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Abstract

:

Extracellular vesicles (EVs) are essential tools for conveying biological information and modulating functions of recipient cells. Implantation of isolated or modulated EVs can be innovative therapeutics for various diseases. Furthermore, EVs could be a biocompatible drug delivery vehicle to carry both endogenous and exogenous biologics. Tracking EVs should play essential roles in understanding the functions of EVs and advancing EV therapeutics. EVs have the characteristic structures consisting of the lipid bilayer and specific membrane proteins, through which they can be labeled efficiently. EVs can be labeled either directly using probes or indirectly by transfection of reporter genes. Optical imaging (fluorescent imaging and bioluminescent imaging), single-photon emission computed tomography (SPECT)/positron emission tomography (PET), and magnetic resonance imaging (MRI) are currently used for imaging EVs. Labeling EVs with superparamagnetic iron oxide (SPIO) nanoparticles for MRI tracking is a promising method that can be translated into clinic. SPIO can be internalized by most of the cell types and then released as SPIO containing EVs, which can be visualized on T2*-weighted imaging. However, this method has limitations in real-time imaging because of the life cycle of SPIO after EV degradation. Further studies will be needed to validate SPIO labeling by other imaging modalities in preclinical studies. The emerging technologies of labeling and imaging EVs with SPIO in comparison with other imaging modalities are reviewed in this paper.
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1. Introduction


Extracellular vesicles (EVs), which represent microvesicle and exosome secretomes, are produced by most of the cell types under physiological and pathological conditions, playing essential roles in intercellular communications. EVs secreted from cells migrate through interstitial fluid or systemic circulation and transfer their cargos consisting of nucleic acids, proteins, lipids, and mitochondrial fractions to their recipient cells [1,2,3]. mRNAs from EVs can be translated in the recipient cells and miRNA from EVs can modulate gene expression and biological functions [4]. For instance, cardiomyocytes exchange EVs with cardiac fibroblasts and endothelial cells inside the interstitium. Myocardial function is modified by those interstitial cell-derived EVs in adaptive responses both in beneficial or harmful ways. miR-21* (the passenger strand miRNA), transferred from fibroblast-derived EVs stimulates myocardial hypertrophy [5]. Endothelial cell-derived exosomes increase miR-146a expression level in cardiomyocytes, leading to impaired metabolic activity and contractile dysfunction [6]. EV therapy could modulate and enhance the innate repair capacities. The usefulness of EVs in tissue repair or regeneration have been suggested by many researchers. EVs from bone marrow stem cells modified the functions of endothelial cells and cardiomyocytes to improve cardiac function with enhanced angiogenesis [7]. Mesenchymal stem cell (MSC)-derived EVs reduced myocardial infarct size following the ischemia reperfusion in animal models [8,9].



Due to their unique characteristics including nano-scale size, biogenesis potential, endogenous lipid bilayer membrane, signal transduction system, and effectors of various biological information, EVs can be useful in numerous ways in diagnostic and therapeutic roles. Furthermore, EV therapy could have distinctive advantages compared to stem cell therapy. They are potentially less toxic and less likely to suffer immune rejections. The dose could be optimized to achieve higher concentration of effectors. Finally, EVs have wider delivery options since EVs have intrinsic capacities to cross tissue and cellular barriers. With higher biocompatibility and less toxicity, EVs may replace artificial lipid nanoparticles in the future as drug delivery vehicles to deliver exogenous and endogenous therapeutic cargos. Due to these potentials of EVs, monitoring the distribution and fate of secreted or implanted EVs in vitro or in vivo is one of the essential strategies in understanding their functions and advancing the EV-mediated diagnostics or therapeutics. Appropriate biodistribution of EVs is key to their efficacy and safety.



Among the existing labeling and tracking technologies including optical imaging, nuclear imaging and magnetic resonance imaging (MRI), labeling with superparamagnetic iron oxide (SPIO) nanoparticles for MRI tracking is a promising method. SPIO are the magnetic nanoparticles, which are clinically used as MRI contrast agents to detect cancers, inflammation, vascular flows, or tissue perfusion [10,11,12]. In regenerative medicine, stem cells have been successfully labeled with SPIO and tracked after implantation [13,14,15]. Finally, the technology of labeling and tracking EVs with SPIO is currently under development.



