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Optical Small animal imaging in the drug discovery process

Molecular imaging of tumors in preclinical models is of the utmost importance for developing innovative cancer treatments. This field is moving extremely rapidly, with recent advances in optical imaging technologies and sophisticated molecular probes for in vivo imaging.

The aim of this review is to provide a succinct overview of the imaging modalities available for rodents and with focus on describing optical probes for cancer imaging.
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ABBREVIATIONS:

CT: X-ray computed tomography; MRI: magnetic resonance imaging; PET: positron emission tomography; SPECT: single photon emission computed tomography; 18 F: fluorine--18, 15 O: oxygen-15, 13 N: nitrogen-13; 11 C: carbon-11, 123 I: iodide-123, 125 I: iodide-125, 99 mTc: technitium-99m; NIR: near-infrared; BLI: bioluminescence; 2D-FRI: two-dimension fluorescence reflectance imaging; GFP: green fluorescent protein; CCD: charge-coupled device; FMT: fluorescence molecular tomography; FDOT: fluorescence diffuse optical tomography; EGF: epidermal growth factor; EGFR: EGF Receptor; HER-2: epidermal growth factor receptor 2; RGD: Arg-Gly-Asp peptide; RAFT: regioselectively addressable functionalized template; cRGD: cyclic RGD; SNR: signal-to-noise ratio; ICG: indocyanine green; MMP: matrix metalloproteinases; AOMK: acyloxymethyl ketone; RTK: receptor tyrosine kinase; EPR: enhanced permeability and retention; ROS: reactive oxygen species; uPA: urokinase plasminogen activator; uMUC-1: underglycolated mucin 1; siRNA: small interfering RNA; PAT: Process Analytical Technologies

I/ INTRODUCTION

Molecular imaging can be used as a non-invasive means to evaluate pathophysiological processes, such as cancer, in rodents. Indeed, these techniques provide real-time information for early diagnosis, allow longitudinal follow-up of tumor development, and facilitate studies of therapeutic activity and antitumor efficacy of new anti-cancer drugs. Because drug development is an expensive and complicated process with an extremely slim chance of success for any given molecule, molecular imaging can play an important role in drug discovery in the laboratory, during the translation phase from in vitro assays to preclinical systems, and eventually in evaluating the biodistribution, pharmacokinetics and biological activity of potentially therapeutics molecules [START_REF] Baker | Whole-animal imaging: The whole picture[END_REF].

These applications necessitate the generation of suitable imaging devices and imaging probes. This review presents the most commonly used methods for small animal imaging. We will focus mainly on optical imaging techniques and probes that are actively being developed for their sensitivity, inherent biological safely, and relative ease of use (see Table 1). In addition, we will present the translation of novel optical devices, methods and techniques into the clinic, which are areas of increased interest.

II/ COMMONLY USED SMALL ANIMAL IMAGING TECHNOLOGIES 1/ X-ray computed tomography (CT)

CT is very commonly used on human patients, but until recently its application in rodents has been limited by its spatial resolution. X-rays are absorbed to varying degrees by different biological tissues. Recently, micro-CT devices have been developed to image rodents with a spatial resolution ranging from 10-100 µm [START_REF] Holdsworth | Micro-CT in small animal and specimen imaging[END_REF]. Micro-CT is a powerful and cost-effective method for imaging soft-tissue structures, skeletal abnormalities and tumors. Micro-CT systems provide excellent sensitivity for skeletal tissue (Table 1).

2/ Magnetic resonance imaging (MRI)

MRI is another standard method of clinical imaging, and recent improvements and adaptations have expanded its use to specialized animal facilities. 1 H-MRI is based on the fact that when a sample lying within a magnetic field is subjected to a radio-frequency pulse its protons absorb energy and generate a detectable signal during the relaxation phase. The strength of the signal is a function of the number of protons. The relaxation process can be described by two fundamental rate constants: T1 (longitudinal relaxation) and T2 (transverse relaxation) [START_REF] Cassidy | Molecular imaging perspectives[END_REF]. The sensitivity of this method is low (mM concentrations) but its spatial resolution is extremely good (µm). MRI is very useful for detecting tumors and measuring morphologic parameters. Because there is no damaging radiation, multiple imaging sessions can be performed safely, allowing longitudinal follow-up of tumor growth. Finally, contrast agents influencing either the T1 or T2 relaxation time constants are being developed to allow functional imaging [START_REF] Louie | Design and characterization of magnetic resonance imaging gene reporters[END_REF][START_REF] Barrett | Macromolecular MRI contrast agents for imaging tumor angiogenesis[END_REF][START_REF] Beaumont | Characterization of tumor angiogenesis in rat brain using iron-based vessel size index MRI in combination with gadolinium-based dynamic contrast-enhanced MRI[END_REF][START_REF] Cuenod | Tumor angiogenesis: pathophysiology and implications for contrast-enhanced MRI and CT assessment[END_REF].

