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ABSTRACT This review article presents the state-of-the-art in
the major imaging modalities supplying relevant information on
patient health by real-time monitoring to establish an accurate
diagnosis and potential treatment plan. We draw a comprehen-
sive comparison between all imagers and ultimately end with our
focus on two main types of scanners: X-ray CT and MRI scan-
ners. Numerous types of imaging probes for both imaging tech-
niques are described, as well as reviewing their strengths and
limitations, thereby showing the current need for the develop-
ment of new diagnostic contrast agents (CAs). The role of nano-
particles in the design of CAs is then extensively detailed,
reviewed and discussed. We show how nanoparticulate agents
should be promising alternatives to molecular ones and how they
are already paving new routes in the field of nanomedicine.

KEYWORDS contrast agent . magnetic resonance imaging .
medical imaging . nanomedicine . x-ray imaging

ABBREVIATIONS
2D 2-Dimension
3D 3-Dimension
API Active principle ingredient
CA Contrast agent
CNS Central nervous system
CT Computed tomography
DDS Drug delivery system

DEs Dendrimers
EPR Enhanced permeability and retention
FDA Food and drug administration
GI Gastrointestinal
HDL High-density lipoprotein
HU Hounsfield unit
IONPs Iron oxide nanoparticles
LDL Low-density lipoprotein
LPs Liposomes
LPPs Lipoproteins
NCs Nanocarriers
NMR Nuclear magnetic resonance
NPs Nanoparticles
MRI Magnetic resonance imaging
PAMAM Poly(Amidoamine)
PCL Poly(ε-Caprolactone)
PEG Poly(Ethylene Glycol)
PLA Poly(Lactic Acid)
PLGA Poly(Lactic-co-Glycolic Acid)
PET Positron emission tomography
PO Poly(Propylene Oxide)
RES Reticuloendothelial system
ROI Region of interest
SPECT Single-photon emission computed tomography
SPIONs Superparamagnetic iron oxide nanoparticles
USPIOs Ultrasmall superparamagnetic iron oxide
VLDL Very low-density lipoprotein

NONINVASIVE IMAGING MODALITIES: FROM
PRINCIPLES TO PREVALENT TECHNIQUES

Diagnostic by Imaging Techniques

The noninvasive diagnostic field has seen outstanding prog-
ress due to the development of advanced imagers. Owing to
computing power growth, current imaging techniques aim at
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providing complete visualization from the molecular scale to
cellular, organ, tissue, lesion scales and to the whole organism
scale. An arsenal of tools dedicated to imaging has emerged
over several decades and currently allows us to understand
and examine the medical profile of patients by acquiring re-
constructed 2D or 3D images without invasive monitoring in
patients. Because of the difference in contrast from one region
to another, images show clear delineation of internal structure
(anatomy), morphology, and physiological functions at the
different aforementioned scales. Consequently, engineered
images provide a basis for the detection of early-stage pathol-
ogy, evaluation of the progression of diseases, cancer staging,
treatment efficacy follow-up, etc. and assist in clinical decision
making for patient disease management. Improved and fast
screening by imaging has become the most essential and effi-
cient noninvasive method to reduce patient mortality caused
by a lack of reliable information about in vivo systems. To
increase the visibility of the internal body structure by chang-
ing the contrast between healthy and unhealthy areas, exoge-
nous pharmaceutical contrast enhancers, which are also called
contrast agents (CA) or traceable probes, can be administered
to patients to increase the sensitivity and/or specificity of a
modality to a targeted region of interest (ROI) [1–5].

In this way, all imaging techniques provide precious informa-
tion at their own scale and limits. The choice of modality is
dictated by the type of data that we want to obtain from our
technique (such as in vivo phenomena, i.e., functional processes
or biochemical mechanisms, or biological entities and tissues,
e.g., cells, stem cells, pathological tissues). Analyzing imaging
techniques via a step-by-step approach is an appropriate way
to develop an efficient and relevant diagnostic process [6].
Figure 1 displays basic and schematic methodology towards this
goal.

In summary, diagnosticmethodology relies on some key steps:

1. Define the scale level that must be precisely observed
2. Find suitable probes.
3. Find imaging instrumentation(s) sufficiently capable of

imaging the target.
4. Check patient sensitivity to component-based probes
5. Conduct a small-scale study in preclinical research to op-

timize not only the acquisition process but also the CA
composition and formulation (this additional step is re-
quired only if there are no previous data available that
establish the clinical safety of the process).

6. Perform imaging when translation to the human scale is
developed and reliable.

Overview and Comparison of Imaging Instruments

There are five prime imaging techniques dedicated for pre-
clinical and clinical biomedical applications. The most

commonly used imaging modalities are X-ray computed to-
mography (X-ray CT); magnetic resonance imaging (MRI);
optical imaging by fluorescence and bioluminescence; nuclear
imaging, including positron emission tomography (PET) and
single-photon emission computed tomography (SPECT); and
ultrasound imaging. The existence of such a wide range of
imaging techniques is mainly due to their respective abilities
to reveal structural and/or functional information at different
scales and accuracy levels. All modalities rely on their own
principle and therefore possess their own strengths and disad-
vantages regarding their resolution, sensitivity, depth of tissue
penetration and contrast quantification. Because of their in-
herent principle, each imager requires its own kind of probe to
yield efficient diagnosis and to highlight some poorly
contrasted tissues [1–5]. Most features of these imagers are
collected in Table I.

To take full advantage of the main benefits of each
imaging modality, instrumental limitations and interactions
among the source, body tissues and fluids and probes must
also be considered to identify the most suitable technique
for tracking a specific in vivo target, as mentioned before
[1, 5, 7]. The accuracy of diagnosis through noninvasive
imaging tools relies on the quality of images and the
amount of details that can be extracted from acquired pic-
tures. Therefore, high resolution is desired even if CAs are
used. Considering data from Table I, it clearly appears that
imagers based on ultrasound technology, PET and SPECT
are lacking in this regard. Furthermore, PET and SPECT
involve radioactive material, provide only physiological in-
formation and are not reliable for in vivo locations, render-
ing those two techniques inadequate [8]. Usually, physi-
cians prefer what it is commonly called a cold modality
for which no radiative probes are administered, or they
combine nuclear imaging with a complementary imaging
technique. Ultrasound imaging has recently seen tremen-
dous evolution due to the progress of computed 3D recon-
struction and palliation of motion artifacts. Ultrasound
techniques, which are typically applied in clinical research
in obstetrics, cardiology, surgery guidance and urology,
have many advantages. However, ultrasound techniques
are not efficient when we need to observe subtle details
of the anatomy of deep tissue. Despite this, promising out-
comes in molecular imaging have made ultrasound imaging
increasingly interesting [9, 10]. Concerning optical imaging,
this method is basically employed in combination with
fluorophores such as organic dyes and inorganic
nanoprobes such as quantum dots for molecular and cellu-
lar imaging, sensing, drug delivery, and targeting [11–13].
Optical imaging involves the use of luminescent or fluores-
cent reporter genes or parenteral administration of fluores-
cent or luminescent probes. The current status of this im-
aging modality, unlike the CT/MRI modality, is that it is
used for only preclinical studies; however, clinical
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translation of optical imaging is under evaluation [14]. The
clinical translation of optical imaging techniques is particu-
larly supported by the cost and operating ease of optical

imaging instruments and the increasing number of probes,
which are constantly in development [15–17]. Optical im-
aging has recently found important applications in the field

Table I Comparison of the Most Common Clinical Imaging Techniques [1, 2, 4, 5, 7]

X-ray CT MRI PET/SPECT Ultrasound Optical*

Source X-ray Magnetic field and
radiofrequency

γ-rays Sound Light

Spatial resolution 50–200 μm 25–100 μm 2–10 mm 50–500 μm 1–5 mm

Penetration
depth

No limit*** No limit*** No limit*** Several cm 1–10 cm (depending of
the technology used)

Probes Heavy element,
e.g., I, Ba, Au…

Magnetizable
materials:
Fe3O4, Gd chelates

Radionuclide:
18F, 11C, 13N,
15O, 64Cu, 124I
11In, 99mTc

Microbubble,
emulsion, micelle

Fluorescent dye, quantum
dots, near-infrared dyes

Probe dose
(mol/L)

10−3 10−3
–10−5 10−10

–10−12 Not characterized Biolum: 10−15
–10−17 Fluo:

10−9–10−12

Information** A and P A, P and F A, P and F A and P P and M

Advantages High resolution, no
depth limit

High spatial resolu-
tion,
no radiation, no
depth limit

High sensitivity to
probes

Easy, fast, no ionizing
radiation, cost-effective

Multichannel imaging, no
radiation, sensitive
to probe dose

Drawbacks Radiation, poor soft
tissue delineation,
low sensitivity to
probes

Poor sensitivity to
probes, expensive

Need for probes,
radiation, expen-
sive,
low resolution

Depth limit (cm), poor
contrast, not suitable
for air-containing
organs

Need for probes, not yet
available in clinics, low
depth penetration, low
resolution

*Optical imaging includes bioluminescence (biolum) and fluorescence (fluo) modalities

**In vivo information: A: anatomical, P: physiological, F: functional and M: molecular

***At the scales involved in clinical and preclinical studies

Fig. 1 Step-by-step guide to
perform a diagnostic procedure by
noninvasive imaging.
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of early diagnosis, treatment of premalignancies, and real-time
in vivo detection of surgical margins [18, 19]. In application to
the detection of head and neck tumors, recent advances in
optical hardware and reagents have provided unique opportu-
nities for real-time premalignancy and cancer imaging in the
clinic or operating room. A recent review on the main tools for
this modality [18] described optical tools for these early detec-
tions, such as the use of autofluorescence imaging, targeted
fluorescence imaging, high-resolution microendoscopy, narrow
band imaging and Raman spectroscopy. The last two methods
are the X-ray CT scanner and the MRI. The X-ray CT scan-
ner is the oldest imager and involves an ionizing beam, but it
remains one of the most commonly used techniques in clinics
due to its cost-effectiveness, the quantitative information
depicted on its scans, and its fast image acquisition and process-
ing. However, compared to the non-radiation-basedMRI tech-
nique, X-ray CT is not as efficient in contrasting soft tissues but
still constitutes an alternative to patients who bearmagnetizable
devices (e.g., a specific prosthesis) [7, 20].

