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ABSTRACT: Extracellular vesicles (EVs), naturally occurring
nanosized vesicles secreted from cells, are essential for intercellular
communication. They carry unique biomolecules on the surface or
interior that are of great interest as biomarkers for various
pathological conditions such as cancer. In this work, we use high-
resolution atomic force microscopy (AFM) and spectroscopy
(AFS) techniques to demonstrate differences between EVs derived
from colon cancer cells and colon epithelial cells at the single-
vesicle level. We observe that EV populations are significantly
increased in the cancer cell media compared to the normal cell
EVs. We show that both EVs display an EV marker, CD9, while
EVs derived from the cancer cells are slightly higher in density.
Hyaluronan (HA) is a nonsulfated glycosaminoglycan linked to
malignant tumor growth according to recent reports. Interestingly, at the single-vesicle level, colon cancer EVs exhibit significantly
increased HA surface densities compared to the normal EVs. Spectroscopic measurements such as Fourier transform infrared (FT-
IR), circular dichroism (CD), and Raman spectroscopy unequivocally support the AFM and AFS measurements. To our knowledge,
it represents the first report of detecting HA-coated EVs as a potential colon cancer biomarker. Taken together, this sensitive
approach will be useful in identifying biomarkers in the early stages of detection and evaluation of cancer.

Colon cancer is one of the most prevalent malignancies of
the human digestive system. The global burden of colon

cancer is projected to increase by 60% within 2030, especially
in countries with medium and high human development index
(HDI) scores.1,2 Therefore, the immediate development of
more sensitive and specific tools that identify biomarkers of the
malignancy in early progression stages is absolutely necessary.
Recently, EVs have emerged as a promising biomarker of

cancer, which is substantiated by many recently finished or
ongoing clinical trials.3 EVs are cell-derived vesicles of
diameter 50−200 nm formed during exocytosis through
internal budding of the cell membrane.4 EVs play a vital role
in intercellular communication as a carrier of biomolecular
signals.5−7 Emerging pieces of evidence suggest that EVs carry
unique biomolecular cargoes, including proteins, nucleic acids,
and carbohydrate molecules, and possess valuable information
on the condition of a cancer cell or tissue. Previous reports
strongly suggest that the cancer-cell-derived EVs are
instrumental in promoting the metastasis of the malignant
cell, which in turn increases the mortality rate due to the
disease.8 Therefore, it is imperative that as far as their structure
and molecular characteristics are concerned, cancer-cell-
derived EVs are substantially different from typical EVs. Not
surprisingly, EVs are emerging as diagnostic and prognostic
biomarkers for various types of cancers, including colon

cancer.2 For example, Micro-RNA(miRNA)-bearing EVs,
particularly, miR-18a and cadherin-17, an EV surface protein,
recently emerged as a potential biomarker for the detection of
colon cancer.9−11

Recent findings suggest that HA-coated EVs transmit
important signals for malignant tumor growth and metastasis
in many types of cancers.6 Hyaluronan (HA), a nonsulfated
glycosaminoglycan (GAG) present in the extracellular space,
consists of 2300−2500 repeating disaccharide units of
glucuronic acid and N-acetylglucosamine.12,13 In colon
adenocarcinoma, HA is associated with cell surface receptors
such as CD44.14 The expression of CD44 is markedly
upregulated in neoplastic carcinoma cells and their precursor
adenomas. Therefore, it is postulated that colon cancer cells
secrete a large number of HA-positive EVs in the extracellular
space.6 Concurrently, HA upregulation is directly correlated
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with enhanced metastasis and, eventually, the poor survival rate
in colon cancer.15,16

