verse imaging modalities including CT, MRI, SPECT, ultra-

sound, OI and PAI.39,44,56–59 However, only iron oxide

nanoparticles, such as SPIOs and USPIOs, have thus far been

used for clinical MPS imaging, especially for liver imaging.

These nanoparticles are generally cleared from the blood via

phagocytosis through macrophages, causing their uptake in the

healthy liver, spleen and lymph nodes.60 If it is not intended to

use the nanoparticles predominantly for liver imaging but for

imaging of phagocytosing cells in other tissues, for example, in

lymph nodes (lymph node metastases would be positively con-

trasted against the healthy lymph node tissue appearing dark on

T2 weighted MR images after USPIO uptake) or in inflammatory

lesions, such as atherosclerotic plaques, longer blood half-lives

are required giving the particles enough time to sufficiently

extravasate in the respective tissues and to be taken up by the

associated macrophages. This can be reached by making the

particles smaller and more monodisperse than ferucarbotran.

Appealing examples have been published where (U)SPIO-

enhanced MRI has been used to detect liver metastases,61

lymph node metastases62 and for the characterization of in-

flammatory lesions, such as atherosclerotic plaques.57

Nanoparticles for imaging tumour vascularization

and angiogenesis

Imaging of tumour angiogenesis and vascularization is a rea-

sonable indication for nanoparticulate contrast agents. While

non-targeted nanoparticle formulations are applied to de-

termine the EPR, targeted nanoparticle formulations binding to

activated and proliferating endothelial cells are used to charac-

terize tumour malignancy and aggressiveness and to assess

mechanistic changes in tumour vascularization, such as vessel

maturation during anti-angiogenic therapy or vascular in-

flammation during radiotherapy. It is not surprising that the

majority of nanoparticle-based molecular imaging agents target

angiogenesis since endothelial targets are most easy accessible and

do not require particles’ compartmental exchange. Below, several

exemplary studies illustrating the application of molecular imag-

ing methods and particulate contrast agents to assess tumour

angiogenesis and anti-angiogenic therapy effects are presented.

The largest particulate molecular imaging agents are micro-

bubbles, which are used for ultrasound imaging. In a study by

Palmowski et al,63 molecular ultrasound imaging was performed

using vascular endothelial growth factor receptor 2 (VEGFR2)-

and avb3-targeted microbubbles, demonstrating specific binding

to angiogenic tumour blood vessels (Figure 2a). In addition, anti-

angiogenic effects could be assessed when treating tumours with

a matrix metalloproteinase inhibitor. Furthermore, molecular ul-

trasound imaging with the clinically translatable vascular endothelial

growth factor receptor 2(VEGFR2)-targeted BR55 microbubbles

(Bracco Suisse, Geneva, Switzerland) was applied to monitor anti-

angiogenic treatment responses in human colon cancer xenografts33

Figure 1. Main properties of nanoparticles influencing their

biodistribution, elimination and target site accumulation.
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and accurately depicted the angiogenic status in two differently

aggressive breast cancer xenograft models.31 BR55 is the first

lipopeptide-based microbubble formulation suited for clinical

translation and is currently being evaluated in a Phase 0 clinical

trial to identify patients with prostate carcinoma based on

increased VEGFR2 expression in those tumours.

In another study, Mulder et al64 used 150 nm large para-

magnetic RGD-coated liposomes for molecular MRI of tumour

angiogenesis and the authors demonstrated distinct differ-

ences in the tumour accumulation pattern of RGD-coated

liposomes compared with non-specific RAD-coated liposomes.

MRI of tumour-bearing mice injected with RGD liposomes

demonstrated signal intensity increase primarily at the tumour

rim 35min after injection of the liposomes, while tumours in

mice that received RAD liposomes showed signal intensity in-

crease throughout the entire tumour (Figure 2b). In addition,

a subsequent study by Mulder et al66 was the first study showing

Figure 2. Characterization of tumour vascularization and angiogenesis by particulate contrast agents. (a) Molecular ultrasound

imaging of unconjugated, RGD-conjugated microbubbles targeted against avb3 integrin and VEGFR2-conjugated microbubbles,

demonstrating specific binding of RGD- and VEGFR2-conjugated microbubbles to angiogenic tumour blood vessels. (b) MR

