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Atomic Force Microscopy Imaging of Exosomes- Opens 
the Way towards Higher Resolution, Quantitative 
Single Vesicle Information

Research on secreted membrane vesicles, in particular exosomes, 
is a very exciting field. Exosomes are 50-100 nm particles secreted into 
the extracellular environment by a wide range of normal mammalian 
cells. Exosomes are formed by exocytosis through an inward budding 
of the cell membrane [1] and possess cell type-specific lipid-bilayer 
membrane (containing cytosolic proteins, m-RNA, mi-RNA). 
Although their physiological functions are yet unclear, exosomes 
are known to play a role in specialized functions such as cell antigen 
presentation [2], intercellular communication [3], shuttling m-RNA/
mi-RNA [4] or infectious agents [5].

For over two decades after their discovery, exosome secretion was 
mostly considered to be a process whereby cells continually discarded 
unwanted cellular components. But recent new studies recognized 
possible use of exosomes secreted into easily assessable bodily fluids 
such as saliva [6,7], blood [8] and urine [9] to gain insights about 
distant cells that release them under normal physiology or diseased 
states. Isolating exosomes and studying their structural, biochemical 
and molecular characteristics can provide novel clues about specific 
cells and tumors. Apparently, exosomes have gained significance as 
diagnostic biomarkers for different types of cancers [10] and infectious 
diseases [11]. Malignancy and other diseases cause elevated exosome 
secretion and tumour-antigen enrichment of exosomes associated with 
cancer cells [12,13]. Cancer cells may use exosomes as extracellular 
signaling messengers to modify the tumor microenvironment and 
promote metastasis. Thus, specifically targeting cancer exosomes may 
prove to be an attractive target for cancer therapy. 

Although, the relevance of exosomes is increasingly recognized, for 
diagnostic and therapeutic applications, yet there is an urgent need for 
better understanding of structure, biomechanics and biochemistry of 
what exosomes are and how they function. One of the main obstacles to 
unraveling single exosome “form and function” has been a lack of tools 
to characterize these nano-sized vesicles. 

Electron Microscopy (EM) has provided a wealth of information 
regarding the shape and size characteristics of exosomes including 
immunolabeling for endosomal markers. Exosomes were first observed 
by EM in the 1980s [14]. EM still remains the classical method to 
characterize exosomes and validate purification methodologies 
invariably due to the sub-100 nm size of these particles, below the 
detection sensitivity of diffraction-limited optical techniques such as 
FACS (200-300 nm). EM imaging of numerous exosomes has revealed 
round cup-shaped membrane vesicles of 50 to 90 nm vesicles but with 
limited substructure details [15]. The potential influence of chemical 
fixation and/or embedding and electron dense staining on the observed 
structure of exosomes however remains a limitation. 

Nanotechnology tools such as AFM [16] can overcome some of 
the limitations of current methods and play a crucial role by enabling 
sensitive and quantitative characterization of these nanoscale (30-100 

nm) vesicles. AFM is a powerful biophysical nanoscale characterization 
technique [17-19] that offers unique capability for direct 3D imaging 
of single exosomes without electron dense staining, fixation, extreme 
temperatures, and with imaging resolution comparable to that of 
EMs. Additionally, AFM is a versatile technique that also provides 
information about the structure, mechanical properties and specific 
bio-molecular composition of exosomes including under physiological 
buffer conditions [20,21]. 

Recently, AFM imaging has been successfully applied to investigate 
the ultrastructure of exosomes isolated from saliva, establishing 
AFM as a valuable tool for single exosome analysis. Human saliva 
exosomes morphology was studied using correlative AFM and FESEM 
(Field Emission Scanning Electron Microscopy) approaches [22]. As 
a contact microscope, AFM does not suffer from diffraction limits, 
unlike optical microscopes, enabling it to reach sub-nm resolution. 
AFM imaging revealed distinct tri-lobed ultrastructure of single 
saliva exosomes [22]. Further, force nanomanipulation during AFM 
imaging can detect exosome mechanics, local deformation and rupture 
characteristics. AFM imaging at low forces revealed three-dimensional 
round spherical shaped exosomes. High magnification (at low voltage) 
FESEM images also show spherical surface, revealing that exosomes 
possess unflattened, round morphology unless an outside force is 
exerted on them (e.g., when imaged at higher forces under AFM). 
Based on the AFM and FESEM observations, the likelihood of EM 
sample perturbation resulting in the commonly observed “cup-shaped” 
morphology of exosomes seems very likely.