Despite a molecular-level understanding, current analytical
methods for EV characterization such as proteomic and
transcriptional analysis augmented by electron microscopy
(EM), flow cytometry, and mass spectrometry suffer from
sensitivity issues. Furthermore, these techniques use non-
physiological and destructive conditions.17−22 In this work, we
take advantage of the versatility of AFM, which is capable of
subnanometer resolution investigation of biomolecules under
physiological conditions.23 Furthermore, AFM-based single-
molecule force spectroscopy (SMFS) provides high-through-
put and reproducible information about the EV surface
composition. In this report, we developed an AFM-based
high-resolution differentiation of EVs derived from colon
cancer cells (HCT 116 cells) and healthy colon cells (CCD-
18CO cells). We verified the presence of a well-known EV
marker, transmembrane protein CD9, on both the EV’s outer
surfaces by SMFS. Finally, we checked the extent of HA in
both EV solutions by various complementary spectroscopic
tools (e.g., FTIR, CD, and Raman). We exploited SMFS to
differentiate HA on the cancer-cell-derived EV’s outer surface
and compared our results with EVs from healthy cells.
We performed tapping-mode AFM (TMAFM) imaging in

an ambient environment and in buffer (PBS, pH 7.4) to

visualize nanosized colon cancer HCT 116 and normal colon
epithelial cell CCD-18CO-derived EVs on an atomically flat
mica surface. AFM images reveal high-resolution morphology
and ultrastructural characteristics (Figure 1). Representative
topographic and amplitude images show the release of EVs
from a cluster of multivesicular bodies (MVBs) from the HCT
116 cell line (Figure 1A,B). The average diameter of the MVBs
is 0.73 ± 0.20 μm with visible rupture sites for EV excretion.
Previous biochemical studies support the fact that EVs are
produced from multivesicular bodies fused with the plasma
membrane and release intraluminal vesicles (ILVs) which bud
inward into the MVB endosomal lumen.20,24 We also
visualized scattered and monolayer films of EVs by droplet
casting and spin coating methods, respectively (Figure 1D−L).
Rarely, we detected network arrangements of EVs for both
samples over large scan areas of 5 μm × 5 μm (Figure 1C).
The measured height and diameter values of the single EV
paticles are presented in Table 1. The dimensions are
consistent with the previously published reports.25,26 It is
noted that the height of vesicles from the AFM images
performed under ambient conditions usually are under-
estimated. The plausible reasons are the drying process during
sample preparation and the surface-induced damage during
physisorption on mica. These EVs are found to be non-
spherical structures by AFM since the measured height values

Figure 1. Release of exosomes from a cluster of multivesicular bodies (MVs) from HCT 116 (A) and the corresponding amplitude image (B).
White arrows in (A) are showing the rupture sites. Network arrangements of CCD-18CO EVs (C). Topographic images of HCT 116 (D) and
CCD-18CO (G) EVs by TMAFM on a bare mica surface showing scattered particles. Examples of nonspherical exosomes from HCT116 (E, F)
and CCD-18CO (H, I), where white arrows point to the granular periphery of cancer EVs. All four images (E, F, H, and I) have identical scale bars.
Topographic images of HCT 116 (J) and CCD-18CO (K) EVs under buffer showing scattered particles. A film (3D representation) of HCT 116
EVs visualized under buffer (L).
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are 2 times less than the diameter under buffer and 5 to 6 times
less in the ambient environment. We observed a few interesting
shapes of EVs on a few occasions (such as rod-, crescent-, or
diamond-shaped, Figure 1E,F,H,I). Often, peripheral regions of
these EVs are spiky or granular (Figure 1E).
We also carried out dynamic light scattering (DLS)

measurements to determine the hydrodynamic diameter of
the EVs. The data revealed the diameter of these vesicles to be
around 100 ± 20 nm. DLS may tend to overestimate the size
of vesicles present in the solution. For light scattering, we get
ensemble measurements of the hydrated EVs, where few large
particles in the solution can affect the size distribution
dramatically. The discrepancy in measurements of the vesicle
diameter by DLS and AFM scanning is well accepted and has
been reported previously.27 We measured the zeta potential
values for both samples: HCT 116 EVs have a more negative
zeta potential (−19.2 ± 2.1 mV) than CCD-18CO EVs (−8.9
± 1.5 mV) (Table 1). Zeta potential of EVs denotes the