Using features from Table I, classification of imagers
based on their cost, the dose of CA required to obtain
contrast enhancement, the impact of the source, the tox-
icity of the probe, the spatial resolution needed for accu-
rate reconstruction of an ROI and the in vivo information
provided is introduced in Fig. 2. Criteria were classified
from the relatively less (bottom) to the most (top) impor-
tant point to focus on when establishing a diagnostic.
Comparing each modality along with each criterion clearly

demonstrates that compared to clinical modalities, MRI
and X-ray CT perform better, typically due to the collec-
tion of meaningful data from their high-resolution scans. It
also appears that they are not as sensitive to probes as
PET and SPECT, although radiopaque CAs and magnet-
ic formulations are safer. Furthermore, neither of them
have a depth penetration limit, meaning that organisms
may be completely scoped.

According to the above figure, MRI and X-ray scan-
ners are currently widely used and highly efficient im-
aging instruments. Progress in preclinical research has
made them highly accessible and thus enhanced their
use in clinical settings. However, there is no general
consensus regarding which technique will be used for a
specific disease. However, in many studies, MRI and X-
ray scanners were selected as instruments or comple-
mentary devices for each other with the highest efficien-
cy to perform a diagnosis free of ambiguous informa-
tion, such as in cases of abdominal imaging (soft tissues)
[21], hepatic lesions [22, 23], real masses [24] and pan-
creatic cancer [25, 26].

The next section will summarize the basic principles of X-
ray CT andMRI. Their main characteristics and correspond-
ing CAs will be introduced, and their advantages and draw-
backs will be outlined to provide a comprehensive overview.
We will explain why these two clinical scanners have become
outstanding technologies as diagnostic tools for imaging
investigations.

Fig. 2 Classification of imaging
modalities based on Table I.
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X-RAY SCANNER

From X-Ray Discovery to X-Ray Imagers

The application of X-rays for biomedical imaging was recog-
nized soon after the discovery of X-rays by W.C. Röntgen, a
German physicist, in 1895. The curiosity and passion of
Röntgen for this unknown kind of rays led him to write BOn
a new kind of rays^ [27]. In this book, he described in 17
points his observations on what he finally named BX-rays^
since no one had previously reported this kind of ray.
Although understanding X-ray phenomena was laborious, it
appeared as a substantial breakthrough in physics, and many
applications of these rays developed in a very short time.
Several decades later, during the 1960s, the development of
X-rays for visualization of the inside of living organisms be-
came very promising and drove A.M. Cormack and G.N.
Hounsfield to create the first X-ray imagers for biomedical
imaging purposes. The first computer-assisted X-ray tomog-
raphy prototype was thus set up in clinics in 1972. A.M.
Cormack and G.N. Hounsfield shared the Nobel Prize in
Physiology or Medicine in 1979 for this tremendous innova-
tion for preclinical research and medicine [28–33].

Radiography: Principle and Instruments

An X-ray imager furnishes images on which tissues can be
identified by exhibiting differences of opacification because
their ability to attenuate X-rays by absorption of a part of
their energy. The scanner and contrasting process works as
illustrated in Fig. 3 and as follows: i) X-rays have to be gener-
ated and ii) pass through the specimen. The production of X-
ray photons is carried out by an electron beam generated by
high voltage, accelerated within a vacuum chamber and guid-
ed towards a heavymetal anode. iii) The resulting electromag-
netic radiation then penetrates into the specimen. Depending
on the nature of molecules in vivo, iv) interaction with X-ray
photons may occur and may lead to absorption, reflection, or
scattering of the incident X-ray photon. X-ray attenuation
follows the Beer-Lambert exponential attenuation law and is
multifactorial-dependent because it can be promoted by the
electron density and the absorption coefficient of the element
present within the in vivo media, the energy of the X-ray
photon, the thickness of the subject, etc. Then, v) the total
attenuation produced by the body is measured by detection
of the emergent X-ray beam. Opacification of tissues can then
be visualized on tomographic 2D images, i.e., sectional images
reconstructed by an algorithm, and volumetric 3D reconstruc-
tion can be performed by stacking transverse sections.
Contrast is measure by means of a grayscale. Dense materials
absorb significant amounts of X-ray energy and lead to whit-
ening of the image (from white to light gray). Water, in con-
trast, is not able to attenuate such photons; as a result, fluids

appear dark (from dark gray to black). Other tissues, such as
soft tissues, are mostly contrasted by gray shades.

Quantification of opacification is performed using the
Hounsfield unit (HU) calibrated with water. Using the
Hounsfield scale, water and air are attributed values of 0 HU
and− 1000 HU, respectively. Soft tissues are generally approx-
imately −100 HU to +100 HU. Attenuation values of mineral-
ized materials, such as skeletons, vary from +400 to +1000 HU
(−1000 HU for air-containing organs such as lungs). Based on
this scale, the attenuation value for a target of interest is deter-
mined according to Eq. 1 [1, 2, 20, 29, 30, 32, 34]:

HU ¼ 1000� μ−μwater

μwater

� �
ð1Þ

where μ and μwater are the linear X-ray attenuation coefficient of
the target of interest and water, respectively.

Radiography is a general term that includes all types of X-
ray scanners. The clinical device is known as X-ray computed
tomography (i.e., X-ray CT), whereas the preclinical proto-
type instrument, dedicated to small animal studies in the re-
search laboratory, is microcomputed tomography (i.e., micro-
CT). Those two scanners differ in their resolution. Indeed,
investigation on small laboratory subjects requires tools
allowing us to examine at an equivalent scale equivalence
and thus with higher spatial and temporal resolution.
Nevertheless, micro-CT is simply inaccurately used as a broad
term to refer to a group of three X-ray microscopic scanners
with specific spatial resolutions: mini-CT (50–200 μm), micro-
CT (1–50 μm) and nano-CT (0.1–1 μm) (Fig. 4). Commonly,
preclinical imaging research uses micro-CT to conduct small-
scale investigations on small laboratory animals such as mice
[34–38].

The potential of X-ray scanners is determined by conducting
a benefit-to risk assessment of these instruments. Although there
are many advantages of this technique, the main limitation of
such a device is the delivery of a high radiation dose, which
causes long-term genetic damage. Even though the radiation
dose is adjusted to the desired in vivo target, radiation may in-
duce cancer and/or increase cancer lifetime. One study showed
that [39] the radiation impact was multifactorial and that dam-
age by radiation depends on the number of scans, photon energy,
number of X-ray sources, closeness of the specimen to the
source(s), and scan speed applied. All these factors are adjusted
according to the size of the region imaged and the type of spec-
imen. Nevertheless, the damage can be minimized if physicians
agree to compromise the quality of the image to prevent acute
tissue damage and patient health. Because of the potential dam-
age, the parameters can be adjusted for repeated diagnosis [2,
38–40].

Despite the radiation issue, X-ray scanners remain an im-
portant tool for clinics since they are cost-effective, fast, and
high resolution and have no depth limits. However, early
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diagnosis of soft-tissue pathology can be challenging due to a
lack of clear delineation between soft tissues. Indeed, very
subtle changes in their X-ray attenuation are observed on
CT scans, making it difficult to identify soft tissue among other
tissues and at interfaces between two adjacent soft tissues in
contact with blood or other physiological fluids. Therefore,
radiopaque CAs, which are known as cold markers, are gen-
erally involved. To date, the sensitivity of X-ray scanners to
traceable radiopaque probes remains slightly low. Typically, a
difference of 50–100 HU leads to easy differentiation of

adjacent compartments and can be achieved by administra-
tion of a significant dose of a CA [20, 33, 34, 41–43].

Radiopaque Contrast Agents for X-Ray Scanner
Imaging

Typically, X-ray scanners find a key role in imaging various
tissues by means of the administration of clinically approved
(by the BFood and Drugs Administration^ (FDA), an

Fig. 3 Schematic representation of the X-ray scanner principle and typical 3D reconstructed images obtained by an X-ray imaging protocol (reproduced with
permission from [31]).

Fig. 4 Types of microscopic
computed tomography with their
typical in vivo scale at which
investigation can be performed
(reproduced with permission from
[34]).
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American organization in charge of public health protection)
radiopaque substances, as reported in Table II.

To ensure good local contrast, radiopaque CAs, also
known as radiographic CAs or roentgenographic agents, are
utilized in X-ray imaging diagnostic procedures and accord-
ingly are intended to accumulate and concentrate in a desired
target. Radiopaque CAs have undergone significant evolution
over the decades from the 1920s to 1970s. As briefly described
in Table I, contrasting media for X-ray attenuation can be
formulated with heavy elements capable of attenuating X-
rays, such as the lanthanides cesium (Ce), gadolinium (Gd),
terbium (Tb), dysprosium (Dy), ytterbium (Yb) and lutetium
(Lu); the halogen iodine (I); the alkaline earth metal barium
(Ba); the actinide thorium (Th); the post-transition metals lead
(Pb) and bismuth (Bi); and the transition metals gold (Au),
tungsten (W), tantalum (Ta) and rhenium (Re) [29, 33].
Many elements, such as thorium [45], a radioactive element,
and formulations were tried before being withdrawn from
in vivo radiography application or being replaced by safer
compounds because of toxicity and immediate and delayed
adverse side reaction concerns (such as skin rashes, nausea,
headache, allergy, painful injection, thyroid dysfunction, ne-
phropathy, renal toxicity, cardiovascular issue) due to their
compositions and/or formulations with high osmolality and
viscosity. It should be mentioned that as CAs are used in high
doses, there are some patients for whom X-ray CT is contra-
indicated, for example, patients with renal failure, severe dia-
betes, and iodine sensitivity [46, 47]. Currently, oral barium
sulfate suspension for GI investigation and injectable small
water-soluble iodinated molecules for intravenous administra-
tion are mostly used. Increasingly, iodine has become an ap-
pealing element, even for GI visualization, because it avoids
harmful in vivo effects and is inexpensive. Salts, such as sodi-
um iodine or lithium iodine, were first tried as radiopaque
tracers but turned out not to be convenient due to charge
separation once exposed to in vivo fluids. Several attempts at
formulations with iodine, ranging from ionic with high osmo-
lality to nonionic with low osmolality, were also made.
Ultimately, low-molecular-weight (< 2000 Da) and
hydrosoluble iodinated molecules with triiodobenzene

group(s) have emerged as the best compromise between con-
trast enhancement and side effects [3, 20, 29, 31, 33, 42].
Typical iodinated molecules used as commercially available
CAs are displayed in Fig. 5.

