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Background: Tumor derived cellular microvesicles (TDMVs), as excellent drug delivery vehicles in vivo, play an important role in
the treatment of cancers. However, it is difficult to obtain intuitional biodistribution behavior and internalization mechanisms of
TDMVs in vivo. Thus, it is very urgent and important to establish a stable and reliable visualization technology to track the biological
behavior and function of TDMVs. As an endogenous biopolymer, melanin possesses natural biocompatibility and biodegradability,
and various biological imaging could be realized by modifying it. Therefore, melanin-based nanoparticles are excellent candidates for
in vivo visualization of TDMVs.
Methods: In this work, the biodistribution and metabolic behavior of TDMVs were visualized by dual-modality imaging with PAI
and MRI after incubation with gadolinium ion-chelated melanin nanoparticles.
Results: In this study, MRI and PAI dual-modality imaging of the in vivo distribution behavior of TDMVs was achieved with the help
of MNP-Gd. The good targeting ability of TDMVs at the homologous tumor site was observed, and their distribution and metabolism
behavior in the whole body were studied at the meantime. The results indicated that TDMVs preferentially accumulated in syngeneic
tumor sites and liver regions after intravenous injection and were eventually metabolized by the kidneys over time.
Conclusion: This work proposed a novel dual-modal imaging strategy for the visualization of TDMVs, which is of great significance
for further understanding the biological mechanisms of extracellular vesicles.
Keywords: cellular microvesicles, magnetic resonance imaging, photoacoustic imaging, melanin nanoparticles

Introduction
Cellular microvesicles (MVs) are vesicular structures surrounded by lipid bilayers that shed from cells in response to
various stimuli, and acquire membrane components and phagocytosed cytoplasmic contents from these cells.1 According
to their biogenesis, extracellular vesicles are classified to exosomes, microvesicles, and apoptotic bodies. Both exosomes
and extracellular vesicles are cell-derived vesicles ranging in diameters from 30 nm to 2000 nm.2,3 Cell-derived vesicles
own good biocompatibility and could pass through various biological barriers, thereby playing an essential role in
intercellular communication.4–6 In addition, MVs are considered as ideal drug carriers and thus are widely used in nano-
drug delivery projects.7–10

In particular, tumor cell-derived MVs (TDMVs) possess good biocompatibility and unique surface protein expression
derived from their parental cells, making them an excellent drug delivery vehicle.11–18 However, the mechanism by which
TDMVs function in the body is still unclear.19 Understanding cargo transport and delivery of TDMVs in vivo is one of the
main challenges hindering successful implementations of future TDMVs derived platforms.20,21 Additionally, the precise
knowledge of the location of TDMVs in vivo is key to understanding the precise cargo transport and internalization
mechanisms. Therefore, it is necessary to utilize imaging tracking technology to realize the visualization of TDMVs.22–24
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With the rapid development of nanotechnology and molecular imaging, engineering nanoparticles are expected to be
potential candidates for visualizing the localization and functional behavior of TDMVs.25

Among all non-invasive molecular and functional imaging techniques, magnetic resonance imaging (MRI) has been
widely used in the biomedical field as a non-invasive technique with the advantages of high spatiotemporal resolution
and good soft tissue contrast.26,27 Contrast agents could enhance the relaxation of protons in water, which is of great
significance for continuously improving the MRI contrast of different tissues and organs and achieving accurate detection
of diseases.28 In particular, gadolinium (Gd)-based contrast agents have attracted substantial attention as T1-weighted
MRI contrast agents and have been widely used in clinical practice.29 In addition to traditional MRI, photoacoustic
imaging (PA), as a rapidly evolving imaging technology, has great application potential in biomedical field due to its high
contrast and high spatial resolution.30 At the same time, the development of nanotechnology has made a significant
contribution to the development of nanoparticle-based contrast agents for PA imaging.

Compared with exogenous materials, melanin, as an endogenous biomaterial, has excellent biosafety in vivo due to its
native biocompatibility and biodegradability.31 Moreover, melanin nanoparticles have many potential applications in
biomedicine due to their properties including metal ion chelation and strong optical absorption in the near-infrared
region.32–39 Herein, water-soluble Gd-based melanin nanoparticles (MNP-Gd) have been constructed as an MRI/PAI
dual-modal imaging contrast agent by a facile route. After modifying the TDMVs with the nanoparticles, the visualiza-
tion of their biological distribution behavior is realized, which is of great significance for understanding the positioning
distribution and metabolism of TDMVs in the body.