Here, we review the emerging technologies of labeling and imaging EV with SPIO and compare them with other imaging modalities.




2. Extracellular Vesicles


2.1. Microvesicles and Exosomes


Exosomes and microvesicles are two of the major components of EVs, which differ in their size, biogenesis potential, and secretion pathways [16,17]. Exosomes are smaller vesicles (40–150 nm) and technically indicate the vesicles passing through 220-nm pore filters or recovered by high-speed ultracentrifugation. Exosomes are formed in the multivesicular bodies (MVB) and released by the fusion of plasma membrane. In the beginning of this process, cells generate early endosomes by endocytosis. During the maturation to late endosomes, some endosomes shed intraluminal vesicles (ILV) within themselves to become MVBs. MVBs migrate to the cell membrane and fuse with the membrane and release exosomes [18]. By contrast, microvesicles are bigger vesicles compared to exosomes (150–1000 nm) and released from the plasma membrane by budding. However, it is difficult to separate them completely. EVs are released both under physiological and pathological conditions. For instance, adult cardiomyocytes are known to release various sized EVs [19]. Nano-scale EVs can be visualized by electron microscopy (Figure 1). Although cardiomyocytes release EVs under physiological conditions, cellular stresses caused by hypoxia/reoxygenation or reactive oxygen species enhance EV release and modify the protein profile of EVs [4].




2.2. The Structural Properties of EVs


The lipid or protein components of EV membranes determine their biodistribution and uptake by recipient cells [20]. EVs have the lipid bilayer membrane consisting of proteins and lipids with abundant lipid rafts, which are important structures in labeling them with imaging probes. In spite of the similarity to the plasma membrane, EV membranes contain some specific surface lipid components designated for ligand-receptor pairing and resultant cellular uptake of EVs [21]. EVs are enriched with anionic phospholipid phosphatidylserine (PS), which is recognized by macrophages [22,23,24]. The integrin composition of the membrane renders the affinity with certain tissues [25]. EV surface protein glycosylation affects biodistribution of EVs [26]. EV internalization is caused by several mechanisms such as lipid raft-, clathrin-, and caveolae-dependent endocytosis, micropinocytosis, and phagocytosis [20,27]. The routes of EV uptake could also be affected by EV type or conditions of the extracellular space (acidic/basic, hypoxic, extracellular matrix components). It is likely cells and EVs have some systems that can let EVs escape from the degrading pathways after being taken up by cells [28]. Unmodified EVs suffer from rapid clearance and low accumulation in target tissues and cells. Similar to liposomes, intravenously administered EVs are delivered to the reticuloendothelial system mainly the liver and spleen and are rapidly cleared from circulation via, in part, the macrophage-dependent pathway [29,30].



Exosomes contain common biomarkers such as Alix, tumor susceptibility gene 101 (Tsg101), Annexin XI, and tetraspanins (CD9, CD81, and CD63) [31]. Several proteins such as actinin-4 and mitofilin are more favorably expressed in large or medium-sized EVs [32]. Exosomes and microvesicles share some surface biomarker proteins, including MHC, flotillin, heat-shock proteins, and tetraspanins CD63 and CD9 [32]. On the other hand, vesicular proteins vary from one cell type to the other [33]. The cellular origin of EVs influence surface protein profile including integrin subunits, tetraspanins, and fibronectin [20]. Proteomic analysis revealed that the EVs secreted from adult cardiomyocytes uniquely include cytosolic, sarcomeric, and mitochondrial proteins, such as myomesin, myosin-binding protein C, VCP, tropomyosin, and α-crystallin [34]. The unique protein profiles define different targeting characteristics of EVs.





3. Labeling and Imaging of EVs


3.1. Imaging Modalities of EV Labeling and Tracking


While no ideal imaging technology has been developed for in vivo EV labeling and tracking, rigorous research for EV imaging has been performed utilizing optical imaging (fluorescence imaging (FLI) and bioluminescence imaging (BLI)), single-photon emission computed tomography (SPECT)/positron emission tomography (PET), and magnetic resonance imaging (MRI). Many kinds of probes or vectors for labeling EVs are available on the market. Each method has its strength and weakness related to the spatial or temporal resolution, sensitivity, specificity, clinical availability, safety, and complexity of the technique. In EV labeling, it is fundamental not to disturb the integrity of the EV membranes in order to maintain their morphology and physiological functions.