Aromatic molecules are more stable than aliphatic ones, and
similar observations have beenmade with nonionic organic mol-
ecules. When ionic organic molecules were employed as contrast
media, most molecules were positively charged to promote elec-
trostatic interaction with in vivo entities (cells, proteins…), which
are mostly negatively charged. Initially, this property seemed an
asset to get closer to in vivo materials, but it turned out that those
compounds had severe adverse effects on patient health, such as
neurotoxicity and hemodynamic issues. As a result, focus shifted
to injectable nonionic and aromatic iodinated molecules, and
efforts were also made to improve biotolerance and toxicity [3,
20, 29, 31, 33, 42]. Nevertheless, these probes still exhibit some
drawbacks directly correlated to their physicochemical proper-
ties. Blood-pool contrast media must be soluble in aqueous envi-
ronments to be intravenously injected and distributed to tissues.
Because of their hydrophilic characteristics,molecules suffer from
fast renal excretion. Because of the poor sensitivity of X-ray
scanners to detect probe signals, a high dose must be adminis-
tered; however, high doses may cause acute renal toxicity. In
addition to nephropathy and cardiovascular problems and aller-
gic reactions because of iodine, this technique cannot be moni-
tored, so MRI is performed as an alternative. The high osmolal-
ity and viscosity of some radiopaque CAs make this dosage form
difficult to handle. A new class of lipid-based radiopaque active
materials for in vivo targeting are replacing hydrophilic iodinated
contrast agents. The formulations Lipiodol® [41] and Fenestra®
[48], which are already on the market, have the same character-
istics as those mentioned above. Nanotechnology-based CAs are
also emerging on the market as a new type of CA [1, 3, 20, 30,
34, 42, 49, 50]. The emerging technologies using the CT mo-
dality are based on new applications, such as the assessment of
rapid surgical margins in breast-conserving surgery [51, 52],
noninvasive detection of coronary inflammation [53], parasite
imaging [54], or determination of primary tumor dimensions
in breast cancer specimens according to intraoperative micro-
CT [55].

Table II Summary of Body Systems and Their Diagnostic Procedures by X-Ray Imaging with Contrast Enhancers [3, 20, 29, 44]

Body system Organs or tissues (Procedure)

Vasculature Vessels (angiography), arteries (arteriography), veins (venography), chambers of the heart (ventriculography)

Organs Brain (brain CT), liver and spleen (abdominal CT), kidney (pyelography), gallbladder (cholecystography)

Spinal canal Spine, lumbar, thoracic, cervical, total columnar (myelography), brain (cisternography)

Urinary track Bladder (urethrography)

Gastrointestinal track (GI) Upper GI including buccal cavity pharynx, esophagus, stomach, and duodenum and lower GI corresponding
to small and large intestines

Joints Joint (arthrography), disks (discography)

Uterine cavity Uterus and fallopian tubes (hysterosalpingography)
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As we have well-developed scanners, the current emphasis
is on improving the effectiveness of the CAs. Several require-
ments should be met to prepare an optimal iodine-based in-
jectable preparation:

& The content of radiopaque elements, such as iodine, should
be high to promote good X-ray attenuation (high iodine-to-
particle or iodine-to-molecule weight ratio), and the material
used should be biocompatible, inert with respect to tissues
and chemically stable in physiological media;

& The formulation should designed to prevent as many po-
tential side effects as possible on patient health;

& The administration should be pain-free, and the viscosity,
osmolality and pH should be compatible with intravenous
injection, the blood-pool environment and in vivo fluids;

& The radiopaque substance should, once administered,
have specific biodistribution to yield to local contrast en-
hancement within the zone of accumulation;

& The time of retention within the ROI should be long
enough to avoid injection of a high dose, but the com-
pound should be finally excreted after a significant
amount of time without producing harmful metabolites.

The following section aims to introduce the second diag-
nostic tool, MRI. Similar to the X-ray scanner, the principles,
main characteristics and CAs will be presented.

MRI IMAGER

History of MRI Scanner

For many decades, it has been well known that magnetic fields
can cross human tissues without causing any harmful adverse
effects on living organisms bearing no magnetizable materials

[56, 57]. Since then, the use of magnetic fields has been ex-
tended to biomedical applications such as those in the diag-
nostic and therapeutic domains (drug and gene delivery, hy-
perthermia cancer therapy, magnetic separation, etc.)
[56–59]. Initially inspired by nuclear magnetic resonance,
MRI is currently one of most well-developed magnetism-
based techniques for human visualization. The MRI tech-
nique has improved rapidly and become one of the most fa-
mous tools for diagnosis [60]. First, MRI was known as nucle-
ar magnetic resonance tomography. In 1971, R.V. Damadian
opened a new route to improve cancer diagnosis using NMR
technology [61]. On the basis of this new method, works by
P.C. Lauterbur and P. Mansfield, who shared Nobel Prize in
Physiology orMedicine in 2003 for their discoveries, and then
A.N. Garroway’s study led to the creation of 2D images by
NMR in the 1970s [62, 63]. The first small laboratory animal
was then imaged, and the first abdominal investigation of the
human body [64] occurred quite soon after that. Later, the
first clinical MRI was established in 1980 and produced its
first images of the whole body in W.A Edelstein’s study [65,
66]. Real-time imaging techniques emerged finally by the end
of the 1980s [67].

Principle of MRI

MRI is actually a noninvasive and nonionizing imaging tech-
nique providing 3D images of deep and soft tissues with high
resolution, and it is mostly used for the detection of tumors
and their metastases, for observation of the brain and nervous
system or for the evaluation of cardiovascular functions. MRI
aims to provide images by evaluating the relaxation times
(longitudinal T1 and transverse T2) of water molecules ex-
posed to a magnetic field and radiofrequency pulse. Due to
their location in different tissues, each compartment would
have water molecules with their own relaxation speed [1, 56,

Fig. 5 Chemical structure of representative commercial nonionic iodinated CAs with their commercial name and iodine content.
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57, 60, 68]. Figure 6 collects general physical phenomena at
the origin of the NMR signal from water molecules during an
MRI procedure.

As illustrated in Fig. 6, MRI relies on the ability of protons
from water in human body tissues to respond to a large mag-
netic field (B0 > 2 T) and a transverse radiofrequency pulsed
sequence (5–100 MHz). Although the magnetic moment of
water molecules is small, the large number of water molecules
within biological media leads to a measurable effect due to the
collection of all signals of hydrogen nuclei once exposed to B0.
Similar to the proton NMR principle, applying a magnetic
field B0 causes magnetic moments or spins of hydrogen to
align along the Bo axis (z-axis), which are not static but spin
about B0 at the precession frequency (Larmor frequency ω0).
Then, radiofrequency pulses are introduced to proton nuclei,
which absorb the energy andmake the net magnetization (Mz)
of each spin switch from the z-axis to the xy-plane (Mxy).
When the transmission of the radiofrequency pulse ceases,
the magnetic moments relax in a coherent response and pro-
cess at the Larmor frequency to return to aligning along B0.
Thus, relaxation times are measured, then treated by Fourier
transform and provide signals to build 3D images [56, 57, 59,
68].

Origin of MRI Contrasts

Relaxation is actually based on two phenomena: i) longitudi-
nal relaxation, commonly called T1 relaxation or T1-recovery

and Bspin-lattice^ relaxation due to the dissipation of the
absorbed energy from radiofrequency pulses to the surround-
ing tissues, and ii) transversal relaxation, generally named T2
relaxation or T2-decay and Bspin-spin^ relaxation because of
the loss of phase coherence by spin-spin interactions during
spin precession. As implied, longitudinal and transverse relax-
ations are characterized by relaxation times, namely, T1 and
T2, respectively [2, 56, 57, 59, 68]. Whereas T1 corresponds
to the time to release 63% of longitudinal magnetization from
spin to the surrounding media, generally as energy-like heat,
T2 is the time that transverse magnetization needs to decrease
by 37% [57]. Figure 7 shows an example of curves of Mz and
Mxy net magnetizations as a function of time measurement,
allowing us to estimate T1 and T2.

Furthermore, as mentioned above, longitudinal and trans-
verse relaxations are two parallel magnetic phenomena that
provide their own type of contrast: T1 recovery and T2 decay
have brightening (positive contrast, hyperintense signal) and
darkening (negative contrast, hypointense signal) effects, re-
spectively [1]. Regardless of the differences in contrasting ef-
fects between T1 recovery and T2 decay, it must be noted that
MRI contrast is related to the magnetic behavior of only one
species, the protons. However, some variations in T1 and T2
within organs and the regions surrounding organs are notice-
able, which means that protons do not act in the same fashion.
Because of differences from one tissue to another, such as the
composition and density, the spins will not relax at the same
time since they will not be subjected to similar interactions

Fig. 6 Schematic illustration of the
MRI effect on themagnetic moment
of hydrogen nuclei from water
molecules contained in tissues to
yield reconstructed images.
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within their respective tissues [48, 60]. The last phenomenon
to highlight with regard to the MRI relaxation process is the
dephasing mechanism occurring during spin-spin relaxation
because of magnetic field inhomogeneity within tissue, which
is notably detected during T2-weighted MRI imaging of
in vivo entities with a high payload of paramagnetic compo-
nents. This new relaxation decay is described by the T2*
transverse relaxation time and provides subsequent informa-
t ion for funct ional MRI and perfus ion imaging.
Consequently, T2* is even more sensitive to reveal macro-
scopic magnetization than T2 [69, 70].

However, like all imagers, contrast enhancement for MRI
needs to be improved by means of introducing magnetic ma-
terials as CAs. Because the possibility of obtaining images
with, on the one hand, brightening and, on the other hand,
darkening depends on the measurement of T1 and T2, re-
spectively, two families of MRI contrast media exist.

Magnetic Probes for MRI Contrast Enhancement

AlthoughMRI is an advanced technology and provides much
more accurate images than other modalities, contrasting ma-
terials can be associated with improved contrast enhancement
of some specific in vivo compartment by being near or within
it. MRI relies on the magnetization of protons to provide
signals that can be converted into accurate images of the inside
of a living organism. Obviously, MRI CAs are magnetic com-
pounds for both types of contrast, namely, for the so-called
T1-weighted MRI and the T2- and T2*-weighted MRI [71,
72]. Two categories of CAs are prevalent: gadolinium-based
CAs for T1-weighted MRI and iron oxide-based CAs for T2
and T2*-weighted MRI. Both kinds of MRI probes are nano-
particles (NPs), more precisely coated NPs, and therefore be-
long to the nanotechnology and nanomedicine fields. In fact,
the use of nanoparticles as CAs for not only for MRI but also
other imaging modalities derives from the fact that they pres-
ent numerous advantages and high efficiency. The specific
properties, strengths and limitations of NPs will be described
in detail in section 5 and related to future trends in
nanomedicines. In brief, the strong advantage of NPs lies in
their ability to increase the circulation time in the

bloodstream, target specific sites, and encapsulate CAs and/
or deliver active ingredients.