Materials and Methods
Synthesis of MNP-Gd
MNP-Gd was obtained according to a previously published method with some modifications.40 After modifying melanin
with polyethylene glycol, 0.6 mL of GdCl3 solution (10 mg/mL) was added to 1 mL PEGylatated MNP solution (2 mg/
mL) and stirred for 2 h at room temperature. The final products were centrifuged and washed 4 times with DI water to
obtain the final MNP-Gd.

Characterization
UV-Vis-NIR absorption spectra were recorded at room temperature with UV-Vis-NIR spectrometer (lambda-950, Perkin
Elmer). Transmission electron microscopy (TEM) of TDMVs and TDMVs+MNP-Gd were measured using a JEM-2100F
microscope. The hydrodynamic diameter and zeta potential of the TDMVs, MNP-Gd and TDMVs+MNP-Gd were
performed using a Nano-Zetasizer (Malvern Instruments Ltd).

Generation and Isolation of TDMVs
Murine hepatocarcinoma cell line H22 were purchased from Beyotime Biotechnology (Shanghai) Co., Ltd., and
cultured according to the guidelines given. The H22 cells were cultured in DMEM medium containing 10% fetal
bovine serum (FBS) at 37°C under 5% CO2. Then the H22 cells were irradiated with ultraviolet light for 1 h to further
apoptosis induction. After 12 h, supernatants were first centrifuged for 8 min at 1300 g to get rid of cells and then
centrifuged for 2 min at 14,000 g to remove debris. At last, the supernatant was further centrifuged for 60 min at 14,000
g to pellet TDMVs. The pellets were washed three times and resuspended in culture medium for the following
experiments.

Preparation of TDMVs+MNP-Gd
MNP-Gd and TDMVs were incubated overnight at the ratio of 1:1 in a 4°C environment. The pellets obtained after
centrifugation of the mixture were washed three times and resuspended in PBS to obtain the final TDMVs+MNP-Gd
products.
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In vitro PAI and MRI Study
For PA imaging in vitro, a phantom filled with TDMVs+MNP-Gd in different concentrations of MNP (25, 50, 100, 200,
and 400 μg/mL) was measured using a real-time multispectral optoacoustic tomographic (MSOT) imaging system
(inVision 128, iThera Medical GmbH, Neuherberg, Germany). Finally, the PA signals of each sample were measured
in regions of interest (ROIs), and the correlation between the PA signal and concentration curve was calculated.

To evaluate the magnetic resonance (MR) contrast enhancement effect, 200 μL of TDMVs+MNP-Gd with various
concentrations of Gd3+ (0.05, 0.1, 0.2, 0.4, and 0.6 mM) were imaged by using a clinical 3.0 T MR clinical scanner
(Magnetom Trivo with Tim, Siemens, Germany). The r1 values were calculated from the slope of the curve-fitting result
of 1/T1 (s−1) versus Gd component concentration (mM).

In vivo PAI and MRI Study
All animal procedures were performed in accordance with the Guidelines for Institutional Animal Care and Use
Committee and approved by the Animal Ethics Committee of Shanxi Medical University (No. SYDL2019002). Mouse
hepatocarcinoma tumor H22 cells (1 × 106) suspended in 50 μL PBS were subcutaneously implanted on the dorsum
region of the right leg to generate a subcutaneous H22 tumor model.

For in vivo PA imaging, H22 tumor-bearing nude mice (n=3) were intravenously injected with 200 μL TDMVs
+MNP-Gd solution (3 mg/mL) via the tail vein. After injection, the images of tumor regions were collected at pre-
injection, 30 min, 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h post-injection. Besides, the MRI images of tumor sites at different
points were also collected.