3/ PET and SPECT

Positron emission tomography (PET) requires the use of radioactive isotopes that emit positrons, such as 18 F, 15 O, 13 N, and 11 C [START_REF] Levin | Primer on molecular imaging technology[END_REF], while SPECT (single photon emission computed tomography) uses tracers that emit gamma ray or high-energy X-ray photons, such as 123 I, 125 I, and 99m Tc. Positrons move a short distance through tissues, losing energy as they collide with other molecules, and eventually combine with electrons ("annihilation"), producing two highenergy gamma rays or photons traveling outward and in opposite directions. In SPECT, a single photon per event is directly emitted, and this photon interacts with electrons and nuclei of nearby atoms within the tissue. Unlike positrons, these energetic photons do not "slow down" but are attenuated. Because there is only one photon per event, electronic collimation is not possible, and a physical collimator must be added. Sensitivities are on the order of 10 - 14 -10 -15 M for PET and 10 -14 M for SPECT, and spatial resolution can reach 1.3 mm for PET and is sub-millimetric for SPECT [START_REF] Chatziioannou | Performance evaluation of microPET: a highresolution lutetium oxyorthosilicate PET scanner for animal imaging[END_REF]. PET and SPECT give information about physiological functions at the molecular level and are thus well suited to monitoring many vital processes, such as glucose metabolism, blood flow and perfusion, receptor-ligand binding rates, and oxygen utilization.

4/ Optical imaging

Optical imaging is based on the detection of light passing through the tissues. Several major obstacles must be resolved for optical imaging, including surface reflectance, absorption, scattering (deviation of the photon from its original path) and autofluorescence. Absorption and autofluorescence are important factors in fluorescence imaging in the visible wavelengths (400-650 nm) but are less problematic in the near-infrared (NIR) (650-900 nm). Above 900 nm, however, water absorption is an issue because it prevents deep penetration of the light.

Absorption is affected by the thickness and optical properties of the tissues. The body heterogeneity will compromise the linearity of measurements. In vivo, scattering of far-red photons affects the spatial resolution, which is dependent on the depth of observation. Spatial resolution is mainly affected by an animal's skin, which reflects light, but intravital microscopy greatly improves the resolution [START_REF] Baker | Whole-animal imaging: The whole picture[END_REF].

Light can be produced in live animals by two main types of reaction: bioluminescence (BLI) and fluorescence (for reviews see [START_REF] Welsh | Bioluminescence imaging in living organisms[END_REF][START_REF] Bremer | Optical-based molecular imaging: contrast agents and potential medical applications[END_REF]). BLI is based on the self-emission of green to yellow light due to the oxidation of luciferin in the presence of luciferase enzymes (Firefly, Renilla, Aequoria…). BLI has minimal background signal and an excellent signal-to-noise ratio (SNR). Acquisition times range from seconds to minutes. Two-dimensional fluorescence reflectance imaging (FRI) uses fluorescent probes to produce detectable signals (Fig. 1). In FRI, the sample is submitted to an NIR light (excitation) that can be absorbed by the fluorescent probe, which then emits light (fluoresces) at a longer wavelength as it returns from an excitated electronic state to its ground level. The probe could be a protein (e.g., green fluorescent protein (GFP) or DsRed) present in genetically modified animals or cells or an exogenous fluorophore. Because these fluorescent proteins are not excitable in the far-red or NIR spectrum, but only in the 450-650 nm window, they are not well adapted to whole-body small animal imaging, and their detection is limited by depth (typically 1-2 mm). In contrast, some other fluorophores (such as cyanines, quantum dots, and lanthanides) can be exited in the far-red window, allowing deeper detection (typically 1-2 cm). Sensitivity is very good (10 -12 M), spatial resolution varies from 100 µm in vitro to 2 mm in vivo and temporal resolution is in the range of milliseconds to seconds. However, 2D-FRI is highly surface-weighted, and quantification is at best semi-quantitative.

Recent development of 2D-FRI may allow its application in the clinic for improving cancer surgery. The Fluobeam ® system (Fluoptics, Grenoble, France) uses a laser and small chargecoupled device (CCD) camera within a portable 2D-FRI system. It can function under the normal light of an operating room [START_REF] Kéramidas | Intraoperative near-infrared image-guided surgery of peritoneal carcinomatosis in a preclinical mouse model[END_REF]. Another intraoperative device, the FLARE system (fluorescence-assisted resection and exploration), has already been used in pre-clinical trials [START_REF] Troyan | The FLARE() Intraoperative Near-Infrared Fluorescence Imaging System: A First-in-Human Clinical Trial in Breast Cancer Sentinel Lymph Node Mapping[END_REF][START_REF] Nakayama | Functional near-infrared fluorescence imaging for cardiac surgery and targeted gene therapy[END_REF][START_REF] Frangioni | New technologies for human cancer imaging[END_REF].