The first category is currently widely used in clinics. Many
substances are already FDA approved, and some are de-
scribed in Table III. There are two subcategories for
gadolinium-based CAs: i) extracellular fluid agents for perfu-
sion imaging (lymphatic system and vessels) and interstitial
and intravascular space imaging and ii) blood-pool CAs,
which are mostly for intravascular space and angiography
investigations. Moreover, as shown in Table III, gadolinium-
based CAs are intended mainly for fluid compartment and
extracellular space imaging, whereas some more versatile
CAs target specific tissues such as the liver, spleen, or lymph
nodes, etc. With oral and gaseous CAs, the GI tract and lungs
can also be visualized.

Gadolinium in its ionic form Gd3+ is included in CA for-
mulations. As a free paramagnetic metal ion, Gd3+ has unde-
sirable biodistribution and a relatively high toxicity (exchange
with in vivo cations, dysfunction of enzymes and the reticulo-
endothelial system (RES), deposition in tissues and bones).
However, owing to its ability to reduce T1, Gd3+ has been
complexed with various ligands to overcome its inherent and
unfortunate issues for in vivo applications. Gd3+ chelates have
high kinetic and thermodynamic stabilities and yields, en-
abling imaging of different interstitial spaces imaging upon
administration as contrasting media for MRI depending on
the nature of the ligands. Importantly, Gd3+ chelates are hy-
drophilic species that do not pass through the blood-brain
barrier and are intended mostly to enhance the contrast of
brain vessels and tumors. Their physicochemical properties
allow them to be filtered by the kidney and to be consequently
excreted by renal clearance before any potential gadolinium
leakage. Elements other than lanthanides may also represent
good candidates, for instance, transition metal elements
(Mn2+, Fe3+, Cu2+…) or metal alloys due to the large number
of unpaired electrons, providing paramagnetic ions suitable
for T1-weighted MRI. Thus far, gadolinium-based com-
pounds remain the most common CAs for positive contrast
imaging. Nevertheless, their stability should be ensured to
prevent Gd3+ leakage. Much attention has been devoted to
ligand selection, for example, linear or macrocyclic and ionic
or nonionic, and the Gd3+ core-to-ligand ratio to ensure

Fig. 7 Curves of the relaxation
process. Determination of (left) T1
longitudinal relaxation time and
(right) T2 transverse relaxation time
(reproduced with permission from
[68]).
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efficient Gd3+ trapping. Patients suffering from kidney dys-
function or failure may not receive such probes. Special cau-
tion must be taken in this particular case to avoid nephrogenic
systemic fibrosis, a chronic complication. Acute side effects
may happen soon after administration, but they are not severe
and are manageable (nausea, dizziness, itching from intrave-
nous injection, chills, headache) [57, 68, 71, 73–75].

The second class, the T2- and T2*-weighted CAs, is also
present on the market but is not as commonly available as T1-
weighted CAs. Iron oxides are generally magnetite and/or
maghemite phase, Fe3O4 and γ-Fe2O3, respectively. In fact,
iron oxide NPs (IONPs) have been studied and developed as
MRI tracers for 30 years, whereas gadolinium has been intro-
duced only recently [68]. Indeed, some concerns are still men-
tioned in the literature about IONPs due to the lack of knowl-
edge on their in vivo fate [76]. Similar to T1-weighted CAs, all
T2 and T2*-weighted MRI CAs approved by FDA are coated
IONPs, as shown in Table IV. Depending on the physicochem-
ical properties of the coating, also called the outer shell, the
biodistribution of the introduced IONP-based CAs is different.
In addition, the overall size is also a key parameter that can
promote accumulation within a desired or at least local ROI.

To clarify, IONP is a general term to refer to families of
IONPs in different size ranges: microsized paramagnetic
IONPs (few micrometers), superparamagnetic IONPs
(SPIONs) (~100 nm), ultrasmall IONPs (USPIOs) (<50 nm)
and monocrystalline IONPs (10–30 nm) [57, 72, 75, 81]. As
indicated by the CA descriptions in Table IV, the smaller the
IONPs are, the higher their specific surface, and thus, the better

their interactions with the surrounding bulk phase. Indeed, de-
pending on their size, these nanoprobes are basically used to
provide negative contrast for the liver and spleen (50–100 nm
SPIONs) or for lymph nodes and bone marrow (<50 nm
UPSIOs). The smallest IONPs are capable of extravasation
through the capillary system and are not subject to opsonization.
Consequently, the in vivo biodistribution and bioaccumulation
of decorated IONPs are not only based on surface chemistry but
also dependent on size [1, 56, 57, 59, 68, 75, 81].

Consequently, compared to T1-weighted CAs, IONP CAs
are more suitable for perfusion imaging because of their very
small dimensions and for soft tissue imaging [1, 59, 68, 77, 79].
For instance, owing to their ability to be opsonized by RES cells
such as Kupffer cells located in the liver parenchyma, patholog-
ical tissue in the hepatic area is easily diagnosed. Although the
consequence of phagocytosis is excretion upon metabolization
(opsonization mechanism) of the contrasting materials, such se-
questration of IONPs allows efficient liver mapping to detect
unhealthy cells and a lack of RES cells among healthy cells [1,
59, 68, 77, 79]. As a result, IONP CAs are eliminated by the
hepatic route but also through the splenic route, in contrast to
gadolinium compounds, which are removed from the body by
the urinary pathway. Although the clearance mechanism of
IONPs is still debated, metabolization of iron oxide may pro-
mote the formation of a non-superparamagnetic ion form, which
may then become part of the normal iron pool and be incorpo-
rated into red cells or involved in other in vivo processes and
entities (hemoglobin, ferritin). Few side effects of CAs on the
market are also mentioned in the literature, such as hypotension,

Table III Examples of Gd3+
chelate T1-Weighted MRI CAs
Commercially Available and Their
In Vivo Target [42, 71–74]

Commercial Gadolinium-based CAs Organs or tissues

Gadopentetate dimeglumine (Magnevist®) Central nervous system (CNS) (for blood-brain barrier,
tumor, or spine imaging), whole bodyGadoterate meglumine, (Dotarem®)

Gadoteridol (ProHance®)

Gadodiamide (Omniscan®) CNS, abdominal cavities

Gadobutrol (Gadovist®) CNS

Gadobenate dimeglumine (MultiHance®) CNS and liver
Gadoversetamide (OptiMark®)

Gadoxetic acid (Primovist® or Eovist®) Liver

Gadofosveset (Vasovist®) Abdominal cavities, limb vessels, vascularization

Table IV Examples of Commercially Available IONP-Based T2-Weighted MRI CAs, Their In Vivo Target and the Size of the IONPs Included Within each CA
FORMULATION [57, 59, 77–80]

Commercial iron-oxide-based CAs Target IONPs size (∅)

Ferumoxsil (Lumirem® or GastroMark®) - Silicon coating Bowel, lumen organs 300 nm>∅>3.5 μm
Ferristene (Abdoscan®) - Sulfonated styrene-divinylbenzene copolymer citrate coating

Ferumoxide (Endorem®) - Dextran coated-Fe3O4 Liver, spleen 80 nm<∅<180 nm

Ferucarbotran (Resovist®) - Carboxyldextran coating ∅=60 nm

Ferumoxtran-10 (Sinerem® or Combinex®) - Dextran coating Lymph node 20 nm<∅<40 nm

Feruglose (Clariscan®) - PEG starch coating Bone marrow, perfusion, vessel ∅=20 nm
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lumbar pain, leg pain, vasodilatation and, in very rare cases,
paresthesia. Toxicity issues, usually based on potential interac-
tions with nanoscale in vivo entities and IONPs, are also still
debated [1, 77, 79, 80].

The contrast and efficiency of paramagnetic and
superparamagnetic CAs in surrounding tissues is related to
their impact on relaxation times. For this purpose, the
contrast-enhancing efficiency of an MRI CA is expressed
through longitudinal and transversal relaxation r1 and r2,
respectively (expressed in mM−1.s−1). Such parameters are
defined as the increase in relaxation rate (1/T1 or 1/T2) of
water protons induced by 1 mmol/L active iron. To deter-
mine if a CA is more suitable for T1- or T2-weighted imaging
(and thus for T2*-weighted MRI), the r2/r1 ratio has to be
evaluated: the higher the r2/r1 ratio is, the greater the prod-
uct contrast for T2-weighted imaging (>10). Experimentally,
r2 and r1 are obtained from plots of 1/T1 and 1/T2 versus
the iron concentration, and the following equation correlates
the relaxation rate and concentration and provides r1 and r2
as the slope:

1
T i

¼ 1
T 0

i

þ riC i ¼ 1; 2 ð2Þ

where T1 and T2 are the longitudinal and transverse relaxa-
tion times, respectively; T 0

1, T
0
2 are the relaxations in pure

water; r1 and r2 are the relaxivities; andC is the concentration
of the active element within the CA formulation [58, 68, 75].
An example of such a plot is depicted in Fig. 8.

To further improve the current paramagnetic and
superparamagnetic contrast formulations and prepare the opti-
mum injectable preparation, a few requirements should be met:

& The content of paramagnetic and superparamagnetic el-
ements, such as Gd3+ and IONPs, should be high enough
to promote good contrast enhancement, and the material
used to coat or chelate the active element should be bio-
compatible, should be inert with respect to tissues and
should confer stability to complexes and NPs in physiolog-
ical media;

& Formulations should have limited adverse effects on pa-
tient health;

& The formulation should be well designed to prevent Gd3+

leakage by trapping with suitable ligands or large IONP
use to avoid embolism of small vessels;

& The administration should be pain-free, and the viscosity,
osmolality and pH should be compatible with intravenous
injection or oral administration, the blood-pool environ-
ment and in vivo fluids;

& The radiopaque substance should, once administered,
have specific biodistribution to yield to local contrast en-
hancement within the ROI;

& The retention time within the ROI should be long enough
to administer a tolerable dose, but the compound should
be ultimately excreted after a significant amount of time
without producing harmful metabolites;

& Special care should be taken concerning the ROI (fluids
space, organs, and lesions) to determine which image
weighting is more suitable, and then an appropriate CA
compatible with the patient’s health condition should be
found.