The methods for labeling are largely categorized into direct labeling and indirect labeling. In the direct labeling, probes are directly bound to the target (EV) surface or transported inside the cells or EVs via physiological mechanisms. After cells are directly labeled, labeled EVs are created inside the cells and released. One of the advantages of the direct labeling method is that it is simple and relatively physiological without need for any gene modification. In general, the critical problem with direct labeling is that signals may persist longer than the actual lifetime of EVs in the body because of the aggregation or re-binding of the probes by other cells or substrates. By contrast, in indirect labeling, reporter genes such as luciferase or fluorescence binding proteins are transfected with donor cells, followed by the expression of the reporter genes or fluorescence tagged EV membrane proteins. The indirect labeling method could evaluate the in vivo lifetime of EVs and transfer of EV components to the recipient cells more accurately and be suitable for real-time monitoring [35].




3.2. FLI, BLI, and PET/SPECT


FLI has been widely used for labeling EVs. Fluorescent proteins or organic dyes emit signals under excitation with an external light source, which are detected by an in vivo imaging system. Small lipophilic fluorophores are used to label isolated EVs due to its affinity to lipids on the membrane and produce a strong and stable fluorescence signal. PKH67 (Ex. 490 nm/Em. 502 nm), PKH26 (Ex.551 nm/Em. 565 nm), and DiOC18 (7) (DiR) (Ex.750 nm/Em.780 nm) are representative lipophilic carbocyanine dyes used for EV labeling [36,37,38]. DiR is a Near-infrared (NIR) dye, which is advantageous for in vivo applications due to the high signal to noise ratio (SNR), minimal autofluorescence, and enhanced tissue penetration [39]. However, several drawbacks of the lipophilic dyes are known that make them unideal probes for EV labeling and in vivo tracking. Binding of lipophilic dye is not EV membrane specific. Due to their relatively long in vivo half-life of 5 to >100 days, after degradation of EVs, the dyes remain intact and bind to other lipid components non-specifically in the extracellular space or the recipient cells [40]. The dyes could also promote EV aggregation [41]. As a result, in vivo signal from these lipid dyes yield inaccurate information regarding the fates of EVs compared to signals obtained by BLI [35].



The membrane-targeted indirect labeling methods are also used for FLI. Fluorescent proteins such as green fluorescent protein (GFP) or red fluorescent protein (RFP) fused with membrane protein markers are transfected to donor cells. Cells transfected with CD63-GFP plasmid express GFP-tagged EV membrane anchoring protein [42]. Lai et al. reported a method to fuse fluorescent proteins with a palmitoylation signal of EV membrane [43]. By fusing fluorescent proteins (enhanced GFP or tandem dimer Tomato) with a consensus palmitoylation sequence, these reporters are expressed on the whole cell membrane. This is followed by labeling of EVs of variable sizes on their membranes. Notably, the fused protein was expressed mostly on the inner membrane of EVs, which could avoid potential disturbance to EV surface function. Using this EV labeling technique, they visualized bidirectional cell-cell translocation of EVs. In addition, the implantation of the labeled thymoma cells enabled visualization of EV release from the tumors in vivo, revealing that the tumor releases more EVs in the peripheral regions, accompanying infiltration of immune cells compared to the tumor core area of the highest tumor cell density [43].