molecular imaging of RGD-conjugated and RAD-modified control liposomal nanoparticles in tumour-bearing mice, showing

differences in the accumulation pattern of the RGD-conjugated and RAD-modified control liposomes, which closely correlates with

the position of angiogenic blood vessels in the tumour. (c) MR images of HaCaT-ras A-5RT3 tumours before and 6h after

intravenous (i.v.) injection of RGD-USPIO (ultrasmall superparamagnetic iron oxide) and USPIO nanoparticles, showing focal areas

with a strong and heterogeneous decrease in signal intensity after injection of RGD-USPIO nanoparticles. (d) Fluorescence

reflectance imaging of tumour accumulation of an RGD-based polymeric nanocarrier (P-RGD) and a control copolymer (P-CON) in

CT26 tumours 1 and 72h after i.v. injection, showing early binding of the actively targeted probe P-RGD to tumour blood vessels,

while the passively targeted probe P-CON showed progressive enhanced permeability and retention (EPR)-mediated tumour

accumulation. (e) Positron emission tomography (PET)-CT imaging of the biodistribution and tumour uptake of 124I-cRGDY-PEG-C-

dots in a patient with anorectal mucosal melanoma and known liver metastasis in the left hepatic lobe. (I) Coronal CT image showing

a hypodense liver metastasis. (II) PET and (III) co-registered PET-CT imaging 4h after i.v. administration of the nanoparticles

demonstrate nanoparticle uptake, which appeared to be restricted to the tumour margin, as well as nanoparticle activity in the

gastrointestinal tract, gallbladder, bladder and heart. (IV) PET-CT imaging 24h after nanoparticle administration revealed clearance

of the nanoparticle activity with some remaining particle activity in the tumour margin. (V) A corresponding 18F-FDG PET-CT scan

acquired several days after PET-CT imaging validated the localization of the liver metastasis. Adapted from Zhang et al20, Phillips

et al54 (with permission from the American Association for the Advancement of Science), Palmowski et al63, Mulder et al64 (with

permission from the Federation of American Societies for Experimental Biology) and Kunjachan et al65 (with permission from the

American Chemical Society).
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that anti-angiogenic therapy effects in tumours could accurately

be imaged by MRI using RGD-conjugated liposomes. While the

paramagnetic liposomes provided a positive MR contrast, Zhang

et al20 performed T2 and T2* weighted imaging with integrin

avb3-targeted USPIO nanoparticles that were coated with

3-aminopropyltrimethoxysilane and conjugated with cyclic

RGD peptides. Imaging with these targeted probes enabled us to

distinguish tumours with high and low avb3 integrin expression

at the endothelium even when using a clinical 1.5-T MR scanner

(Figure 2c).

A rather theranostic concept was evaluated by Kunjachan et al65

who used OI to assess tumour accumulation of polymeric drug

carriers conjugated with RGD- and NGR-based oligopeptides. It

was shown that active targeting led to higher early accumulation

of the peptide-modified probes in tumour compared with their

non-targeted counterparts (Figure 2d). However, higher liver

uptake of the targeted probes caused shorter blood half-lives and

thus less EPR-dependent accumulation. Interestingly, since the

EPR-based accumulation was contributing more to the overall

accumulation than active binding, the non-targeted probes

showed higher accumulation when considering the entire area

under the tumour accumulation curve (AUC0-72h). Thus, active

targeting does work but does not necessarily improve nano-

carrier accumulation at the target site.65

Recently, a first-in-human clinical trial by Phillips et al54 dem-

onstrated the diagnostic application of 6- to 7-nm large hybrid

silica nanoparticles (C dots) in patients with metastatic mela-

noma (Figure 2e). The particles were labelled with 124I for PET

imaging and with Cy5 for OI. Specificity for avb3 integrins was

achieved by surface functionalization with RGD peptides. The

idea was that the particles enable tumour localization in the

body with PET and subsequently tumour surgery under fluo-

rescence guidance. Due to their small size, the nanoparticles

are eliminated by renal clearance, instead of slower hepatic

excretion. In addition, the hybrid particles were PEGylated to

evade their uptake by the MPS. Multimodal imaging with the
124I-cRGDY-PEG-C-dots visualized the biodistribution and tu-

mour uptake of the nanoparticle probe in several patients. For

example, PET-CT imaging 4 h after intravenous injection of the
124I-cRGDY-PEG-C-dots in a patient with a liver metastasis

from mucosal melanoma indicated particle uptake in the liver

metastasis (Figure 2e, Panels II and III). Thus, this study dem-

onstrates that very small nanoparticles with renal clearance have

the potential to be clinically translated as multimodal diagnostic

probes for cancer imaging.