To conclude on MRI, X-ray scanners and their corre-
sponding probes, it must be noted that both modalities re-
main important and efficient tools for noninvasive and early-
stage diagnostic practice. On the one hand, the main mo-
dality used, the X-ray scanner, has some inherent draw-
backs, such as radiation exposure and iodine allergy,
prohibiting some patients from being subjected to X-ray
scanning with contrast enhancer administration. On the oth-
er hand, MRI may constitute a more expensive and more
accurate alternative for such patients. However, it should be
considered that this modality is not indicated for all patients
(e.g., for those bearing implanted magnetizable devices). The
types of CAs are based on NPs or complexes for which
stability and in vivo fate should be comprehensively studied.
As a result, both techniques are required and may be used
in combination to obtain complete and unambiguous diag-
noses. Their limitations thus need to be overcome, and the
development of new unimodal and bimodal CAs would be a
very interesting first step to render diagnostic procedures by
imaging easier for patients.

Fig. 8 Example of r1 and r2 measurements. (a) T1-weighted and T2-weight
in vitro MRI images of aqueous solutions at different Fe concentrations and (b)
1/T1 and 1/T2 plotted against Fe concentration (reproduced with permission
from [82]).
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The next section will focus on present-day needs for clinical
imaging and the CAs associated with MRI and X-ray scanners.
The following part aims to highlight the importance of moving
forward in research in the noninvasive diagnostic field and how it
can be carried out by pursuing advances at the preclinical stage.
Promising and emerging preclinical probes based on
nanoparticulate systems will be introduced for both modalities.

CURRENT LIMITATIONS AND CHALLENGES:
AN INCREASING NEED FOR A NEW
GENERATION OF CONTRAST AGENT
FOR PRECLINICAL AND CLINICAL IMAGING

Multimodal Imaging: Combination of Independent
Imaging Results

As noted in the last section, one modality can be replaced by
another in cases of incompatibility with patients’ health. Other
circumstances may lead to switching from technique to another:
the most common reason is the need for complementary infor-
mation. Increasingly, the literature shows studies on applications
of one, two or three imaging instruments to combine their inde-
pendent data at their own scale, as shown in Fig. 9.

Much more details about disease, treatment efficacy and
biochemical processes can be obtained by involving several
imaging strategies for the exploration of the ROI. This aim
will improve the diagnosis process; to this end, findings from
each imaging modality will be validated, interlaced and cor-
related. In addition, this multimodal approach is based on
exploiting strengths and compensating weaknesses of current
imaging techniques [5, 6, 50, 84]. For instance, near-infrared
fluorescence and MRI were combined for breast cancer de-
tection using multivalent traceable probes. The high probe
sensitivity of optical imaging allowed a quick overview of
probe accumulation within the tumor to be obtained, and
T2-weighted MRI provided excellent delineation of the tu-
mor structure, including the margin and necrotic zones [85].
The same combination of optical imaging along with MRI
was chosen to detect epithelial cancer cells [86]. Other studies
also used a bimodal imaging approach withMRI/X-ray scan-
ners to image the complete tumor vasculature [83], as illus-
trated in Fig. 9 (left), or for embolization follow-up [87].
Trimodal imaging is also increasingly common; for example,
optical/MRI/X-ray scanners were used for in vivo liver im-
aging and detection of probe internalization by liver cells (Fig.
9 (Right)) [88].

Towards Novel Preclinical Probes with Additional
Features and Tunable Design

All these promising combinations of modalities might become
potential breakthroughs for the preclinical diagnostic field

and, later on, for clinical translation. Indeed, not only would
diagnostic processes be even more efficient and accurate, but
novel treatment strategies could also be imagined. Improving
the retention time and accumulation of probes, which remains
one major limitation of iodinated CAs on the market, might
enable visualization of the ROI over a longer period.
Consequently, tissues and lesions could be monitored as long
as the CA remains accumulated. In the case of treatment
response monitoring and extended retention within the inves-
tigated ROI, avoiding repeated administration of CAs is an
important quality. Therefore, novel fields such as the
theranostic field, which is based on drug release, treatment
efficacy follow-up and imaging, are now increasingly devel-
oped and are currently well documented in the literature
[89–91]. The so-called theranostic platform aims to design
delivery systems that carry therapeutics and imaging com-
pounds. It involves a system with an architecture allowing that
system to carry pharmaceuticals or active pharmaceutical in-
gredients (APIs), such as CA(s) and drug(s), that is, a system
with a multifunctional payload that can be transported within
the blood pool, distributed to the ROI and then accumulated
and/or released within the surrounding tissue [89]. Twinning
CAs with therapeutics or treatment strategies has been
adapted by many authors to apply different treatment strate-
gies for specific diseases along with suitable imaging tools. For
example, Barsanti et al. [92] explained how promising it could
be to combine imaging CAs, mostly MRI probes and PET/
SPECT radionuclides, with an API for diabetes management
to observe pancreas, pancreatic cell or β-cell function and
respond to antidiabetes treatment. A study on the detection
of atherosclerotic ruptured plaque and antiangiogenic plaque
therapy was also carried out, and a drug release study with an
MRI follow-up was performed by encapsulating SPIONs
within phospholipid cross-linked shells with controlled disso-
lution properties [93]. Other cases in the literature also report
a theranostic strategy except without incorporating an API
other than a CA. Recently, an overview described the advan-
tages of dye-conjugated polymers for theranostic applications.
These near-infrared-absorbing conjugated polymers were
used to perform local photothermal cancer treatment. They
were also identified as interesting nanoconstructs for doxoru-
bicin drug release with a synergistic effect along with the
photothermal treatment on tumors [94]. Another group used
manganese ferrite NPs with a dye-doped silica coating as an
MRI CA to locate the ROI, to visualize its anatomy and to
apply hyperthermia treatment; a fluorescent dye was also im-
plied to evaluate the treatment efficacy on cells [95].
Therefore, all multivalent probes mentioned directly above
and dedicated to both imaging and therapy were actually
designed into nanoparticulate systems, as illustrated in
Fig. 10, as nanoassemblies for coencapsulating APIs and
transporting them to a local ROI. Nanocarriers (NCs) and
NPs offer eff icient designs to overcome common
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disadvantages of APIs, such as low bioavailability (poor cell
penetration, interaction with the ROI, selectivity for the ROI),
poor solubility in the blood pool and lack of chemical stability
once exposed to biosystems, by trapping them within their
core. Importantly, the term multifunctionality covers a wide

range of functions (imaging, therapy, targeting, penetration
within biological entities, stealth property and others), which
can all be displayed in one versatile NC [96].

Although they are promising, all the abovementioned mul-
tifunctional probes were also designed as NPs because of their

Fig. 9 (Left) In vivo images of a rat bearing tumors by (top) X-ray micro-CTand (bottom) T2-weighted MRI a) before injection and (b) 1 h,(c) 2 h and (d) 24 h
postinjection of a bimodal CA based on a SPION core coated with a tantalum oxide shell (TV, Li, Tu, and Sp indicate respectively the tumor vessel, liver, tumor and
spleen). (Right) In vivo imaging by (a) T2-weighted MRI, (b) X-ray micro-CTand (c) fluorescence of trimodal probe biodistribution in the liver before and 30 min
and 60 min postinjection (reproduced with permission from [83]).

Fig. 10 Range of possibilities of
preclinical multifunctional NPs as
delivery systems dedicated to
theranostic purposes. Targeting
moieties might be incorporated on
the NP surface for vectorization to
promote specific biodistribution of
NPs and interaction with selected
ROIs. Imaging moieties aim to
monitor NP accumulation at the
targeted ROI and provide
information about the
pharmacokinetics (PK) and clear-
ance mechanism (reproduced with
permission from [89]).
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applications for preclinical trials on small laboratory animals,
which actually bring about difficulties for researchers owing
the animal model scale.

Issue Regarding Scaling-up Nanoparticulate
System-Based Contrast Agents from Preclinical
to Clinical Applications

All multifunctional structures presented in previous examples
were established with nanoparticulate designs. However, it
must be highlighted that preclinical studies are mostly per-
formed on small laboratory animals to ensure the safety of
innovative pharmaceuticals such as CAs and to extend the
use of current imaging modalities to more efficient diagnostic
strategies for further human applications [35]. There are con-
siderations regarding the welfare of animals (duration of an-
esthesia, temperature control, breath and heart monitoring,
side effects, symptoms of pain or intolerance), but there are
also technical hurdles to overcome, such as difficult vascular
access and the small blood-pool volume [7, 38]. Because of the
animal model scale, substances under preclinical study must
consequently be administered in only limited volumes, be ca-
pable of avoiding or at least postponing the clearance mech-
anism (faster for animals than humans) and have a high load-
ing of CAs and potential additional APIs to offer good contrast
enhancement property once exposed to the in vivo environ-
ment [30, 49]. To fulfill these needs, NPs are perfectly ade-
quate for such animal models and seem promising for scale-up
due to their versatility as multifunctional probes. The opti-
mum end of preclinical studies should be translation to clinical
trials if they meet current needs and requirements (Fig. 11).
However, even though NPs currently appear as a future gen-
eration of versatile probes for clinical use, translating such
nanodevices to humans requires consideration of their behav-
ior and in vivo fate once introduced into the human body.
Clinical scale-up and translation to humans are indeed per-
formed only once the CA or theranostic probe has received
FDA approval after being tested during clinical trials [97, 98].

Consequently, NPs can be identified as the next generation
of CAs and have some additional features to yield supplemen-
tary functions, such as for theranostic applications, to over-
come the limitations of probes currently applied in the clinic.
Despite concerns about the in vivo fate of NPs once adminis-
tered into the human body, some NP-based CAs have never-
theless already been introduced into humans, such as MRI
with SPIONs as contrast enhancers. As a result, NPs not only
were found to be suitable for studies on animals but also are
currently increasingly demanded for human model applica-
tions due to their huge potential as ideal probes because of
their versatility.

To pursue this new trend, the following section will intro-
duce NPs in depth, especially those dedicated to imaging via
X-ray scanners and MRI.

NANOPARTICLES AND NANOCARRIERS
AS FUTURE MULTIFUNCTIONAL TRACEABLE
PROBE PLATFORMS FOR IMAGING

Introduction to Nanoparticles

BNano^ derives from Greek and refers to tiny dimensions
beyond the limit of visibility for the naked eye. Therefore, all
objects described as Bnano^ are nanometric-sized entities.
The term NP was used for the first time during the 1980s;
before then, it was mentioned as a Bsmall particle^ [99,
100]. BSmall particles^ had been under investigation for more
than a century at that time because their numerous size-
dependent physical and chemical properties were appealing
to researchers (including M. Faraday, who contributed work
that explained the size and color of gold NPs [101]). After the
1980s, great interest arose from the scientific community, and
thus, the development of nanotechnology has been devoted to
nanoscience and nanomedicine applications [102].