In addition, Single Molecule Force Spectroscopy (SMFS) can target 
specific surface receptors on individual vesicle surfaces. Unlike 2D gel 
analysis where trans-membrane proteins are difficult to analyze, SMFS 
enables easy distinction between lumenal and cytoplasmic exosomal 
proteins. The proof-of-concept has been demonstrated by quantitative 
detection of CD63 receptors, on individual exosomes from human 
saliva via targeted antibody tip coated force spectroscopy [23] and 
antibody-labeled gold beads [22]. The ability to measure and quantify 
single receptors using SMFS can open exciting new avenues in early 
detection of tumors by assessing changes in the receptor densities of 
tumor-associated biomolecules expressed on exosomal membranes, 
where conventional methods may prove ineffective due to sensitivity 
limitations.
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Despite the success of AFM imaging of exosomes several questions 
remain to be addressed. AFM images revealed for the first time, 
exosomes surrounded by framework of elongated intervesicular nano-
filaments (Figure 1) both within the Multivesicular (MV) bodies as 
well as outside the extra-vesicular milieu. The origins and biological 
function of these filaments are relatively unknown. It is tempting 
to speculate the possibility of membrane bilayer, DNA, mRNA or 
microRNA constituting all or part of these structures, specifically 
due to the implications of exosomes as messengers for intercellular 
communication between distant cells. The filaments have not been 
observed elsewhere and need further confirmatory work such as 
labeling with proteomic and genomic markers and imaging in 
physiological buffer conditions. 

Nevertheless, advances in nano-enabled and nano-enhanced tools 
to study exosomes, promises novel exosome diagnostic and therapeutic 
applications in the coming years. AFM can prove to be a useful 
alternative and complementary tool for exosome characterization 
together with EM and fluorescence microscopy [24]. Additionally, as 
naturally occurring nanostructures with inherent biocompatibility and 
nanoarchitecture, understanding the biophysical and biomechanical 
properties of individual exosomes may prove critical to encapsulate, 
mimic and enhance drug delivery systems. 

References

1. Simpson RJ, Jensen SS, Lim JW (2008) Proteomic profiling of exosomes: 
current perspectives. Proteomics 8: 4083-4099.

2. Thery C, Ostrowski M, Segura E (2009) Membrane vesicles as conveyors of 
immune responses. Nat Rev Immunol 9: 581-593.

3. Thery C, Zitvogel L, Amigorena S (2002) Exosomes: composition, biogenesis 
and function. Nat Rev Immunol 2: 569-579.

4. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, et al. (2007) Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol 9: 654-659.

5. Stoorvogel W, Kleijmeer MJ, Geuze HJ, Raposo G (2002) The biogenesis and 
functions of exosomes. Traffic 3: 321-330.

6. Ogawa Y, Kanai-Azuma M, Akimoto Y, Kawakami H, Yanoshita R (2008) 
Exosome-like vesicles with dipeptidyl peptidase IV in human saliva. Biol Pharm 
Bull 31: 1059-1062.

7. Palanisamy V, Sharma S, Deshpande A, Zhou H, Gimzewski J, et al. (2010) 
Nanostructural and transcriptomic analyses of human saliva derived exosomes. 
PLoS One 5: e8577.

8. Skog J, Würdinger T, van Rijn S, Meijer DH, Gainche L, et al. (2008) 
Glioblastoma microvesicles transport RNA and proteins that promote tumour 
growth and provide diagnostic biomarkers. Nat Cell Biol 10: 1470-1476.