Because of problems with absorption and autofluorescence, deep and absorbing tissues like lung, spleen or liver cannot be investigated non-invasively using 2D-FRI. Imaging these tissues requires the use of fluorescence molecular tomography (FMT) [START_REF] Ntziachristos | In vivo tomographic imaging of near-infrared fluorescent probes[END_REF]. FMT provides 3D volumetric imaging, true quantification independent of depth, tissue optical properties and heterogeneity, and augmentation of the contrast by reducing the autofluorescence. Detecting deep events requires transillumination to avoid autofluorescence [START_REF] Koenig | In vivo mice lung tumor follow-up with fluorescence diffuse optical tomography[END_REF]. Transillumination can be done using a simple optical bench adapted to continuous wave acquisitions [START_REF] Silva | From bench-top small animal diffuse optical tomography towards clinical imaging[END_REF][START_REF] Ntziachristos | Fluorescence molecular tomography resolves protease activity in vivo[END_REF][START_REF] Montet | Tomographic fluorescence mapping of tumor targets[END_REF]. The mouse is scanned with an NIR laser light, and the transmitted and emitted fluorescence are recorded allowing construction of a 3-D fluorescence map. Deeper imaging can be obtained using time-resolved imaging. Deeper imaging necessitates the use of expensive femtosecond pulsed lasers and must be used in the time-resolved FDOT mode. Briefly, this process calculates and analyzes the time that each photon travels, whereas the photons are "simply" captured by the CCD as they arrive in continuous acquisition. This method will soon be transferred to the clinic for imaging deep events [START_REF] Boutet | Bimodal ultrasound and fluorescence approach for prostate cancer diagnosis[END_REF]. Recent work suggests that a fluorescent signal can be obtained in samples 2 to 5-cm thick, which could be sufficient, for example, for prostate imaging.

III/ FLUORESCENT OPTICAL PROBES

As mentioned above, optical imaging of small animals requires the use of imaging devices and of fluorescent probes adapted to functional imaging. Several types of probes can be classified into three different categories, as summarized by R Weilssleider [START_REF] Weissleder | Shedding light onto live molecular targets[END_REF]. The simplest probes are usually large molecules that remain in circulation in the blood and can provide information about physiological processes, such as changes in blood volume, perfusion and angiogenesis. The second probe category targets a specific molecule, including receptors for somatostatin, epidermal growth factor (EGF), integrins, folate, or antigen-targeted antibodies, and can be used to visualize pathological tissues and/or monitor the expression level of a target. The third group of probes is composed of "smart-probes" that undergo a change in optical properties when in contact with their targets (Fig. 2). These activatable probes are well adapted for detecting thio-reductases, proteases, such as matrix metalloproteinases (MMPs), cathepsins, caspases, or other enzymes and physicochemical parameters. In this chapter, we will focus on "targeted" and "activatable" probes; finally, we will describe the use of nanoparticles as optical imaging tools.

1/ Receptor-targeted probes

Early diagnostics and image-guided tumor surgery are two key objectives of optical imaging.

Kobayashi and colleagues developed several activatable probes and multicolor and multimodality imaging systems to enhance surgical outcomes. They demonstrated the feasibility of simultaneous visualization of two fluorophores using either a transfected cell line and an anti-HER2 antibody coupled with rhodamine G, or two antibodies labeled with two different fluorophores [START_REF] Longmire | Multicolor in vivo targeted imaging to guide real-time surgery of HER2-positive micrometastases in a two-tumor coincident model of ovarian cancer[END_REF][START_REF] Ogawa | In vivo target-specific activatable near-infrared optical labeling of humanized monoclonal antibodies[END_REF][START_REF] Ogawa | In vivo molecular imaging of cancer with a quenching near-infrared fluorescent probe using conjugates of monoclonal antibodies and indocyanine green[END_REF]. The next stage of development for this technique will concern the fluorophores themselves, as only one compound, indocyanin green (ICG), is currently approved for medical use.

Probes containing the Arg-Gly-Asp motif (RGD) have been intensively developed to follow expression of integrin  v  3 [START_REF] Chen | In vivo near-infrared fluorescence imaging of integrin alphavbeta3 in brain tumor xenografts[END_REF], a protein that is expressed by the neo-endothelial cells that form tumor blood vessels and is also frequently overexpressed on tumor cells themselves, such as in lung cancers [START_REF] Chen | Integrin alpha v beta 3-targeted imaging of lung cancer[END_REF][START_REF] Sato | Vascular integrin beta 3 and its relation to pulmonary metastasis of colorectal carcinoma[END_REF], melanomas [START_REF] Gehlsen | Integrin expression in human melanoma cells with differing invasive and metastatic properties[END_REF][START_REF] Seftor | Role of the alpha v beta 3 integrin in human melanoma cell invasion[END_REF], brain tumors [START_REF] Gladson | Glioblastoma expression of vitronectin and the alpha v beta 3 integrin. Adhesion mechanism for transformed glial cells[END_REF] or breast cancers [START_REF] Rolli | Activated integrin alphavbeta3 cooperates with metalloproteinase MMP-9 in regulating migration of metastatic breast cancer cells[END_REF].