The term NP includes all kinds of materials, such as organ-
ic, inorganic, hybrid, alloy, and composite. Furthermore, al-
though they are usually produced with a spherical shape, NPs
with other morphologies can be found, such as rods, cylinders,
stars, cages and other geometries that are more or less com-
plex (inhomogeneous NPs). The general definition of NP is a
tiny particle with one of its dimensions between 1 nm and
100 nm [102]. As shown in Fig. 12, the nanoscale of NPs
render them comparable to several biological entities, such
as cells (10–100 μm), viruses (20–450 nm), genes (2 nm wide
and 10–100 nm length) or proteins (5–50 nm), and allows
them to get close to these entities (depending on features ex-
hibited on their surface to promote specific interactions) [59,
102–105].

NPs are also referred in the literature as colloids when they
are in dispersion or in suspension. Depending on the size of
the NPs, a colloidal suspension allows light scattering to be
observed. For light scattering to be observed, a few conditions
must be met: i) colloidal matter with a radius in the range of
the wavelength of light (λ), that is, at the nanometer scale, and
ii) good dispersion within the medium of dispersion, which
must be iii) a light-transmitting medium (liquid, gas). Light
scattering by NPs was also studied many years ago. It began
during the nineteenth century with J. Tyndall, who was the
first to become interested in turbidity, the so-called BTyndall
effect^, an optical phenomenon visible when large particles
scatter sunlight [106]. Then, in 1908, G. Mie and L.
Lorentz devised the Lorentz-Mie theory to describe light scat-
tering by a nanosphere (radius ranging λ) [107]. Finally, the
last important law was from J.W. Strutt, 3rd Baron Rayleigh;
Rayleigh scattering is actually a particular case of Lorentz-
Mie theory applicable for NPs with a radius smaller than the
wavelength of light (λ /10) [102, 108]. An example of light
scattering by NPs is depicted in Fig. 13. Notably, this bluish
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aspect is a common qualitative characteristic that allows
nanoscientists to quickly detect the presence of nanoscale par-
ticles in dispersion.

Another interesting fact about NPs is the high surface-to-
volume ratio that confers a large surface available for anchor-
ing or electrostatic attachment of ligands or specific moieties.
The surface and size of NPs offer many opportunities to tune
their chemical, physical and optical properties and, conse-
quently, to design NPs with specific features for a desired
application [34, 109, 110]. Figure 14 supports how the surface
area increases with decreasing size. It also depicts that the
number of atoms at the NP surface follows the same trend,
providing a large number of atoms for potential chemical
reactions and physical adsorption for surface tailoring
purposes.

To keep establishing how the size of NPs is meaningful for
NPs, it has to be mentioned that several properties are dictat-
ed by such parameters. For instance, colloidal stability re-
quires Brownian NPs with efficient surface properties to
achieve good dispersion. The surface of NPs is also size-

dependent because the smaller NPs are, the higher the surface
area, and the more ligands that can be attached. In addition,
colloidal stability is also related to surface charge and is a well-
documented topic due to the old theory from B. Derjaguin, L.
Landau, E. Verwey and T. Overbeek, known as DLVO the-
ory [111, 112]. Although all information collected here was
for both organic and inorganic NPs, it must be specified that
in the case of inorganic NPs, many properties, such as mag-
netism as well as fluorescence in the case of quantum dots, are
drastically impacted due to the quantum effect and surface
area changes from bulk material to the NP scale. The case
of magnetism is particularly interesting since it addresses in-
herent properties that are related to MRI and CAs [102, 103,
105, 113]. Finally, it is important to note that nanoparticles
face a current reluctance regarding the Bnanoscale^ of these
carriers, and the few solutions on the market are based on
biocompatible materials, namely, lipids, for which all the deg-
radation and metabolism processes have been extensively
studied and the benefit-to-risk ratio has been considered ac-
ceptable. However, in view of the constant number of new

Fig. 11 Translation of an NP-based
CA from the preclinical to the
clinical stage
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nanoparticulate systems, new developments—discussed here-
in as well—of sophisticated solutions, NCs and potentially
nanotheranostics still have important potential for imaging
applications and targeted drug delivery. Even if some of the
targeted NCs are eliminated by the liver or spleen in the case
of efficient EPR or active accumulation at the target site, the
local concentration may be sufficient enough to achieve the
desired—therapeutics or imaging—objective, thereby
bypassing (or decreasing) side effects because the total dosage
is globally lowered.

The next section will outline NPs prepared for in vivo uses,
especially for the field of diagnosis by imaging. Requirements
and specifications related to biomedical concerns will be de-
tailed to determine the characteristics of ideal nanoprobes.

Nanoparticles Dedicated to Biomedical Imaging:
Requirements and In Vivo Concerns

NPs feature the ability, as introduced before, to form a drug
delivery system (DDS) of an API due to their controllable and
tunable design. They can indeed be easily adjusted to fit with
the in vivo environment and contribute to advancing the
nanomedicine field, including imaging and therapy strategies.
NPs not only offer controlled release of API(s) but also provide
confirmation of the site-specific delivery of the substance(s) by

incorporation of an imaging agent. In fact, NPs involved in
biomedical applications are generally a double structure con-
struct including a core and a shell and are also known as NCs.
Therefore, NPs can be loaded with API(s) onto or into their
core-shell assembly via encapsulation, surface attachment or
entrapment. To carry their payload, which can be therapeu-
tics, imaging agents or both, to a selected target, tailored NPs
and/or NCs must bypass several biological barriers.

The human body has a very effective defense system to
remove and protect itself against foreign xenobiotics. The im-
mune system is one obstacle for NPs; indeed, upon adminis-
tration, NPs encounter changes in pH, osmolality and ionic
force that can alter NP constructs (agglomeration, physical
degradation, modification of their properties). Their introduc-
tion into the bloodstream may also induce a negative host
response, imparting potential premature clearance by
opsonization or renal filtration from the organism. The
in vivo fate of NPs once exposed to biological media is dictated
by physicochemical properties. The typical biodistribution a
few minutes after NP blood clearance is 90% in the liver, 2%
in the spleen and 8% in the bone marrow, but the values
remain highly dependent on NP characteristics. Likewise,
biodistribution and pharmacokinetics can ipso facto be predict-
ed by adjusting the design (size, shape, surface, targeting, com-
position) [50, 57, 114–117].

Fig. 12 Length scale to compare NP dimensions to the size of biological materials (reproduced with permission from [102]).

Fig. 13 Light scattering optical
phenomenon occurring in SiO2 NP
suspensions with various size
distributions (reproduced with
permission from [102]).
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Size

The mean diameter of NPs is a key parameter governing the
NP concentration in the blood pool and affecting the clear-
ance process and biodistribution (extravasation through the
tumor vascular system, permeability out of regular vascula-
ture). Small NPs may be able to penetrate physiological bar-
riers due their similar dimensions, gain access to many areas
and avoid embolism outcomes. Typical NPs administered are
smaller than 200 nm, whereas the smallest capillary pore di-
ameter is approximately 2.3 μm. Using NPs for imaging has
been attempted not only for preclinical testing on animal
models but also for overcoming the fast elimination of hydro-
philic iodinated CAs. Size is effectively the most impacting
parameter to regulate NP-based CA elimination and accumu-
lation. Basically, the largest particles (150–300 nm) will mostly
be excreted by hepatic and splenic routes once an
opsonization mechanism occurs. The optimization process is
conducted by the RES or mononuclear phagocyte system
(MPS), indicating plasma protein (opsonin) absorption as a
biochemical signal of foreign entity intrusion. Sequestration
and excretion of NPs are then carried out by phagocytic cells
located in RES organs, such as Kupffer cells in the liver and
macrophages in the spleen. To postpone MPS uptake and the
subsequent clearance process, NPs must have high curvature,
which means a very small hydrodynamic diameter.
Nevertheless, NPs smaller than 20 nm will be subjected to
renal clearance, whereas medium NPs (50–150 nm) will gen-
erally accumulate in bonemarrow, heart, kidney and stomach
[90, 114, 116–119].

Surface Chemistry

Another prerequisite for long circulation times in the
bloodstream and RES bypass is related to the NP surface
properties. Surface decoration relies on surface charge,
hydrophilic or hydrophobic properties, and conjugation
of passive targeting ligands or active targeting moieties.

The simplest design of NPs is based on stealth and neu-
tral NPs. Stealth properties imply the use of biocompat-
ible and water-soluble polymers as flexible hairy shells,
such as poly(ethylene glycol) (PEG). Both PEGylated am-
phiphilic macromolecules and dextran were used on
SPIONs and USPIOs; excellent stabilization against op-
sonin absorption and low cytotoxicity compared to that
of bare NPs were observed [120, 121]. Polyesters are
also widely used, especially lactide and glycoside poly-
mers and copolymers such as poly(lactic acid) (PLA),
poly(lactic-co-glycolic acid) (PLGA), and poly(ε-
caprolactone) (PCL), for DDSs because of their biocom-
patibility, low degradation rate and controlled drug re-
lease ability [122, 123]. Some other polymers are already
on the market and used as coatings for long-term reten-
tion, such as poloxamer (Pluronic®), a triblock polymer
(poly(propylene oxide) (PO) flanked with two hydrophilic
PEG cha in s ) and po l oxamine (Te t ron i c® ) , a
tetrafunctional block copolymer of PO and PEG [124,
125].

Many modified polymers have been applied, particularly for
liposome NCs for passive targeting. It should be mentioned that
liposome NCs were one the first PEGylated NC types marketed
during the mid-1990s, when passive tumor-targeting DDSs of
doxorubicin known as Doxil® or Caelyx® emerged. All these
polymers act as hindrance shields, attracting watermolecules as a
cloud and thus fooling the immune system. Such a Bchameleon
effect^ avoids premature opsonization and provides steric stabi-
lization, preventing NPs from aggregating. Most often, a
PEGylated shell is used to prolong the circulation time of NPs
and reduce their cytotoxicity. Compared to passive targeting, the
case of active targeting, detailed in the following section, is much
more developed and involves a wide range of ligands (aptamers,
peptides, vitamins, antibodies, small molecules). Changing the
surface charge and hydrophilic properties may lead to a nonspe-
cific interaction with biological entities, which are generally neg-
atively charged. Positively charged NPs will have random bind-
ing with nontargeted cells, and hydrophobic NPs will encounter

Fig. 14 (a) Variation in the surface-to-volume ratio and (b) repartition of atoms vs the NP size (reproduced with permission from [102]).
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aggregation issues in physiological media and will be cleared by
the RES. It appears that optimum surface decoration would be
neutral and hydrophilic [90, 96, 110, 114, 116–119, 126–129].