Nanoparticles for imaging enhanced permeability

and retention and targeted drug delivery

As already mentioned, most nanoparticle formulations were

used for drug targeting to tumours and rely on the EPR

effect.67–73 Solid tumours are generally characterized by leaky

blood vessels, which enable the extravasation of nanoparticles

with a size of up to several hundreds of nanometres. The in-

creased permeability of the tumour vasculature is the conse-

quence of deregulated angiogenesis and increased release of

vascular permeability enhancing factors such as VEGF. The

imbalance between the formation of new blood vessels and their

maturation leads to a discontinuous endothelial layer that is

characterized by highly fenestrated endothelium (size of the

fenestrations often .300 nm).70 Besides the increased leakiness

of tumour blood vessels, the EPR effect also depends on the

fact that solid tumours lack functional lymphatic drainage, due

to dysfunctional lymphangiogenesis and compression of lym-

phatic vessels, which limits the removal of extravasated

nanoparticle formulations from the target site, leading to their

prolonged retention within the pathological tissue. Below,

several applications of nanoparticles for targeted drug delivery

are presented.

In a study by Lammers et al,74 poly N-(2-hydroxypropyl)

methacrylamide (pHPMA)-copolymers were used as drug tar-

geting system. The copolymers were functionalized with gado-

linium and 131I for imaging purposes, and with gemcitabine and

doxorubicin for therapeutic purposes. The biodistribution of the

copolymers was investigated by MRI and g-scintigraphy. To

more extensively evaluate tumour and organ accumulation of

the polymeric drug delivery system, differently sized copolymers

were radiolabeled with 131I and their biodistribution was

monitored by g-scintigraphy, showing prolonged circulation

and effective tumour accumulation (Figure 3a). With increas-

ing size of the copolymers, their tumour accumulation in-

creased (Figure 3b). Furthermore, it was shown that the

HPMA-copolymers can serve as versatile and multifunctional

drug carriers, which can be visualized in vivo after labeling with

a radionuclide, and which improve the tumour-targeted delivery

of low-molecular-weight drugs, resulting in enhanced anti-

tumour efficacy.74 In a study by Soundararajan et al,75 186Re-

labelled Doxil (PEGylated liposomal doxorubicin) was used in

head and neck squamous cell carcinoma (HNSCC)-bearing

nude rats and enabled the monitoring of tumour accumulation

using SPECT-CT and g-scintigraphy (Figure 3c). MicroSPECT-

CT imaging (Figure 3c, left panel) and planar g-scintigraphy

(Figure 3c, right panel) 20 h after administration of 186Re-Doxil

proved its long blood retention, low accumulation in the liver

and strong accumulation in tumours.75 In a subsequent study by

Soundararajan et al,76 the therapeutic efficacy of 186Re-labelled

Doxilin combination with radiofrequency ablation therapy in

HNSCC-bearing rats was assessed by tumour volume meas-

urements and 18F-FDG PET imaging, demonstrating that 186Re-

labelled Doxil in combination with radiofrequency ablation

therapy inhibited tumour growth, increased drug accumulation

in tumours and improved treatment efficiency. In another study

by Koukourakis et al,45 it was shown that radiolabeled stealth

liposomal doxorubicin also enabled the visualization and

quantification of EPR-mediated passive drug targeting to

tumours in patients suffering from different types of sarcomas

(Figure 3d). These results illustrate the capability of image-

guided nanoparticles for targeted drug delivery.