BLI is a powerful in vivo optical imaging tool. In BLI, luciferases, most commonly Photinus pyralis luciferase (firefly; Fluc), Renilla reniformis luciferase (sea pansy; Tluc), and Gaussia princeps luciferase (marine copepod; Gluc) are used as reporters. Luciferases emit bioluminescence via oxidation of their respective substrate with either ATP and Mg (Fluc-D-luciferin), or oxygen alone (Rluc and Gluc-coelenterazine), when the enzyme is expressed in vivo as a molecular reporter [44]. Gluc emit over 1000-fold stronger bioluminescence compared to Rluc and Fluc [45]. Reporter luciferase genes need to be inserted into the genome of the donor cells. BLI has high SNR since the mammalian tissues have little intrinsic bioluminescence. Lai et al. developed a method that transfects donor cells with lentivirus vectors encoding Gluc combined with transmembrane domain [35,46]. EVs that share lipid bilayer components with a cellular membrane then express transmembrane domain bound Gluc. This method has an excellent temporal resolution and enables tracking of the accurate fate of EVs in vivo. Decreased Gluc signal indicates decreased availability of external EVs and internal degradation of Gluc transcripts. EVs accumulated in the kidneys, liver, lungs, and spleen. Intravenously administered EVs have a half-life of < 30 min in most tissues and are cleared from the body by 6 h post injection [35].



The application of BLI and FLI is limited to the small animals because of the limited signal penetration (only several centimeters) [44]. It could give valuable information in preclinical research. The obtained signals are semi-quantitative as signal strength strongly depends on the tissue depth and has limited sensitivity to signals from deep tissues. Another limitation is that the expression level of reporter proteins restricts the fluorescence or bioluminescence signals.



PET/SPECT label substrates with high-energy gamma-emitting radiotracers. They are widely used as clinical imaging tools. PET and SPECT are very sensitive techniques and are extensively used for in vivo tracking of nanomaterials. They rely on detection of high-energy gamma rays, which have no penetration limits. The high energy of emitted photons minimize the attenuation and scattering effects, enabling the accurate quantification of signals in the whole body. PET achieves better sensitivity and spatial resolution compared to SPECT. Although tracers with different half-life and decay profiles are used, short half-life of the radioactive tracers might limit long-term tracking [47]. However, it might not be a problem in EV tracking because of their short lifetime in vivo. Both direct and indirect labeling with 99mTc or [125I] NaI tracers are used to image EVs on SPECT [48,49]. Direct radiolabeling was performed for in vivo real time EV tracking on PET using the commercial [124I] NaI probe (half-life >4 days) to form a covalent bond to tyrosine of EV membrane protein [26].




3.3. SPIO and MRI


Compared to the optical imaging or SPECT/PET, MRI has the most exquisite spatial resolution although the sensitivity of MRI is relatively low. MRI without accompanying any radiation exposure is superior to nuclear labeling in terms of safety. The labeling methods developed for MRI can be compatible with clinical application. It can be also combined with simultaneous anatomical assessment, functional evaluation and tissue characterization. This capability enables precise localization of EVs and assessment of their specific regional effects in the different areas of tissue injury to correlate EV engraftment with therapeutic efficacy. The strength and weakness of EV labeling using MRI are summarized in Table 1.



Superparamagnetic iron oxide nanoparticles (SPIO) are magnetic nanoparticles most commonly used for visualizing cells on MRI. It could be applied for EVs in a similar manner. SPIO nanoparticles are attractive probes for EV labeling because of their small size and biocompatibility. SPIO enable detection of labeled objects in the tissues longitudinally. The superparamagnetic core of SPIO produces local field homogeneity, which enhances transverse relaxation (=T2* relaxation effect) and produces negative contrast [50]. Large susceptibility effects of SPIO make the signal void much larger than the particle size, enhancing detectability. Negative contrast in the tissues containing SPIO can be detected on a T2*-weighted gradient echo sequence consisting of long TR/TE and low flip angle [51]. In general, quantification of SPIO accumulation from signal loss on MRI is difficult [52]. T2* mapping can be useful for quantifying accumulation of SPIO, which is created by several gradient echo sequences at different TEs to calculate T2* decrease on the T2* decay curve [14].