Figure 15 summarizes how surface properties and size
ranges affect the biodistribution of NPs. Clearly, these two
parameters are connected and must be well-controlled to
guarantee NP accumulation in the ROI and evasion of
in vivo obstacles.

Shape

The effect of NP shape has not yet been well documented: a
few studies have proved that NP biodistribution, in vivo inter-
action and toxicity were shape-dependent [130, 131].
However, a limited number of comparative studies are avail-
able to discuss the impact of nanorods, nanospheres,
nanocubes, nanotubes, etc., on the pharmacokinetics of NPs.
Hypothetically, the flexibility and hardness of the
nanoconstruct might influence filtration and, consequently,
the clearance mechanism [90, 114].

Targeting

Vectorization of NPs is particularly appealing for DDS
to reduce the injected dose of drugs and to overcome the
lack of specificity and selectivity for the ROI. It also
prevents the therapeutic agent(s) from having cytotoxic
effects on healthy cells. Active targeting is key to opti-
mizing the intracellular uptake of an API by the desired
target. Applying local treatment is a strategy mainly de-
veloped to enhance the bioavailability of APIs by
reaching not only targeted cells but also the nucleus of
cells to carry out intracellular delivery. To predetermine
the biodistribution and guarantee the internalization of
an API, NPs must be functionalized with targeting moi-
eties capable of interacting with specific receptors
overexpressed in the ROI to help cell penetration.
Classic FDA-approved targeting moieties that are used
to promote localized accumulation of NPs serving as a
DDS are summarized in Table V:

The stealth property is obviously still required, even in the
case of active targeting, because the gradual accumulation at a

Fig. 15 Classic pharmacokinetic profile of NPs depending on their size and their surface (reproduced with permission from [90]).
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given biological site can be achieved only by giving the NPs time
to circulate, reach their target and interact via specific affinities.
Binding with a target may be achieved by attaching targeting
agents such as ligands conjugated by covalent or electrostatic
bonds with the NP surface. Programming API release is also
possible by incorporating stimuli-responsive ligands such as pH-
sensitive and thermosensitive macromolecules or those sensitive
to the ROI microenvironment [110, 114, 117, 119, 127].

Many of these ligands are used to target cancer cells.
Tumors are quite interesting tissues with complex structures
having heterogeneous compartments, such as necrotic zones,
densely vascularized regions, vessels with tortuosity, hemor-
rhage issues, and nontransformed and malignant cells [147,
148]. For a long time, tumor targeting was based on the
defective vascular architecture, causing NP permeation in-
side the tumor microenvironment. The endothelial lining is
indeed much more permeable than healthy tissue due to an
endothelium pore size of 200–600 nm; thus, NPs are easily
engulfed by extravasation. This high permeability is de-
scribed as the enhanced permeability and retention (EPR)
effect. The EPR effect promotes effective meetings between
NPs and cellular targets, but it does not improve cellular
uptake or specific interactions. The Bleaky^ blood vessels
are in fact an advantageous defect to deliver NPs into the
tumor microenvironment; in addition, the dysfunctional and
impaired lymphatic drainage guarantees their retention in
interstitial space upon transport through the endothelial lin-
ing. However, to achieve internalization, NPs must have
targeting moieties to improve the bioavailability of the API
to cells and, if necessary, to the inside of cells. Because of the
lack of diffusion of API-loaded NPs, targeting is required.
Furthermore, some drugs are very difficult to drive into cells
and may induce the so-called phenomenon of multiple-drug
resistance, causing some treatments to fail in patients. The
development of NPs may consequently overcome this prob-
lem by trapping the API in their core and releasing it once
the tumor microenvironment is reached [114, 116, 149].
Figure 16 describes how NPs improve the permeation of
an API for cancer therapy.

Toxicity

The in vivo fate of NPs includes considerations about the toxicity
of NPs (composition, metabolites, interaction with physiological
media, impairment of biological entities and/or functions) and
their composition, and degradation products once metabolism
occurs. Nanotoxicity is an emerging field, but since
nanomedicine is increasingly used, there is a real need to under-
stand how long-term retention of NPs and/or their degradation
might impair the functionality of the human body [76, 114].

To conclude, it seems that NPs dedicated to biomedical
uses should exhibit stringent properties to prevent adverse
effects on health once in contact with biological tissues, fluids
and entities. For use as an imaging CA, NPs should also be
loaded with CAs and be as safe and efficient as possible. Their
versatility is a valuable asset and makes them quite appealing
nanovehicles as well as imaging CAs rather than a platform
for real-time monitoring of treatment.

The optimum nanoparticulate CA should therefore fulfill
the following specifications: first, regarding the physicochem-
ical characteristics and composition, the CA must be i) made
of biocompatible components easily formulated into nontoxic
nanoparticulate systems. Colloids should be composed of ii-1)
a core-shell assembly based on ii-2) a protective shield with a
PEGylated hairy shell to provide stealth properties and a steric
barrier against aggregation and to prevent the inner part of
the assembly from leaking by efficient encapsulation or trap-
ping of the inner materials and ii-3) a cargo with API(s) as the
core. For imaging purposes, the core must exhibit very high
contrast enhancement ability by means of a high payload of
contrasting materials to reduce the administered dose and
avoid possible side effects. The design should include iii) a
neutral and hydrophilic surface because of PEG and a narrow
size distribution (between 50 nm and 200 nm as the mean
diameter) to avoid embolism and premature clearance by
fooling the immune system, and to promote colloidal stability,
the system should feature prolonged circulation time in the
blood pool and homogenous biodistribution and accumula-
tion. The surface may also be functionalized for iv)

Table V Classical Targeting Moieties Conjugated Onto the NP Surface

Class Ligand (marketed formulation) Target Reference

Antibody Anti-HER2 (Herceptin®) Human epidermal growth factor receptor 2 (HER2) from breast,
ovarian, gastric, and prostate cancer cells

[132]

Rutiximab, anti-CD20
(Rituxan®)

CD20 antigen on malignant B-cells from lymphoma [133, 134]

Aptamers Anti-VEGF (Pegaptanib®), DNA, RNA Vascular endothelial growth factor (VEGF), antigens on cancer cells [135–138]

Protein Transferrin Brain parenchyma (blood-brain barrier crossing), various cancer cells [139–142]

Peptide Cecropin A (antimicrobial peptides),
Antennapedia (cell-penetrating peptides),

RGD, NGR

Cell membrane (pore forming for apoptosis ending), intracellular
matrix, αvβ3 integrin receptor on tumor cells

[143, 144]

Vitamin Folic acid Folate receptor to reach intracellular matrix [145, 146]
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vectorization needs towards targeting the ROI and the asso-
ciated cells and/or intracellular matrix with active targeting
moieties able to bind with overexpressed receptors on the
target surface. v-1) The pharmacokinetics and biodistribution
should be programmed in order to v-2) ensure localized accu-
mulation to concentrate the probe and to v-3) avoid adminis-
tration of NPs-based CA with unpredictable degradation
leading to harmful breakdown product(s).

Regarding the properties required to be considered as an
upgraded kind of multifunctional CA, NPs should have intrin-
sic advantages for translation to the clinical scale: they have
offer vi) good solubilization of drugs within their core, vii)
protection of the API against degradation through encapsula-
tion as a hermetic assembly, viii) controlled release of a
therapeutic-based API to reduce cytotoxicity to nontargeted
tissue and, ix) if necessary, improve intracellular uptake and
enhance bioavailability. Figure 17 collects the main features of
a multifunctional probe based on a nanoparticulate system for
tumor imaging and therapy.

Overview of Types of NPs and NCs for Biomedical
Applications

A wide range of NPs are currently described in the literature.
They can be composed of organic, inorganic, hybrid, rigid or
flexible materials. As mentioned before for MRI CAs, Gd3+

chelates and SPIONs are already applied in the clinic and are
based on a nanoscale structure, whichmeans that some inorganic
NPs and/or nanoassemblies involving an inorganic core and
organic shell are on the market. It should be mentioned that
the core-shell structure can also be an inorganic-inorganic assem-
bly with a metallic coating [150, 151]or a nanocomposite with,
for example, a silica shell [95, 152] and carbon coating [153]. An
increasing number of NPs investigated are based on NC systems
with inner and outer parts. These NCs are generally based on a
lipid-based structure and are appealing owing to their high bio-
compatibility (nontoxic and chemically stable components, stable
in physiological media, inert to tissue), high loading capacity of
API(s), easy formulation, tailorable surface for applying any kind

Fig. 16 Schematic representation of passive and active targeting mechanisms to deliver API-loaded NPs to tumors. Passive tissue targeting is achieved by
extravasation of NPs through the EPR effect. Active cellular targeting is achieved by functionalization of the NP surface to promote cell-specific recognition and
binding. Three delivery pathways of the NP payload are depicted: i) near the target cells, ii) at the extracellular level after attachment onto the cell membrane and
iii) upon cellular uptake of the NPs (adapted from [119]).
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of targeting strategy, and improved biodistribution and pharma-
cokinetic profile. Considering the aforementioned advantages,
these NCs offer a great alternative to iodine-based molecules
used as CAs for X-ray imaging as well as excellent potential as
nanovehicles for stabilizing inorganic compounds used for MRI
contrast enhancement [1, 50, 96, 110]. The general inventory of
lipid-based NCs allows researchers to rely on the following car-
riers as colloidal CAs for MRI and X-ray imaging: liposomes
(LPs), dendrimers (DEs), nanoemulsions (NEs), polymeric
macromolecule-based carriers or polymeric NPs (PNPs) (mi-
celles, nanospheres and nanocapsules), and lipoproteins (LPP)
[1, 20, 30, 33, 49, 50, 96, 154, 155]. Descriptions and several
examples of each NC used to drive CAs in vivo are presented
hereinafter. Interestingly, many novel types of nanoparticles are
still constantly under development by research teams and are
mainly tailored to applied needs in collaboration with clinicians.
For instance, in the case of X-ray imaging, there are recent
examples of the visualization of the pulmonary vasculature for
minimally invasive thoracic surgery planning by using a liposo-
mal formulation [156], active targeting of lung cancer through

antibody-decorated gold NPs [157], or fine detection tumor im-
aging [91, 158]. For MRI or multimodal CT/MRI, the same
trend is followed through the development of CAswith enhanced
imaging properties [159] aiming, for instance, to target macro-
phages for treating breast cancer [160], the brain [161], or aortic
wall inflammation [162].