9. Pisitkun T, Shen RF, Knepper MA (2004) Identification and proteomic profiling 
of exosomes in human urine. Proc Natl Acad Sci U S A 101: 13368-13373.

10. Simpson RJ, Lim JW, Moritz RL, Mathivanan S (2009) Exosomes: proteomic 
insights and diagnostic potential. Expert Rev Proteomics 6: 267-283.

11. Schorey JS, Bhatnagar S (2008) Exosome function: from tumor immunology to 
pathogen biology. Traffic 9: 871-881.

12. Andre F, Schartz NE, Movassagh M, Flament C, Pautier P, et al. (2002) 
Malignant effusions and immunogenic tumour-derived exosomes. Lancet 360: 
295-305.

13. Pan BT, Teng K, Wu C, Adam M, Johnstone RM (1985) Electron microscopic 
evidence for externalization of the transferrin receptor in vesicular form in 
sheep reticulocytes. J Cell Biol 101: 942-948.

14. Thery C, Amigorena S, Raposo G, Clayton A (2006) Isolation and 
characterization of exosomes from cell culture supernatants and biological 
fluids. Curr Protoc Cell Biol Chapter 3: 22.

15. Binnig G, Quate CF, Gerber C (1986) Atomic force microscope. Phys Rev Lett 
56: 930-933.

16. Radmacher M, Tillamnn RW, Fritz M, Gaub HE (1992) From molecules to cells: 
imaging soft samples with the atomic force microscope. Science 257: 1900-
1905.

17. Hansma HG, Hoh JH (1994) Biomolecular imaging with the atomic force 
microscope. Annu Rev Biophys Biomol Struct  23: 115-139.

18. Bustamante C, Vesenka J, Tang CL, Rees W, Guthold M, et al. (1992) Circular 
DNA molecules imaged in air by scanning force microscopy. Biochemistry  31: 
22-26.

19. Ashcroft BA, de Sonneville J, Yuana Y, Osanto S, Bertina R et al. (2012) 
Determination of the size distribution of blood microparticles directly in plasma 
using atomic force microscopy and microfluidics. Biomed Microdevices  14: 
641-649.

20. Siedlecki CA, Wang IW, Higashi JM, Kottke-Marchant K, Marchant RE (1999) 
Platelet-derived microparticles on synthetic surfaces observed by atomic force 
microscopy and fluorescence microscopy. Biomaterials  20: 1521-1529.

21. Sharma S, Rasool HI, Palanisamy V, Mathisen C, Schmidt M, et al. (2010) 
Structural-mechanical characterization of nanoparticle exosomes in human 
saliva, using correlative AFM, FESEM, and force spectroscopy. ACS Nano  4: 
1921-1926.

22. Sharma S, Gillespie BM, Palanisamy V, Gimzewski JK, et al. (2011) Quantitative 
nanostructural and single-molecule force spectroscopy biomolecular analysis 
of human-saliva-derived exosomes. Langmuir 27: 14394-14400.

23. van der Pol E, Hoekstra AG, Sturk A, Otto C, van Leeuwen TG, et al. (2010) 
Optical and non-optical methods for detection and characterization of 
microparticles and exosomes. J Thromb Haemost 8: 2596-2607.

Figure 1: Structural characteristics of exosomes (A) Schematics of MV 
membrane rupture releasing exosomes along with intervesicular filaments (B) 
FESEM image of saliva derived exosomes showing round bulging vesicles and 
intervesicular filaments (C) AFM image showing trilobed exosome ultrastructure 
and (D) AFM image of single exosome showing increase in size with increased 
applied force (left to right). Adapted with permission from Sharma, S., et al., 
ACS Nano, 2010. 4(4): p. 1921-6, Copyright 2010 American Chemical Society 
and Sharma, S., et al., Langmuir, 2011. 27(23): p. 14394-400, Copyright 2011 
American Chemical Society.
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