TUNING THE PROPERTIES OF DIAGNOSTIC AND

THERAPEUTIC NANOPARTICLES

The most important properties of nanoparticle formulations

comprise particle size and charge, core and surface properties,

shape and flexibility, as well as multivalency and controlled

synthesis, as they determine the in vivo distribution, targeting

ability and toxicity of the nanoparticle (Figure 1). Furthermore,
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these properties have a strong impact on drug loading capacity

and release, and on the stability of nanoparticles.14,77,78

The impact of nanoparticle size on its in vivo behaviour is one of

the best investigated aspects of nanoparticle pharmacokinetics

and biodistribution. Currently, it has been accepted that

10–100 nm is the optimal size for drug delivery systems. These

nanoparticle formulations take the advantage of the EPR effect

in tumours and avoid elimination in the spleen.79,80 Further-

more, small particle size increases accumulation and enhances

the penetration into tissue. Thus, nanoparticle size and surface

composition are important determinants to achieve effective

target site accumulation.81 In addition, nanoparticle dispersion

and variation in size play an essential role for their in vivo be-

haviour. Polydispersed nanoparticles tend to possess a range of

retention times and biodistribution. Therefore, a controlled

synthesis, ideally creating nanoparticles with identical properties

in size, shape, charge and, in the case of functionalization, an

equal amount of functional groups bound to the particle’s sur-

face, should be sought if a uniform distribution is required. Only

monodispersed nanoparticles are expected to display the same

biological half-life, biodistribution and target affinity in vivo.73,78

Another property of nanoparticles is their multivalency. Nano-

particles are characterized by a high surface area to volume ratio

leading to a high loading capacity for diverse imaging probes,

targeting ligands and therapeutic formulations. For example,

a carbon nanotube with similar volume to a typical large protein

(100–150 kDa) offers a 15-fold larger surface area compared

with the protein.82 This enlarged surface area allows coupling of

a large amount of targeting ligands to the nanoparticle, which

may significantly enhance target binding. Furthermore, nano-

particle shape is an important determinant of the in vivo be-

haviour and biological function, as it especially influences the

Figure 3. Theranostic applications of nanoparticles. (a) Scintigraphic analysis of the biodistribution of two differently sized
131I-labelled HPMA copolymers in AT1 tumours, demonstrating effective tumour accumulation and prolonged circulation (B, bladder;

H, heart; L, liver; S, spleen; T, tumour). (b) Tumour and organ concentrations of the two radiolabeled copolymers 24 and 168h after

intravenous (i.v.) administration, showing significantly higher concentrations in tumour compared with the concentrations in other

healthy organs (except for the lung and spleen). (c) MicroSPECT-CT imaging (left panel) and scintigraphic analysis (right panel) of
186Re-labelled Doxilâ in HNSCC-bearing nude rats 20h after i.v. administration of 186Re-labelled Doxil, demonstrating prolonged

blood retention and effective tumour accumulation of 186Re-labelled Doxil (H, heart; L, liver; S, spleen; T, tumour). (d) Planar

scintigraphic analysis of stealth liposomal doxorubicin in patients suffering from sarcomas undergoing radiotherapy reveals intense

drug accumulation in tumours, demonstrating the feasibility of visualizing and quantifying EPR-mediated passive drug targeting to

tumours (from left to right: fibrosarcoma of the iliac region, angiosarcoma of the maxillary antrum, Ewing sarcoma of the femur,

Kaposi sarcoma of the palmar region). Adapted from Koukourakis et al45, Lammers et al74 and Soundararajan et al75 with permission

from Informa Healthcare, Nature Publishing Group and Elsevier, respectively.
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internalization of the nanoparticles into cells.78,83 For example,

a comparison in biodistribution between PEGylated rod-shaped

gold nanoparticles and their PEGylated spherical counterparts

showed that the gold nanorods were taken up to a lesser extent

by the liver and macrophages and showed longer circulation

times and a higher accumulation in tumour tissue compared

with the spherical nanoparticles.77 The modification of the

nanoparticle surface and charge can be used to enhance or re-

duce their circulation time.78,84 It has been demonstrated that

polystyrene microparticles with a primary amine at the surface

underwent more phagocytosis than microparticles having sul-

phate, hydroxyl and carboxyl groups.81 Based on these findings,

it is well accepted that positively charged nanoparticles possess

a higher rate of non-specific internalization and a shorter blood

circulation time compared with neutral or negatively charged

nanoparticle formulations.1,77,78,85

Several tuning opportunities and surface modifications exist

to influence the in vivo behaviour and to alter the bio-

distribution of nanoparticles. Polyethyleneglycol (PEG) is

a frequently used coating material for modifying the surface

of nanoparticles. PEG molecules form a protective hydro-

philic layer that helps to avoid recognition by the immune

system, thereby reducing the uptake of PEG-coated nano-

particles by macrophages of the MPS, a process known as

stealth effect, and enhancing their circulation half-life and

subsequent accumulation in target tissues. Another well

known and widely used coating material is dextran.86 For

example, SPIO and USPIO nanoparticles, which are used as

MRI contrast agents to image the MPS, are often coated with

dextran or carboxydextran.