Because of the extraordinary potential of RGD derivatives as tumor-targeting ligands, several teams have developed probes with improved receptor specificity and affinity. The first example, c(-RGDf[NMe]V), known as cilengitide, was developed through extensive work by Kessler and colleagues and has entered phase II trials for patients with glioblastoma. More recently, this group designed new molecules that could be even more specific and are capable of recognizing the  v  3 or  5  1 integrins [START_REF] Heckmann | Probing integrin selectivity: rational design of highly active and selective ligands for the alpha5beta1 and alphavbeta3 integrin receptor[END_REF]. RGD utility has also been greatly improved with the construction of scaffolds or polymers that allow multimeric presentation of the RGD triad. For example, our group developed a scaffold containing four copies of c(-RGDfK-) and compared its specificity in vitro and in vivo as well as its accumulation in tumors in  v  3positive tumor-bearing mice. The tetrameric RGD-probe showed a better affinity toward  v  3 , improved active internalization into the target cells and an augmented SNR in vivo compared to the monomeric molecule [START_REF] Boturyn | Template assembled cyclopeptides as multimeric system for integrin targeting and endocytosis[END_REF][START_REF] Sancey | Clustering and internalization of integrin alphavbeta3 with a tetrameric RGD-synthetic peptide[END_REF][START_REF] Jin | In vivo optical imaging of integrin alphaV-beta3 in mice using multivalent or monovalent cRGD targeting vectors[END_REF][START_REF] Jin | Noninvasive optical imaging of ovarian metastases using Cy5-labeled RAFT-c(-RGDfK-)4[END_REF][START_REF] Sancey | In vivo imaging of tumour angiogenesis in mice with the alpha(v)beta (3) integrin-targeted tracer 99mTc-RAFT-RGD[END_REF][START_REF] Sancey | Drug development in oncology assisted by noninvasive optical imaging[END_REF]. Because of their specific targeting properties, RGD probes can be used to monitor the efficacy of an anti-integrin or anti-angiogenic treatment non-invasively and in real time, as demonstrated in an orthotopic glioblastoma model [START_REF] Hsu | In vivo near-infrared fluorescence imaging of integrin alphavbeta3 in an orthotopic glioblastoma model[END_REF]. In our laboratory, we also showed the utility of visualizing the multimeric RAFT-cRGD molecule using the portable intraoperative Fluobeam ® imaging device to improved the quality and outcome of tumor surgery (Fig. 1) [START_REF] Kéramidas | Intraoperative near-infrared image-guided surgery of peritoneal carcinomatosis in a preclinical mouse model[END_REF].

Monitoring the efficacy of recently developed anti-EGF receptor (EGFR) cancer treatments is of the utmost importance. To assess EGF binding/anti-EGF treatments efficacy and cell viability, anti-EGFR coupled with IRDye® 800 CW (LI-COR, NIR800) and annexin-V coupled with IRDye® 700DX (LI-COR, NIR700) were used to follow EGFR expression in colorectal tumors-bearing mice [START_REF] Manning | Molecular imaging of therapeutic response to epidermal growth factor receptor blockade in colorectal cancer[END_REF]. This study showed that anti-EGF-NIR800 accumulated more actively in tumors expressing high levels of EGFR and, annexin-V-NIR700 staining intensity was elevated in sensitive tumors treated with cetuximab compared to control groups.

These imaging approaches may prove useful for serial, noninvasive monitoring of the biological effects of EGFR inhibition in preclinical studies and may also be adapted for clinical use. As described for cRGD, cyanine 5.5-labeled cetuximab has also been used to improve tumor resection and margin prevention in head and neck carcinomas [START_REF] Rosenthal | Use of fluorescent labeled anti-epidermal growth factor receptor antibody to image head and neck squamous cell carcinoma xenografts[END_REF].

2/ Activatable molecules for fluorescent imaging

Optical imaging is the method of choice for functional, real-time, in vivo monitoring because it provides an "easy" approach for measuring enzymatic activities, thus enabling researchers to follow, for example, the activation of signal transduction pathways, target gene expression and drug-target interactions [START_REF] Raymond | Smart optical probes for near-infrared fluorescence imaging of Alzheimer's disease pathology[END_REF]. It also allows the in vivo analysis of drug efficacy and pharmacodynamic properties.