SPIO consists of the functional core, coating, and surface properties. Those properties determine the efficiency of cellular uptake, distribution, metabolism, and potential toxicity. The functional core producing the superparamagnetic property is a single-domain iron oxide molecule (<10 nm diameter in general) containing Fe3O4 (magnetite), gamma-Fe2O3 (maghemite), or alpha-Fe2O3 (hematite) [53]. SPIO are coated with biocompatible polymers such as dextran and carboxydextran, which can prevent aggregations, structural changes and degradation [54,55]. SPIO are classified into standard SPIO (SSPIO, >50 nm), ultra-small SPIO (USPIO, 10–50 nm), and very-small SPIO (VSPIO, <10 nm) based on their hydrodynamic diameters [56]. The larger magnetic susceptibility of SSPIO yields larger R2 relaxation and higher T2-shortening effects compared to the effects caused by USPIO [57]. However, the size of USPIO is more suitable for labeling nano-scale EVs (Figure 2). SPIO are clinically used as MRI contrast agents for evaluating blood volume fraction, perfusion, and cancer metastasis [10,11,12]. Unfortunately, manufacturers of most of them were discontinued because of the safety reasons or infrequent use (Table 2). Currently, ferumoxytol is the only clinically available USPIO. Ferumoxytol is approved by FDA for iron replacement therapy for renal anemia patients. However, it has been also used off-label as an MRI contrast agent [58]. Clinical compatibility of labeling agents is critical in applying EV labeling in humans. Therefore, labeling with ferumoxytol is an attractive method and several groups have reported the method to label cells with ferumoxytol [59,60].




3.4. EV Labeling with SPIO


SPIO can label cells directly. Subsequently, labeled EVs are created inside the cells and released. In this method, donor cells are incubated with the culture medium containing SPIO. Most of the cell types except for phagocytes such as neutrophils and macrophages do not have the capacity of phagocytizing particles. Therefore, iron-oxide nanoparticles are prepared with facilitators such as poly-L-Lysine, protamine, or some transfection reagents, which facilitate cellular uptake of SPIO [62]. These cationic compounds facilitate interaction of SPIO with the negatively charged cell membrane and subsequent endosomal uptake mainly by Clathrin-mediated endocytosis [27]. Most cell types without phagocytizing capacity can be labeled by this method. Donor cells which incorporate SPIO then release vesicles containing SPIO. USPIO taken up by human bone marrow derived MSC (hBM-MSCs) were found to traffic to the intracellular vesicles expressing EV markers such as CD9, CD63, and CD81, which indicated that the intracellular localization of internalized SPIOs is actively regulated and the deposited SPIO are ready to be released from cells [63]. The SPIO internalization can be confirmed by electron microscopy (Figure 3). Accumulation of SPIO labeled EVs in the tissue is detected on T2*-weighted MRI (Figure 3). Busato et al. labeled exosomes isolated from adipose stem cells with commercial USPIO by this cell labeling method. They injected isolated labeled exosomes in the hindlimb and detected them on MRI [64,65]. They labeled cells with 200 μgFe/mL of USPIO and found 0.634 μg of iron was contained per 100 μg of exosomes. Injection of 5 μg of exosomes produced sufficient signals to detect on MRI. Histologically, Prussian Blue staining confirms the existence of SPIO in the tissue (Figure 3). The amount of SPIO internalization depends on the incubation time (cell and SPIO) and the iron concentration [64]. EV iron content is significantly correlated with intracellular iron content. Therefore, a strategy should be made to label donor cells with the highest SPIO concentration possible [65]. T2* negative contrast depends on the concentration of loaded SPIO in the vesicles and the number of labeled exosomes.



The labeled EVs had the similar capacity of being taken up by cells in vitro [63]. This direct SPIO labeling method is likely to maintain the morphology and the physiological characteristics of the EVs intact. The major limitation of SPIO-labeling is the persistence of in vivo signal after EV degradation. Signals from EVs labeled with SPIO cannot be distinguished from signals originating from other cells taking up SPIO after EV degradation. In the past report, significant MRI signal was derived from SPIO-containing macrophages 3 weeks after transplantation of SPIO-labeled cells despite only a few viable transplanted cells remaining in the tissue [66].



Another representative method to label EV with SPIO is the direct vesicle labeling via electroporation. Hu et al. labeled melanoma exosomes with USPIO (SPION5, 4.5 nm in diameter) by electroporation. Labeled melanoma exosomes were injected into the foot pad and their migration into the ipsilateral local lymph node was detected 48 h post injection by T2* mapping [67]. The potential disadvantage of electroporation method is that this could damage the membrane as the strong electric field by electroporation causes pore formation in the EV membrane to let iron oxide particles be inside [68].