Analyses of Biodistribution
Mice were intravenously injected with TDMVs+MNP-Gd (3 mg/mL) (n=3). The images of the main organs were
collected at 15 min, 4 h, 6 h, 8 h, 12 h, and 24 h post-injection. Besides, the PA signal intensities of the different sites at
different points were also quantitatively analyzed. The amount of gadolinium ions in the organs was analyzed by ICP-MS
to further analyze the biodistribution behavior of TDMVs (Agilent 7500 CE, Agilent Technologies, Waldbronn,
Germany).

Results and Discussion
TDMVs with particle sizes in the range of 100–1000 nm were obtained by differential centrifugation. To elucidate the
mechanism of biodistribution and metabolism of TDMVs, MNP-Gd was co-incubated with it and then centrifuged to
obtain black precipitate products. The UV-Vis-NIR spectrum was applied to confirm that the MNP-Gd had been attached
to TDMVs. There were no characteristic peaks in the TDMVs group shown in the UV-Vis-NIR spectrum, while the
MNP-Gd and TDMVs+MNP-Gd groups exhibited similar broad good absorbance performance from 680 nm to 980 nm,
indicating that they had been successfully combined and could be further used as potential contrast agents for PAI
(Figure 1A). Dynamic light scattering (DLS) and transmission electron microscopy (TEM) analysis showed that TDMVs
+MNP-Gd had a diameter about 159.4 nm, which was similar with TDMVs (Figure 1B and D). Moreover, the TEM
image showed that the color of TDMVs modified with MNP-Gd turned black compared with pure TDMVs. The zeta
potentials of pure TDMVs and MNP-Gd were −23.5 mVand 1.8 mV respectively, and the potential of TDMVs+MNP-Gd
was −21.7 mV, further confirming that TDMVs were successfully labeled by MNPs. (Figure 1C). By evaluating the
particle size changes of TDMVs+MNP-Gd in PBS and culture media after 24 h and 48 h incubation, TDMVs+MNP-Gd
was found to have good stability in the physiological environment, which further verified that it could function as a stable
in vivo tracer for TDMVs (Figure S1). To measure the cytotoxicity profiles of MNP-Gd, MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay was carried out on murine hepatocarcinoma H22 cells and healthy Chinese
hamster ovary (CHO) cells. It was found that the MNP-Gd had no obvious toxicity to H22 cells and CHO cells even at
a high concentration of 800 μg/mL, which may be attributed to the native biocompatibility of melanin nanoparticles
(Figure S2).

The melanin nanoparticles were proved to be an excellent PAI contrast agent in previous work.38 The PAI signals of
TDMVs+MNP-Gd were monitored to evaluate their photoacoustic properties in vitro. The PA images of TDMVs+MNP-
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Gd at various concentrations were shown in the inset of Figure 2A. As shown in this figure, the PAI signals exhibited
a good linear relationship with the increase of TDMVs+MNP-Gd concentration from 25 to 400 μg/mL, confirming that
TDMVs+MNP-Gd possessed great photoacoustic imaging capabilities. The in vitro MRI property of TDMVs+MNP-Gd
was evaluated using a 3.0 T clinical MR scanner. The MR imaging capability of TDMVs+MNP-Gd in vitro was
investigated by measuring T1 as a function of aqueous nanoparticles with different Gd3+ concentrations, which were
determined using ICP-MS. The T1-weighted MRI signal gradually enhanced with the increase of Gd3+ concentrations
(Figure 2B), revealing that TDMVs+MNP-Gd had an excellent T1-weighted MRI performance (r1=6.192 mM−1s−1 at
3.0 T).