Several proteases are overexpressed or activated during cancer progression and are thus attractive targets for the so-called "smart" probes, also known as activatable molecules (Fig. 2). Activatable means that a change in signal intensity or wavelength can be detected in response to the interaction of the probe with its target [START_REF] Ntziachristos | Fluorescence molecular tomography resolves protease activity in vivo[END_REF][START_REF] Pierce | Optical contrast agents and imaging systems for detection and diagnosis of cancer[END_REF]. Activatable molecules have several advantages, including minimal non-specific background and improved contrast in the targeted organ [START_REF] Raymond | Smart optical probes for near-infrared fluorescence imaging of Alzheimer's disease pathology[END_REF][START_REF] Ogawa | Dual-modality molecular imaging using antibodies labeled with activatable fluorescence and a radionuclide for specific and quantitative targeted cancer detection[END_REF][START_REF] Elias | In vivo imaging of cancer biomarkers using activatable molecular probes[END_REF]. Proteases were the first enzymes to be targeted in this way, as described for cathepsins (cathepsin B and cathepsin D for cancer progression and cathepsin K for the detection of osteoclasts), caspases-1 and -3 (indicators of apoptosis) and MMPs 2, -7, -9, and -14 (inflammation and cancer) [START_REF] Weissleder | Shedding light onto live molecular targets[END_REF][START_REF] Bremer | Optical-based molecular imaging: contrast agents and potential medical applications[END_REF][START_REF] Figueiredo | Near infrared thoracoscopy of tumoral protease activity for improved detection of peripheral lung cancer[END_REF][START_REF] Blum | Noninvasive optical imaging of cysteine protease activity using fluorescently quenched activitybased probes[END_REF]. Because the signals produced by these probes are a direct function of their biological activity, smart probes can be used to measure the activity of a drug on its target [START_REF] Zhou | Intravital Imaging of Tumor Apoptosis with FRET Probes During Tumor Therapy[END_REF][START_REF] Sierra | Animal models of breast cancer for the study of pathogenesis and therapeutic insights[END_REF][START_REF] Ripoll | Investigating pharmacology in vivo using magnetic resonance and optical imaging[END_REF][START_REF] Torigian | Functional imaging of cancer with emphasis on molecular techniques[END_REF][START_REF] Scherer | Optical imaging of matrix metalloproteinase-7 activity in vivo using a proteolytic nanobeacon[END_REF].

One of the first NIR activatable probes, described by Weissleder and colleagues, is a polymer of poly-L-lysine and methoxypolyethylene glycol succinate [START_REF] Weissleder | In vivo imaging of tumors with protease-activated near-infrared fluorescent probes[END_REF]. This probe has a long circulation time, and its fluorescence is quenched in the presence of a high concentration of fluorescent molecules. A detectable NIR signal is (re)-generated when these self-quenched molecules are digested by lysosomal proteases after internalization in the target tumor cells, allowing the detection of sub-millimeter-sized nodules. A similar strategy was used to detect cathepsin B, K, L, and S in cardiac pathologies [START_REF] Nahrendorf | Dual channel optical tomographic imaging of leukocyte recruitment and protease activity in the healing myocardial infarct[END_REF] and image cancer in mouse model of adenoma of the gastrointestinal track [START_REF] Zhang | Biochromoendoscopy: molecular imaging with capsule endoscopy for detection of adenomas of the GI tract[END_REF], or rhabdomyosarcoma [START_REF] Kossodo | Dual In Vivo Quantification of Integrin-targeted and Protease-activated Agents in Cancer Using Fluorescence Molecular Tomography (FMT)[END_REF].

In vivo monitoring of apoptosis is also of great interest. Using a self-quenched caspaseactivatable peptide (TcapQ647), Bullok et al. measured in vivo apoptosis that was induced by bacterial infection. Activation of the probe was confirmed by ex-vivo TUNEL analysis of the tissues and by detection of activated caspase-3 [START_REF] Bullok | Biochemical and in vivo characterization of a small, membrane-permeant, caspase-activatable far-red fluorescent peptide for imaging apoptosis[END_REF]. However, good enzymatic specificity is still an issue facing this technique. For example, it is difficult to design a caspase-specific probe that has low cross-reactivity for cathepsins or legumain. To circumvent this problem, Edgington and colleagues developed NIR activity-based molecules that form permanent covalent bonds with target proteases, based on acyloxymethyl ketone (AOMK) probes. These probes can be used to monitor early stages of apoptosis using whole-body, noninvasive optical imaging, as demonstrated in human colorectal tumors-bearing mice [START_REF] Edgington | Noninvasive optical imaging of apoptosis by caspase-targeted activity-based probes[END_REF].

The search for new drugs capable of inhibiting receptor tyrosine kinases (RTK) such as EGFR is currently a major issue for cancer treatment. To assess drug efficiency against EGFR, a novel bioluminescent-based approach using a bifragment luciferase reconstitution system was recently reported [START_REF] Li | Noninvasive imaging and quantification of epidermal growth factor receptor kinase activation in vivo[END_REF]. EGFR and its interacting partner proteins were fused to the NH2-and COOH-terminal fragments of firefly luciferase. This method allowed the identification and quantification of EGFR activation in mice before and after anti-EGFR treatments, such as gefitinib or radiotherapy. This technique is a promising tool that could enhance the preclinical evaluation of novel RTK-targeted therapeutics.

Other activatable compounds have been developed to target viable cancer cells. Urano et al.

made a pH-activatable probe coupled to the anti-HER-2 monoclonal antibody trastuzumab. In mice bearing subcutaneous tumors, the probe was highly specific for HER-2-positive tumors with a minimal background signal. Because the energy-consuming proton pumps maintain an acidic pH in lysosomes, only viable HER-2-positive cancer cells showed a high signal [START_REF] Urano | Selective molecular imaging of viable cancer cells with pH-activatable fluorescence probes[END_REF].