Besides surface modifications of nanoparticles, also nano-

particle formulations that respond to a variety of intrinsic

stimuli of the tumour microenvironment, such as low pH, or

over-expressed enzymes, as well as to externally applied stimuli

such as ultrasound, magnetic field, hyperthermia or light, have

been developed to trigger site-specific drug release.1,6,51 For

example, the utilization of temperature-sensitive liposomes

containing both chemotherapeutic agents and MRI contrast

agents enabled monitoring temperature-triggered drug release

by examining changes in relaxation times.87 Often trigger-

responsive MR contrast agent takes the use of the chemical

exchange saturation transfer (CEST) effect. These contrast

media are a unique class of MR contrast agents that comprise

an alternative to relaxivity-based contrast agents. CEST agents

are characterized by the presence of exchangeable protons (e.g.

-NH, -OH) being resonant at a different frequency. After se-

lective saturation of these protons with an MR pulse, they

exchange with protons of the bulk water leading to a drop in

signal intensity of the water peak, which can be measured.87–89

In a study by Langereis et al, a combined temperature-sensitive

liposomal 1H CEST and 19F MR contrast agent was assessed as

a potential carrier system for MR-guided drug delivery in

combination with high-intensity focused ultrasound-induced

(HIFU) hyperthermia. Both the CEST agent and the 19F MR

probe were co-loaded into the aqueous interior of liposomes.

At temperatures below the melting point of the liposomal bi-

layer, the CEST effect facilitated the localization of the

liposomes, while the 19F signal was quenched. Upon heating,

reaching temperatures above the melting point of the liposo-

mal bilayer, the CEST agent and the 19F probe were released

from the aqueous interior of the liposomes, the CEST signal

disappeared, and the raising 19F MR signal could be used to

quantify local drug release.89 Such stimuli-sensitive nano-

particle formulations may provide real-time feedback on the

efficacy of temperature-induced drug release when used in

combination with local radiofrequency ablation or MR

image-guided HIFU-mediated hyperthermia.1,6,87,89

THERANOSTICS AND

THERAPY INDIVIDUALIZATION

The concept of theranostics incorporates two distinct

approaches, which encompass all steps of a patient’s healthcare

management (Figure 4): the “biomarker” or “companion diag-

nostics” approach offers the opportunity to assist treatment

selection, response prediction and treatment monitoring, while

the “image guidance” approach allows planning, preoperative

guidance and follow-up of the therapeutic action, including, for

example, local drug delivery. Companion diagnostics are di-

agnostic clinical tests on specific biomarkers or biological targets

that aim to identify patients who are (more) likely to benefit

from a specific treatment by elucidating the efficacy and/or

safety of a specific drug for a targeted patient group. Further-

more, companion diagnostics can provide information about

the target receptor density. Companion diagnostics can be

Figure 4. Concepts for theranostics and personalized medi-

cine. Such strategies include patient screening, diagnosis,

treatment and follow-up monitoring, and are based on

“companion diagnostics” and “image-guidance.” The applica-

tion of companion diagnostics allows patient preselection

based on patient profiling of specific biomarkers or gene

signatures and enables therapy selection and treatment re-

sponse prediction. Image-guided drug delivery of theranostic

nanoparticles enables monitoring of their biodistribution and

target site accumulation, the visualization and quantification of

their local activation and sometimes even drug release and the

non-invasive and longitudinal assessment of their therapeutic

efficacy.
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categorized into two main groups, comprising assays that have