Inspired by the promising results in vitro, after modification with MNP-Gd, TDMVs could be believed to be imaged
in vivo with MRI and PAI. Therefore, the homing targeting ability of tumor-derived extracellular vesicles at tumor sites
was assessed first. The in vivo PAI and MRI performances of TDMVs+MNP-Gd were tested in a subcutaneous H22
tumor model. As shown in Figure 3A, after injection of TDMVs+MNP-Gd through the tail vein, the intensity of PAI at
the tumor site gradually enhanced over time and displayed maximum retention at 6 h post-injection. Subsequently, the
PAI signal of the tumor tissue becomes slightly weakened at 8 h, and due to the metabolism of the nanoparticles, the
signal continued to decay within the experimental time. Figure 3B shows the MRI images for TDMVs+MNP-Gd
delivered systemically via i.v. injection over time (Figure S3). At 6 h after injection, the MRI signals reached
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Figure 1 Characterization of TDMVs, MNP-Gd and TDMVs+MNP-Gd. (A) UV-vis-NIR absorption spectrum of the TDMVs, MNP-Gd and TDMVs+MNP-Gd solution. (B)
DLS results of TDMVs, MNP-Gd and TDMVs+MNP-Gd dispersed in PBS. (C) Zeta potential of TDMVs, MNP-Gd and TDMVs+MNP-Gd dispersed in PBS. (D) TEM images
of TDMVs and TDMVs+MNP-Gd.
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a maximum and exhibited a homogeneous distribution in the whole tumors. After that, the signal intensity of the tumor
site decreased significantly over time. These in vivo imaging results at tumor sites illustrated that TDMVs had good
target aggregation ability at homologous tumor sites, and the tumor aggregation behavior of TDMVs could be monitored
by MNP-Gd modification.
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Figure 2 In vitro PA and MR imaging studies of TDMVs+MNP-Gd. (A) PA images of TDMVs+MNP-Gd at various concentrations (25, 50, 100, 200 and 400 μg/mL). (B) T1-
weighted MR images and relaxivity measurements of TDMVs+MNP-Gd with different Gd3+concentrations (0.05, 0.1, 0.2, 0.4 and 0.6 mM). The T1 relaxation rate as
a function of Gd3+ concentrations.
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Figure 3 In vivo PA and MR imaging studies of TDMVs+MNP-Gd. (A) PA images in the tumor region collected by using the MOST imaging system before (pre) and at
various time points after injection of TDMVs+MNP-Gd. (B) T1-Weighted MR axial images of tumor-bearing mice before (pre) and at various time points after injection of
TDMVs+MNP-Gd using 3.0 T clinical MRI equipment. The yellow circles point to the tumor sites.
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Labeling TDMVs and visualizing their biological distribution and metabolic behavior is important for further intuitive
understanding of their biological function. In addition to observing their behavior in the aggregation and distribution of
tumors, the results of photoacoustic imaging of various organ tissues at different time points after tail vein injection were

A

B C

Figure 4 Biodistribution of the TDMVs+MNP-Gd. (A) Biodistribution of the TDMVs+MNP-Gd in main organs after i.v. injection into the tumor bearing mice using PA imaging
at various time points. (B) PA signal intensities at various time points in tumors and the other organs. (C) Biodistribution of the TDMVs+MNP-Gd in liver and kidney after i.v.
injection into the tumor bearing mice at various time points as determined by measuring Gd3+ concentrations in tissue lysates using ICP-MS.
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analyzed for studying the biological distribution behavior of TDMVs. Over time, after 6 hours of injection, the signal
intensity of the liver reached its highest level, after which it gradually decreased. However, the signal at the kidney site
gradually reached its highest level after 8 hours of pre-injection. The reason for this difference in signal distribution may
be that after the nanoparticles entered the body through intravenous injection, they were first taken up by the liver
mononuclear phagocytosis system, then gradually metabolized in the body, and finally excreted through the kidneys
(Figure 4A and B). The same results were confirmed by the Gd3+ amount, which was measured in the liver, kidney and
other organs using ICP-MS (Figures 4C and S4).

Conclusion
TDMVs, as naturally occurring biological delivery vehicles, are of great significance in clinical applications. The
development of visualization techniques for TDMVs is urgently needed to understand their biological distribution and
metabolic behavior in vivo. TDMVs were modified with the help of MNP-Gd for dual-modal imaging of MRI and PAI in
this work, and it was found that TDMVs could achieve good aggregation at homologous tumor sites. Additionally, after
intravenous injection, TDMVs preferentially accumulated in the tumor and liver areas. Over time, the kidneys were
gradually lit up, possibly related to the metabolism of TDMVs in the body. The assessment of the biodistribution
behavior of TDMVs with the aid of dual-modality imaging is of great significance to address the visualization needs of
extracellular vesicles. Furthermore, understanding the precise cargo transport and internalization mechanisms of TDMVs
with the aid of visualization techniques is important for the successful implementations of future TDMVs derived
platforms.
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