The intracellular redox environments of viable cells can also be used to design probes in which fluorescence will be released after rupture of a disulfide bridge during following internalization. Our group used this method to design RGD-based targeted probes that allow the tracking of a pro-apoptotic toxic peptide released within the target cells [START_REF] Foillard | Targeted delivery of activatable fluorescent pro-apoptotic peptide into live cells[END_REF][START_REF] Jin | In vivo noninvasive optical imaging of receptor-mediated RGD internalization using self-quenched Cy5-labeled RAFT-c(-RGDfK-)(4)[END_REF][START_REF] Razkin | Activatable fluorescent probes for tumour-targeting imaging in live mice[END_REF][START_REF] Texier-Nogues | Activatable probes for non-invasive small animal fluorescence imaging[END_REF].

3/ Nanoparticles developed for in vivo applications

During the last few years, a wide variety of nanoparticles were developed as contrast agents for in vivo fluorescence imaging applications. Due to their size, these particles offer new structural and optical properties. They have better signal intensity than organic fluorophores, enabling detection of weakly expressed targeted biomarkers. In addition, because of their relatively large surface area, nanoparticles can accommodate multiple probes, enabling multivalent targeting of several biomarkers and thus increasing the affinity of each individual probe. All of these properties make nanoparticles good candidates for biomedical imaging, therapeutic applications or a combination of both (theranostics).

Quantum dots (QDs) are the most extensively described and studied nanoparticles [START_REF] Dubertret | In vivo imaging of quantum dots encapsulated in phospholipid micelles[END_REF][START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF][START_REF] Cai | Peptide-labeled near-infrared quantum dots for imaging tumor vasculature in living subjects[END_REF][START_REF] Kim | Near-infrared fluorescent type II quantum dots for sentinel lymph node mapping[END_REF][START_REF] Soltesz | Intraoperative sentinel lymph node mapping of the lung using near-infrared fluorescent quantum dots[END_REF][START_REF] Parungo | Sentinel lymph node mapping of the pleural space[END_REF][START_REF] Parungo | Intraoperative identification of esophageal sentinel lymph nodes with near-infrared fluorescence imaging[END_REF][START_REF] Ballou | Sentinel lymph node imaging using quantum dots in mouse tumor models[END_REF][START_REF] Cai | Preparation of peptide-conjugated quantum dots for tumor vasculature-targeted imaging[END_REF][START_REF] Kobayashi | Multicolor imaging of lymphatic function with two nanomaterials: quantum dot-labeled cancer cells and dendrimer-based optical agents[END_REF].

These small nanocrystals are made of semiconductive material and have an emission color that can be precisely tuned by adjusting their composition and size [START_REF] Bentolila | Quantum dots for in vivo small-animal imaging[END_REF]. They can thus be used across a wide spectrum, from the ultraviolet to the NIR and are also photostable and extremely bright [START_REF] Mahler | Towards nonblinking colloidal quantum dots[END_REF]. Recently, QDs were also encapsulated in phospholipid micelles to image tumors [START_REF] Carion | Synthesis, encapsulation, purification and coupling of single quantum dots in phospholipid micelles for their use in cellular and in vivo imaging[END_REF][START_REF] Papagiannaros | Quantum dots encapsulated in phospholipid micelles for imaging and quantification of tumors in the near-infrared region[END_REF]. The encapsulation of QDs enhanced their biodistribution and their passive accumulation in tumors. Various nanoparticles have also been developed for in vivo fluorescence imaging applications: these nanoparticles include gold nanoparticles [START_REF] Aaron | Plasmon resonance coupling of metal nanoparticles for molecular imaging of carcinogenesis in vivo[END_REF][START_REF] Puvanakrishnan | Near-infrared narrow-band imaging of gold/silica nanoshells in tumors[END_REF],

hybrid nanoparticles [START_REF] Faure | Control of the in vivo biodistribution of hybrid nanoparticles with different poly(ethylene glycol) coatings[END_REF][START_REF] Chen | Quantum dots-based immunofluorescence technology for the quantitative determination of HER2 expression in breast cancer[END_REF][START_REF] Yang | Folate receptor-targeted quantum dot liposomes as fluorescence probes[END_REF][START_REF] Yang | Solution-processable phosphorescent to organic light-emitting diodes based on chromophoric amphiphile/silica nanocomposite[END_REF], C dots [START_REF] Burns | Fluorescent silica nanoparticles with efficient urinary excretion for nanomedicine[END_REF], lipid nanoparticles [START_REF] Texier | Cyanine-loaded lipid nanoparticles for improved in vivo fluorescence imaging[END_REF], liposomes [START_REF] Weng | Targeted tumor cell internalization and imaging of multifunctional quantum dot-conjugated immunoliposomes in vitro and in vivo[END_REF], polymeric nanoparticles [START_REF] Almutairi | Biodegradable dendritic positron-emitting nanoprobes for the noninvasive imaging of angiogenesis[END_REF][START_REF] Yang | Molecular imaging of pancreatic cancer in an animal model using targeted multifunctional nanoparticles[END_REF], and biodegradable luminescent porous silicon nanoparticles [START_REF] Park | Biodegradable luminescent porous silicon nanoparticles for in vivo applications[END_REF].

