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Cancer is a leading cause of death due to late diagnosis. Distinguishing between metastatic and
non-metastatic malignant cell-derived exosomes is crucial. This differentiation aids in
understanding exosome functions and enhances their use as biomarkers, improving early cancer
detection and outcomes.

We employed 3D-AFM to reveal the structural and associated-nanomechanical
properties of exosomes. 3D-AFM showed the presence of distinct nanodomains bulging out from the
membrane surface, which can be attributed to the heterogeneous presence of membrane-associated
proteins exposed on the vesicles’ outer surfaces. Our results further showed differences between
the nanomechanical properties of metastatic and nonmetastatic cancer cell-derived exosomes.
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Extracellular vesicles, particularly exosomes, have
recently gained interest due to their emerging role as

mediators of cell-cell communication and as novel . ‘
biomarkers for cancer cells and other diseases and have ol HPTORSORT0 B
potential as drag delivery vehicles (Nat. Rev. Immunol. Exosomes  Effe resteic
14, 195 (2014)). Exosomes are nanosized (30-150 nm) SYAVAVEREE
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wide variety of cell types into the extracellular space, and aspanins ¢ __'_-.___::M ‘S‘Q"::E:;ﬁ:?::im
can be found in most body fluids, such as blood, saliva, TSSsapeen®” S angogeni proteins
breast milk, and urine. They are suggested to serve as ~30-150 nm

important vehicles for transporting different types of Fig. 1 Schematic showing the typical
functional cargos from one cell to another through direct | structure and biomolecular content
interactions with the recipient cell membrane, i.e., of exosomes. The payload of exosomes

mediating intercellular communication. Cargoes in | can include proteins, receptors,
exosomes are diverse, and contain a specific mixture of | adhesion molecules, lipids, miRNAs,
proteins, lipids, receptors, and nucleic acids, which can | MRNAs, DNAs, and other bioactive
vary depending on the type of the cells and their metabolic | substances.

status (see Fig.1). Therefore, the composition and
morphology of exosomes can harbor specific information associated with the physiological and the
pathological states of parental cells.

Several lines of evidence have also suggested that exosomes play an essential role in cancer
progression and metastatic spreading through the transfer of their molecular cargos (Nat Cell Biol. 10,
1470-1476 (2008), Nature, 523,177-182 (2015), Nature Comm., 9, 4284 (2018)). Since exosomes
contain cell type specific adhesion molecules (see Fig.1), it has been suggested that tumor-derived
exosomes may differ from healthy ones in terms of the structural, molecular, and mechanical
characteristics. The physical/biochemical characterization and analyses of these vesicles would thus
allow early detection of changes associated with the presence of cancers and other diseases.

2. WHED B

The main objective of this research project was to reveal the detailed structural and nanomechanical
properties of exosomes derived from normal and cancer cells using AFM under near-physiological
conditions. To elucidate the potential differences in the structural and mechanical characteristics of
exosomes related to malignancy, exosomes derived from healthy (non-malignant) and malignant cells
will be characterized using 3D-atomic force microscopy (3D-AFM) force mapping method together
with other biochemical methods. In addition to this, to investigate the possible differences in specific
biomolecular composition of exosomes between normal and cancer-derived exosomes, we aim to
perform force mapping experiments to probe the surface receptors, proteins, lipids, and other
biomolecular contents on individual exosomes using AFM probes that are functionalized with
biomolecules specific to exosome surface proteins and receptors, i.e., ligands and/or antibodies.
Furthermore, internal contents of exosomes will also be elucidated by rupturing the exosomes using
AFM probe. Thus, this research proposal aimed to obtain high-resolution images of exosomes and to
reveal their mechanical properties, for better understating of the bio-physical and bio-molecular
variations between normal and cancer-derived exosomes.