been developed after a therapeutic drug has come to the market

and assays that are developed in conjunction, as companion to

a specific therapeutic agent. The co-development of companion

diagnostics offers the potential to significantly alter the drug

development process and commercialization of potential drug

candidates by yielding safer drugs with enhanced therapeutic

efficacy in a faster and more cost-efficient manner. An example

of a companion diagnostic imaging agent is etarfolatide

(FOLCEPRI®; Endocyte Inc., West Lafayette, IN). It consists of

a small-molecule high-affinity ligand for the folate receptor

linked to 99mTc for SPECT imaging. Etarfolatide is used in

platinum-resistant ovarian cancer or non-small-cell lung cancer to

stratify patients for treatment with the folate receptor-targeted

chemotherapeutic drug vintafolide (Vynfinit®; Endocyte Inc.).90

The combination of diagnostic and therapeutic properties into

a single nano- or microparticle formulation for theranostic pur-

poses holds significant potential for image-guided drug delivery

and personalized therapies (Figure 4).91–93 Theranostic nano-

particles enable monitoring of their biodistribution and target site

accumulation, the visualization and quantification of their local

activation and sometimes even drug release and the non-invasive

and longitudinal assessment of their therapeutic efficacy.11,12,91,94–96

In this context, Lammers et al97 for instance investigated the po-

tential of poly(n-butyl-cyanoacrylate)-based microbubbles which

contained USPIO nanoparticles in their shell to simultaneously

induce and monitor blood–brain barrier permeation. Transcranial

ultrasound-mediated microbubble destruction led to USPIO release

and the permeation of the blood–brain barrier was subsequently

visualized and quantified by MRI. Such theranostic strategies are

considered to be useful for monitoring and assessing efficient and

safe drug delivery across biological barriers.

The application of theranostic nanoparticles may facilitate pa-

tient preselection based on non-invasive imaging, providing

insights on drug delivery, drug release and drug efficacy, and

predicting which patients are likely to respond to nanomedicine

treatments. In addition, preselected and nanomedicine-treated

patients can be longitudinally monitored to visualize their re-

sponsiveness to the administered nanomedicine formulation.

Patients showing insufficient therapeutic response can be

assigned to alternative therapies to facilitate and refine in-

dividualized treatment interventions.8,11,90,98 Therefore, thera-

nostic nanoparticles hold significant potential for enabling

personalized medicine and patient individualization by opti-

mizing treatment strategies and drug delivery and by longitu-

dinally monitoring therapy efficacy.

CONCLUSION

Nanoparticle formulations can be applied for various purposes

and can be used as cancer diagnostics and therapeutics. From

a diagnostic perspective, there is significant need for a diagnostic

agent capable of characterizing EPR. Theranostic nanoparticles

may be applied to visualize and quantify the biodistribution and

target site accumulation of nanoparticles, to monitor drug re-

lease and long-term drug efficacy and to predict a potential

treatment response. Thereby, theranostic nanoparticle for-

mulations enable preselection of patients to an optimal (nano-)

chemotherapeutic formulation and seem to facilitate the concept

of personalized medicine and patient individualization.

Furthermore, nanoparticles are suited to characterize tumour

angiogenesis and very small nanoparticles ,5 nm may also be

used as molecular diagnostics for extravascular targets. How-

ever, while therapeutic nanoparticle formulations are usually

designed to have slow renal excretion and long blood circula-

tion times to improve their accumulation at the pathological

site and thereby to increase therapeutic efficacy, for target-

specific diagnostic nanoparticles, short blood circulation times

are preferred to keep the unspecific background low and to

develop a translatable clinical imaging scenario. In this context,

when designing a nanoparticulate diagnostic agent, its advan-

tage over low-molecular-weight drugs should always be care-

fully considered.

Finally, to further promote the clinical translation of nano-

particle formulations for diagnostic and therapeutic purposes

and to further improve their implementation for personalized

medicine, especially in the field of oncology, it is essential to

resolve the main regulatory challenges of a controlled nano-

particle synthesis, uniformity, batch-to-batch reproducibility

and upscaling of nanoparticle production. This is of utmost

importance as batch-dependent differences in nanoparticle size,

charge and shape possess a tremendous impact on blood

circulation time, biodistribution and elimination of the

nanoparticles.

Thus, to further promote the clinical translation of nano-

particles for diagnostic and therapeutic purposes and to improve

the development of clinically relevant nanodiagnostics, an in-

creased interdisciplinary collaboration and knowledge exchange

between scientists from various disciplines is necessary.
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