Several applications have been developed using these new contrast agents. In 2004, Kim et al. demonstrated that QDs translocated to sentinel lymph nodes after intra-dermal injection, likely due to a combination of passive flow in lymphatic vessels and active migration of dendritic cells that had engulfed the nanoparticles [START_REF] Kim | Near-infrared fluorescent type II quantum dots for sentinel lymph node mapping[END_REF]. This application could have a great clinical impact, enabling surgeons to rapidly identify and excise draining lymph nodes from tumors for staging cancer using optical guided surgery [START_REF] Pic | Fluorescence Imaging and Whole-Body Biodistribution of Near-Infrared-Emitting Quantum Dots after Subcutaneous Injection for Regional Lymph Node Mapping in Mice[END_REF]. The major limitation of QDs is their possible toxicity, which thus far precludes their use in humans. A recent study found no appreciable toxicity of QD, even after their breakdown in vivo [START_REF] Hauck | In vivo quantumdot toxicity assessment[END_REF]; however, because of their different chemical formulations and nanoparticle structures, the absence of toxicity of each type of QD, as well as that of each of its byproducts, must be very carefully investigated.

Currently, this technique has been used to localize various cancers in animal models, including subcutaneous tumors [START_REF] Ballou | Noninvasive imaging of quantum dots in mice[END_REF], lungs [START_REF] Soltesz | Intraoperative sentinel lymph node mapping of the lung using near-infrared fluorescent quantum dots[END_REF][START_REF] Parungo | Sentinel lymph node mapping of the pleural space[END_REF], esophagus [START_REF] Parungo | Intraoperative identification of esophageal sentinel lymph nodes with near-infrared fluorescence imaging[END_REF], and head and neck [START_REF] Kobayashi | Multicolor imaging of lymphatic function with two nanomaterials: quantum dot-labeled cancer cells and dendrimer-based optical agents[END_REF].

The key challenge for in vivo imaging applications is to develop nanoparticles with an optimized biodistribution. Several studies have shown the particular importance of particle size, PEGylation and surface coating. These properties affect the mean of accumulation in and elimination from tumors through the enhanced permeability and retention (EPR) effect (Fig. 3) [START_REF] Faure | Control of the in vivo biodistribution of hybrid nanoparticles with different poly(ethylene glycol) coatings[END_REF][START_REF] Ballou | Noninvasive imaging of quantum dots in mice[END_REF][START_REF] Schipper | Particle size, surface coating, and PEGylation influence the biodistribution of quantum dots in living mice[END_REF]. Indeed, during tumor-induced angiogenesis, blood vessels are abnormal and present large pores, allowing the extravasation of macromolecules up to 400 nm in size, that can accumulate in the tumor microenvironment [START_REF] Maeda | Tumor vascular permeability and the EPR effect in macromolecular therapeutics: a review[END_REF]. This EPR effect has inspired the development of a variety of nanoparticles to treat and image tumors. Several groups have studied the biodistribution of hydrophobically modified glycol chitosan nanoparticles loaded with cisplatin, camptothecin or paclitaxel by in vivo NIR imaging [START_REF] Kim | Antitumor efficacy of cisplatin-loaded glycol chitosan nanoparticles in tumor-bearing mice[END_REF][START_REF] Min | Hydrophobically modified glycol chitosan nanoparticlesencapsulated camptothecin enhance the drug stability and tumor targeting in cancer therapy[END_REF][START_REF] Saravanakumar | Hydrotropic oligomer-conjugated glycol chitosan as a carrier of paclitaxel: synthesis, characterization, and in vivo biodistribution[END_REF]. These groups have found a passive but specific accumulation in subcutaneous tumors due to the EPR effect, as well as increased effectiveness of encapsulated drugs compared to free drugs.

To improve the tumor targeting selectivity, specific ligands can be grafted onto the surface of nanoparticles. Again, one of the most commonly described ligands for tumor targeting is the RGD peptide [START_REF] Cai | Peptide-labeled near-infrared quantum dots for imaging tumor vasculature in living subjects[END_REF][START_REF] Cai | Preparation of peptide-conjugated quantum dots for tumor vasculature-targeted imaging[END_REF][START_REF] Chen | Triblock copolymer coated iron oxide nanoparticle conjugate for tumor integrin targeting[END_REF], though several specific other tumor ligands have also been investigated. In vivo targeted imaging was demonstrated in a mouse model, using a copolymer functionalized QD conjugated to an antibody that targets a prostate-specific membrane antigen [START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF]. Gold nanoparticles labeled with anti-EGFR monoclonal antibodies also have a large range of potential applications, from the cellular to the animal levels [START_REF] Aaron | Plasmon resonance coupling of metal nanoparticles for molecular imaging of carcinogenesis in vivo[END_REF]. Lee et al. [START_REF] Lee | Synthesis, characterization, and in vivo diagnostic applications of hyaluronic acid immobilized gold nanoprobes[END_REF] recently developed a multifunctional gold nanoprobe for sensitive detection of reactive oxygen species (ROS) and hyaluronidase, which could be used for localized detection of hyaluronic acid degradation due to the diseases such as rheumatoid arthritis and metastatic tumors. Yang et al. described iron oxide nanoparticles that target urokinase plasminogen activator (uPA) receptor and demonstrated their usefulness in detecting breast and pancreatic cancer [START_REF] Yang | Molecular imaging of pancreatic cancer in an animal model using targeted multifunctional nanoparticles[END_REF][START_REF] Yang | Receptor-targeted nanoparticles for in vivo imaging of breast cancer[END_REF].