3. WO FE

To achieve these goals, I employed a highly sophisticated AFM-based force mapping method (3D-
AFM) in a liquid environment (ACS Nano, 6, 9013(2012)) (Fig.2). In this method, the tip is scanned
both vertically and laterally to probe the interaction forces acting between tip and surface. The
recorded map of 3D force field can then be used to extract the local elastic properties of exosomes,
i.e., stiffness/hardness, and Young’s modulus. Thus, 3D-AFM enables the simultaneous acquisition of
a structural/morphological and nano-mechanical property map, thereby the specific morphological and
molecular variations can be correlated to the mechanical property changes. We also used other
biochemical measurements to investigate the protein content in exosomes using nano-liquid
chromatography mass spectrometry (LC-MS), Western blot, and ELISA measurements.
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Fig.2: Schematic illustration
showing the 3D-AFM Method.
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Fig.3: Substructural details of
exosomes by 3D-AFM.

We applied 3D-AFM, in force mapping mode, to assess the
structural and nanomechanical properties of exosomes released | 3D-AFM force mapping
from three types of cells in a physiologically relevant environment. Interfacial Tip trajectry

The 3D-AFM force maps enabled previously unidentified spa{;e Tip
substructures of individual exosomes to be observed, indicating the

presence of distinct nanodomains bulging out from the membrane

surface (Fig.3). These protruding features were attributed to

membrane-associated proteins exposed on the outer surface. To

determine the identity of these features, tip functionalization with

antibodies specific to exosomal surface proteins is necessary. This

will be our next goal. The nanomechanical properties of exosomes

were determined from the 3D-force maps using the Sneddon

(conical) model.

A relatively high Young’s modulus value, ranging from 50 to 350

MPa on average, was found compared to that of synthetic

liposomes, which signifies a crucial role for membrane- | [(&) cantiever )

associated proteins in exosome mechanical properties. We o P, Ttk

revealed malignancy state-dependent changes in the mechanical - -
properties of exosomes and their parent cells, and our results

showed differences between the nanomechanical properties of

metastatic and nonmetastatic tumor cell-derived exosomes. Glieie

Highly aggressive metastatic 143B cell-derived exosomes

exhibited an increased Young’s modulus, 192 MPa, compared

with 118 MPa for nonmetastatic HOS cell-derived exosomes.

Protein profiling analysis using LC-MS/MS, western blotting,

and ELISA indicated that the metastatic tumor cell-derived

exosomes were enriched in specific proteins involved in the

elastic fiber formation. We thus concluded that these elastic

fiber-associated proteins were responsible for the increased

vesicle rigidity. We also performed nanomechanical

measurements for parental HOS and 143B cells that secreted the

exosomes to confirm the general principle that malignant cells

tend to be softer than their healthy counterparts. The metastatic

tumor cells (143B) had an apparent Young’s modulus lower than

that of the nonmetastatic ones (HOS). In contrast to their

daughter exosomes, cell-based ELISA analysis indicated that the

elastic fiber-associated proteins are expressed at significantly

higher levels in parental HOS cells than in 143B cells. Based on

these findings, it is plausible that metastatic tumor cells may

exploit exosomes to release stiffening proteins to preserve their

softness. These findings suggest that exosomes stiffness

characteristics combined with their easy accessibility almost in all body fluids could have the potential
to serve as non-invasive mechanobiological markers for early-stage identification of changes related
to the cancers and other diseases, which can, in turn, allow early diagnosis of cancers.

Understanding of the biological functions of exosomes is one of the most critical issues in exosomes
research, particularly in cancer, and are not yet fully understood. This is because the previous
approaches have been unable to fully characterize these vesicles due to their small size, morphological
and compositional heterogeneity. For the first time, we resolve the substructural details of exosomes
using 3D-AFM.

Exosomes play a crucial role in cancer development and metastatic spread. They have great potential
as novel biomarkers for disease diagnosis. A reliable and accurate method for characterizing their
structural, nanomechanical, and molecular properties is required, which will allow us to determine
malignancy-dependent changes. We employed 3D-AFM to reveal the structural and associated-
nanomechanical properties of exosomes. 3D-AFM showed the presence of distinct nanodomains
bulging out from the membrane surface, which can be attributed to the heterogeneous presence of
membrane-associated proteins exposed on the vesicles’ outer surfaces. Our results further showed
differences between the nanomechanical properties of metastatic and nonmetastatic cancer cell-
derived exosomes.
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