3.5. Effects of Labeling on the Functions of EVs


SPIO generally has low toxicity to cells. However, some in vitro experiments suggested the possibility that iron oxide or the facilitators could cause cellular stress (mitochondrial dysfunction and reactive oxygen species generation), alterations in gene expression and cell differentiation, decreased cell proliferation, and promotion of pro-inflammatory environment, depending on their concentrations [69]. Cellular/vesicular iron concentration could interfere with cell viability and production of EVs. Therefore, the optimization of iron concentration, incubation time, cell viability, and MRI image contrast are the crucial points [65]. Further research will be required to clarify the effect of SPIO on EVs.





4. Summary and Outlook


Technology to image EVs are developing rapidly and more and more labeling probes are becoming available. They are useful for visualizing intercellular EV translocations and biodistribution of implanted EVs in preclinical small animal models. It is important to select the appropriate labeling method and imaging modality based on the purpose. Labeling of EVs with SPIO for MRI detection is clinically compatible and especially useful when specific organs are targeted. It has limitations in real-time monitoring and whole-body imaging. EV labeling using SPIO has just started and further studies are needed in the future to establish the method and its usefulness. The SPIO signal on MRI needs to be verified by precise histological evaluation and comparison with signals obtained from in vivo real-time monitoring using BLI, FLI, or SPECT/PET.



Advancement of the EV imaging technology could strongly help understand the functions and kinetics of EVs, and which in turn, help advance imaging techniques. Further studies are necessary, focusing on labeling of various kinds of EVs with different origins and targets, gaining more stable and stronger signals, utilizing completely biocompatible methods with high safety, improving the detection and quantification method, and enabling accurate real-time monitoring.



EV labeling and tracking will give us valuable information when we try to apply them as drug delivery systems. However, current technologies rely on the labeling of the external EVs and it is quite challenging to visualize the biodistributions of internal EVs. A more comprehensive approach is required to truly understand the roles of EVs.
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Figure 1. Scanning electron microscopy images of extracellular vesicles (EVs) released from cardiomyocytes. Cardiac tissues from a healthy mouse were collected and prepared (primary fixation with 2.5% glutaraldehyde, secondary fixation with osmium tetroxide, dehydration, mounting, and ion sputter coating). The sample was observed by scanning electron microscope (Hitachi S-4500). [Unpublished data]. 
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Figure 2. Comparison of size between ultra-small SPIO (USPIO) and SPIO (upper), and exosome and microvesicles (lower). [Unpublished figure]. 
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Figure 3. (a) The diagram of the method of labeling with SPIO. (b) Transmission electron microscopy of labeled extracellular vesicles (EVs). SPIO are detected as black particles inside the vesicles. (c) In vivo magnetic resonance imaging (MRI) detection of SPIO labeled EVs injected in the mouse heart (left). The image was acquired with a GE 3.0T Signa scanner. Prussian blue staining of the slice from the excised heart (middle) proved the iron oxide particles stained blue in the myocardium (right: high magnification). [Unpublished data]. 
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Table 1. Pros and cons of superparamagnetic iron oxide (SPIO) labeling.
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	Pros
	Cons





	Clinical translation is easy
	False positive signals



	Excellent spatial resolution
	Low sensitivity



	No gene modification required
	Real time observation is difficult



	No interference with surface membrane
	Quantification might not be accurate



	No radiation
	Whole body scan is not easy



	Simultaneous assessment of anatomy/function/ tissue characterics is possible
	Potential interference with cellular/vesicular function
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Table 2. Clinical SPIO (cited from [61]).
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	Generic Name
	Brand Name
	Classification
	Coating
	Diameter (nm)
	Status





	Ferumoxide
	Feridex/Endorem
	SSPIO
	dextran
	120-180
	discontinued



	Ferumoxtran-10
	Combidex/Sinerem
	USPIO
	dextran
	15-30
	discontinued



	Ferucarbotran
	Resovist/Cliavist
	SSPIO
	carboxydextran
	60
	discontinued



	Ferucarbotran
	Supravist
	USPIO
	carboxydextran
	21
	discontinued



	Feruglose
	Clariscan
	USPIO
	pegylated starch
	20
	discontinued



	Ferumoxytol
	Feraheme
	USPIO
	carboxymethyl dextran
	30
	FDA approved
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