Liposomes

Long-time circulating LPs are based on spherical vesicular self-
assembling PEGylated phospholipids enclosing an aqueous core
and a lipid bilayer. Hydrophilic and lipophilic API(s) can be
encapsulated either within the inner core or the outer lipidmem-
brane, respectively. A common technique to produce LPs is the
ultrasonication method. They constitute one of the oldest NCs
used as a DDS. Tremendous progress was made to extend their
circulating time by surface functionalization with stealth poly-
mers such as PEG. As shown in Fig. 18, similar to SPIONS
and gadolinium-based compounds (magnetoliposomes), they
were used often as stabilizing carriers of inorganic CAs rather

Fig. 17 Schematic representation of optimum NPs used for biomedical application (reproduced with permission from [118]).
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than convective transporters of iodinated compounds
(iodoliposomes, iodine-containing LPs) for imaging purposes.
Their extreme versatility makes them promising multifunctional
NCs [118, 127, 163].

Dendrimers

DEs are perfect structured assemblies based on branchedmol-
ecules with a globular shape. DEs have a three-part topology:
i) an inner core that traps or anchors a single element or a
group, ii) a multilayer made of repeating units, called genera-
tions, and iii) an outer surface with peripheral functions direct-
ed outward and available for functionalization. Three main
pathways of preparation are provided in the literature: con-
vergent, divergent and Bclick^ chemistry methods. DEs have
been frequently employed to carry SPIONs, T1-weighted
CAs based on gadolinium derivatives (magnetodendrimers)
and inorganic NPs such as gold NPs for X-ray imaging
[146, 165]. DEs, such as poly(amidoamine) (PAMAM) DEs,
were extensively investigated as a DDS for treatment of the GI
tract by oral administration (Fig. 19) [31, 72, 117, 166, 167].

Nanoemulsions

NEs are submicron-sized emulsified droplets, commonly oil-in-
water suspensions, with sizes between 20 and 200 nm. In fact,
these structures are thermodynamically stable isotropic systems
made of a mixture of immiscible liquids forming a single phase
bymeans of surfactant macromolecules. Twomain processes are
applied to obtain NEs: low-energy (spontaneous emulsification)
and high-energy (ultrasonication, microfluidic) processes
[168–172]. They offer excellent NC properties for multiple
API loading, most often for imaging purposes rather than for

therapy. For instance, as depicted in Fig. 20, iodinated NEs were
produced for liver and spleen X-ray imaging [173–175], and
bimodal NEs used as MRI/optical CAs that showed efficient
accumulation by the EPR were described for xenograft cancer
targeting via all imaging modalities [176].

Polymeric NCs

This family of NCs comprises a broad group that includes several
types of PNPs with their own designs based on polymeric mac-
romolecules (Fig. 21(a and b)) with amphiphilic properties. It
encompasses polymeric micelles, nanocapsules and nanospheres.

Micelles are surfactant macromolecule assemblies; block
copolymers are mostly used and need to be introduced above
the so-called critical micellar concentration (CMC) to yield
micelles. With a hydrophobic core, they can be loaded with
only lipophilic API(s). Targeted PEGylated polymeric mi-
celles were thus applied as a theranostic platform with
SPIONs and doxorubicin coloading for drug delivery to can-
cer cells and MRI monitoring [178]. PEGylated micelles
were also investigated as vehicles of different CAs for X-ray,
MRI and γ-ray imaging, such as for blood-pool and liver
imaging [129, 179]. However, their outer part, correspond-
ing to the hydrophilic parts of the surfactant, can be a stimuli-
responsive block to promote controlled drug release under
specific conditions (pH, temperature, redox, external condi-
tions) [180–182]. Polymer-based NCs can be formulated as
nanospheres and nanocapsules. The former design is a rigid
construct with an insoluble polymeric matrix as a core; the
corona shell is mostly a polymer providing stealth properties.
API(s) can be directly grafted onto the polymer backbone,
attached onto the surface or embedded within the matrix.
In the case of nanocapsules, the inner core is a liquid phase

Fig. 18 (a) Various features in the form of a multifunctional LP used as a targeted DDS (reproduced with permission from [127]). (b) TEM micrograph of
magnetoliposomes based on SPION-loaded LPs for T2-weighted MRI (black bars represent 100 nm) (reproduced with permission from [164]). (c) Chemical
structure of iodinated phospholipids involved in the lipid bilayer of iodoliposomes for X-ray imaging (reproduced with permission from [20]).
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surrounded by a rigid crosslinked polymeric membrane
formed by cross-l inking (such as Pluronic®/PEG
nanocapsules [183]). Such NCs are usually employed for
drug encapsulation [181–188]. Many iodinated polymers
were investigated for X-ray imaging [189, 190].
Nanospheres were also used to embed SPIONs for MRI
[191] (Fig. 21c) as well as for bimodal imaging with X-ray/
MRI [87, 192]. Hybrids with polymers, SPIONs and gold
NPs were also reported; in such cases, the SPIONs and gold
NPs were not embedded in a polymeric matrix but rather
were coated to yield a nanocomposite design with very good
magnetic and radiopaque properties for MRI [193, 194].

Lipoproteins

LPPs are naturally inspired NPs based on a lipid-protein sys-
tem made of a phospholipid inner part for a hydrophobic
payload and proteins as an outer corona layer. Natural en-
dogenous LPPs can be low-density (LDL) (18–25 nm) or high-
density (HDL) (5–12 nm) types of LPPs and can transport
poorly water-soluble compounds such as lipids and

cholesterol through the bloodstream. Chylomicrons and very
low density LPPs (VLDL) are also biological LPPs involved in
lipid transportation. Chylomicrons are the largest LPPs with
a mean size of approximately 1000 nm. VLDLs are produced
by the liver and may be turned into LDL. The study of LPPs
was a huge breakthrough for the understanding of cholesterol
metabolism. Their differences in mean diameter and compo-
sition (Fig. 22a) cause LDL and HDL to have specific phar-
macokinetic profiles: LDLs are suited for cancer targeting,
whereas HDLs are more suitable to across limited access
areas, such as endothelial lining and underlying tissue.
HDLs have been identified as promising for cancer cell up-
take [195, 196]. Both LPPs were already used for CA encap-
sulation, such as X-ray and fluorescence imaging via gold
NP-loaded LDLs with dye-labeled surfaces. They were also
used in a magnetically driven anticancer drug-loaded HDL-
based DDS for T2-weighted MRI, as illustrated in Fig. 22(b
and c) [197, 198]. Cormode et al. [199] also showed that
HDLs were an outstanding nanoscale imaging platform for
improved visualization of atherosclerosis and cancer-related
processes.

Fig. 19 (a) Fields of biomedical
applications of DEs. (b) PANAM
DEs with (b1) 3, (b2) 4 and (b3) 5
generations (reproduced with per-
mission from [167]).
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Fig. 21 (a) Polymeric micelles self-assembling to yield micelles with (blue star) an API (1) solubilized inside the core, (2) linked to lipophilic moieties, (3) covalently
conjugated to lipophilic moieties and (4) linked to hydrophilic moieties (reproduced with permission from [30]). (b) PNPs designed as (b1) nanocapsules and (b2)
nanospheres. (c) Fe3O4/PMMA nanocomposite TEM micrographs (reproduced with permission from [177]).

Fig. 20 (a) Examples of (a1) iodinated oils formulated into NEs and (a2) schematic representation of iodinated nanodroplets (reproduced with permission from
[175]). (b) Dual-modal NE droplet for use as a T2-weighted MRI and optical imaging contrast enhancer probe including iron oxide in its core and cyanine 5.5
(Cy5.5) as both a fluorescent dye and decorating moiety(reproduced with permission from [176]).
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Since all the NCs previously described have already been
employed to transport either contrasting and therapeutic
agents, determining the best NCs for a specific application
requires review of their inherent advantages and limitations,
which are provided in Table VI:

CONCLUSION

An overview of the main imaging techniques was presented.
Considering their characteristics, it appears that X-ray scanner

andMRIwere the twomost popular instruments for noninvasive
diagnosis purposes. Huge developments have led them to the top
of their capacities to yield high resolution images with comple-
mentary data. Therefore, organ, lesion, interstitial fluid and skel-
etal imaging are feasible without any depth penetration limit.
Additionally, contrast-enhancing agents are being optimized
and are moving forward towards nanotechnology to cope with
the adverse effects and limitations of current blood-pool probes.
Novel and appealing contrast-enhancing formulations are con-
sequently introduced to the clinic owing to extensive research at
the preclinical stages. NPs and NCs thus represent a wide family

Table VI Advantages and Drawbacks of Typical Lipid-Based NCs Dedicated as DDS and CA Carriers

NCs Advantages Limitations

LPs Biocompatible, biodegradable, very versatile
(multifunctionality, tailorable)

API leakage from aqueous core, low stability, difficult purification

DEs Well-structured, high anchoring ability, biocompatible, stable Low yield for large DE production, expensive to produce,
elimination routes still unclear

NEs Stable over several months, improves the pharmacokinetics of
poorly water-soluble compounds, biodegradable, high
payload capacity

Ostwald ripening destabilization, high amount of surfactant,
expensive to produce

Micelles High loading capacity, stimuli-responsive, spontaneous formation
upon reaching the CMC, cost-effective production

Disassembly upon dilution, fast drug release

Nanospheres,
Nanocapsules

Inert to biological tissues, easy to prepare, loading of various
compounds, no leakage

Not always made of biodegradable polymer, aggregation,
lack of knowledge about their in vivo fate

LPPs Biocompatibility, mimicking natural biological entity, coloading,
low toxicity

Loading of hydrophobic compounds, limited number of
formulation techniques, difficult purification process

Fig. 22 (a) Composition of LDL and HDL. (b) Schematic representation of a multifunctional HDL theranostic probe containing SPIONs for MRI T2-weight
contrast enhancement and valrubicin as an anticancer drug. (c) (c1) Schematic structure of radiopaque gold NP-labeled LDL with fluorescent dyes on the surface,
(c2) (Left) TEM micrograph and (right) in vivo X-ray investigation of the tumor mouse model after administration of these bimodal LDL probes (reproduced with
permission from [197, 199]).
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of nanovehicles of APIs. These smart andmultifunctional colloids
are becoming the next generation of probes for all imaging in-
struments. Their versatile designs are key to extending beyond
current limits and further into the field of theranostics and
nanomedicine.
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