Finally, nanoprobes can also be powerful tools for evaluating the efficiency of targeted cancer therapies. Medarova et al. [START_REF] Medarova | Multiparametric monitoring of tumor response to chemotherapy by noninvasive imaging[END_REF] described a tumor-specific contrast agent (iron oxide nanoparticles labeled with Cy5.5 dye) targeting underglycolated mucin 1 (uMUC-1), a tumor antigen present on more than 90% of breast cancers and predictive of chemotherapeutic response. After doxorubicin treatment, nanoparticle probes were present at a lower level in the treated tumors compared to untreated tumors, reflecting the reduced expression of uMUC-1.

To confirm these findings, similar results were obtained using in vivo fluorescence imaging and MRI. The same kind of nanoparticle was also used to deliver small interfering RNA (siRNA) in vivo and track their successful delivery by non-invasive imaging [START_REF] Medarova | Development and application of a dualpurpose nanoparticle platform for delivery and imaging of siRNA in tumors[END_REF].

In conclusion, nano-sized contrast agents offer several advantages over conventional agents because they can be passively targeted to the tumors via the EPR effect or actively targeted by specific ligands. Most importantly, nanoparticles offer multifunctionality, such as combining imaging and drug (or siRNA) delivery or, providing dual-modality imaging that combines NIR and either MRI or PET [START_REF] Duconge | Fluorine-18-labeled phospholipid quantum dot micelles for in vivo multimodal imaging from whole body to cellular scales[END_REF]. Thus, these nanoparticles promise great versatility in the detection and treatment of diseases.

IV/ CONCLUSION

Optical imaging is an inexpensive, easy-to-use, and non-radiative tool that can provide rapid semi-qualitative (2D), quantitative (3D), and functional information from the cellular to the several centimeter scale. Fluorescence molecular tomography is the preferred method for quantifying protein levels and enzymatic activities. 2D-fluorescent reflectance optical imaging is poised to be the premier approach in molecular imaging, especially for researchers who are not specialists in medical imaging or who do not have access to a nuclear medicine facility or very expensive magnets. However, the future of cancer imaging in mice will rely on the development of a large collection of highly specific tracers or smart contrasting agents.

Coupling high-resolution methods like micro-CT or MRI with highly sensitive techniques adapted to functional imaging, such as PET, SPECT or optical imaging, will soon open new frontiers in the study of cancer in small animals and will provide efficient tools for evaluating new treatments. Importantly, a major bottleneck that inhibits the widespread application and days later using bioluminescence. The same nodules are also detected using 2D near-infrared fluorescence (bottom left image) due to the intravenous injection of 10 nmol Angiostamp (multimeric RGD compound described in [START_REF] Boturyn | Template assembled cyclopeptides as multimeric system for integrin targeting and endocytosis[END_REF][START_REF] Sancey | Clustering and internalization of integrin alphavbeta3 with a tetrameric RGD-synthetic peptide[END_REF][START_REF] Jin | In vivo optical imaging of integrin alphaV-beta3 in mice using multivalent or monovalent cRGD targeting vectors[END_REF][START_REF] Jin | Noninvasive optical imaging of ovarian metastases using Cy5-labeled RAFT-c(-RGDfK-)4[END_REF][START_REF] Sancey | In vivo imaging of tumour angiogenesis in mice with the alpha(v)beta (3) integrin-targeted tracer 99mTc-RAFT-RGD[END_REF][START_REF] Sancey | Drug development in oncology assisted by noninvasive optical imaging[END_REF][START_REF] Foillard | Targeted delivery of activatable fluorescent pro-apoptotic peptide into live cells[END_REF][START_REF] Jin | In vivo noninvasive optical imaging of receptor-mediated RGD internalization using self-quenched Cy5-labeled RAFT-c(-RGDfK-)(4)[END_REF][START_REF] Razkin | Activatable fluorescent probes for tumour-targeting imaging in live mice[END_REF]) the day before imaging using the 2D-FRI imaging system presented on the right. B/ Angiostamp-labeled nodules of the same animal can also be visualized in 3D using the tomographic system. C/ Optic-guided surgery can then be performed under near-infrared excitation using the Fluobeam device even when the surgical white light is illuminating the field of operation, allowing the surgeon to detect easily and remove all the labeled tumors as presented in the 4 consecutive images on the left. 

VI/ FIGURE LEGENDS
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 1 Figure 1: Optical imaging of peritoneal carcinomatosis
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 3 Figure 3: The EPR effect allows passive targeting of a nanoparticle into a subcutaneous

  

  

generation of these probes concerns the use of NIR fluorophores in human clinical trials by legal agencies. In response to this issue, the FDA recently established the Process Analytical Technologies initiative, which will certainly facilitate the manufacture and use of NIR probes.

accumulation of the nanoparticle in the tumor, due to the enhanced permeability and retention (EPR) effect.