electric potential difference between the stationary layer of ions
bound to the vesicles and solution. Since the zeta potential
values are less than −20 mV, it is possible that these EVs form
aggregates in solution due to less colloidal stability. We also
noticed aggregated exosomal particles sparingly during AFM
imaging.
Since the average size of EVs is below the diffraction limit of

visible light, conventional fluorescence imaging techniques
with a typical resolution of 200−500 nm fails to provide high-
resolution images.28 Other electron microscopy techniques
such as scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) can also potentially be used for
imaging EVs.17 However, high electron beam energy and
vacuum-induced damage of fragile EVs has proven to be
detrimental to the imaging of EVs in the native state. Herein,
AFM offers nanometer-scale resolution of vesicles under nearly
physiological conditions while resolving their ultrastructures.
From the AFM images, it is discernible that for the same
dilution of the HCT 116 and CCD-18CO EV samples, the
density of EVs is at least 2 times higher (three sets of images
from two samples were compared) in HCT116-derived EVs
compared to that in CCD-18CO under the same imaging
conditions (Figure 1D,G). These results are in excellent
agreement with the previous report on EVs collected from
bodily fluids.23 Since we are not exploiting any antigen−
antibody binding strategy to capture the EVs on the underlying
mica substrate, the change in the EV density on atomically flat
mica for cancer and normal cell-derived EVs is independent of
any specific binding interactions.25,29

The EV surface is decorated with many protein receptor
molecules (e.g., tetraspanins), which include CD9, CD63,
CD81, and CD82 and other cell-specific proteins.18,30,31

Herein, using AFM tips functionalized with the CD9 antibody,
we performed SMFS to probe the biophysical characteristics of
the HCT 116 and CCD-18CO EVs. To increase the
reproducibility of the binding, we performed the unbinding
experiments on an EV film on mica by spin coating (Figure
1L). We used a BSA-coated mica surface as a control and also
repeated the same experiment with a bare tip. These
experiments were always performed with freshly prepared
tips, and the cantilever frequencies were checked before and

Table 1. Dimensional Analysis and Zeta Potential Values of
HCT116 and CCD-18CO Cell-Derived EVs

size (nm) by AFM imaging

EVs from cell lines
zeta potential

(mV)
diameter
(n = 50)

height
(n = 50)

HCT116 EVs −19.2 ± 2.1 54.1 ± 7.1 8.1 ± 0.7
HCT116 EVs (under buffer) 49.5 ± 11.2 20.7 ± 5.3
CCD-18CO EVs −8.9 ± 1.5 46.4 ± 9.7 7.6 ± 2.9
CCD-18CO EVs (under
buffer)

43.1 ± 16.7 18.6 ± 5.9

HCT116 EVs (after
hyaluronidase treatment)a

−12.5 ± 1.2 50.6 ± 4.5 7.7 ± 0.2

CCD-18CO EVs (after
hyaluronidase treatment)

−9.1 ± 2.3 44.9 ± 7.2 7.9 ± 1.7

aWe have treated cancer and normal EV samples with the
hyaluronidase enzyme and checked their dimensions with AFM.
Our AFM results revealed that the diameter of EVs decreased (after
hyaluronidase treatment) for cancer exosomes slightly (not
significantly different as confirmed by the unpaired t test). These
data suggest that the HA coating influences the EV size to some
extent. We also obtained a decrease in the zeta potential value for
cancer EVs, which signifies that HA is responsible for the higher
negative zeta potential.

Figure 2. Biochemical characterization of HCT116 and CCD-18CO-cell-derived EVs via AFM force spectroscopy: Typical force (pN) curves as a
function of separation (nm) for a single pull with an adhesive event between HCT116 (A(i)) and CCD-18CO EVs (A(ii)) probed with an
antiCD9-functionalized tip. A(iii) and A(iv) represent the multiple interactions involving a few molecules between HCT116 and CCD-18CO EV
samples, respectively, and the antiCD9-functionalized tip. Histogram of rupture events (relative frequency vs rupture force in pN) for HCT116 (B)
and CCD-18COEVs (C) showing that specific CD9 antibody-induced forces were distributed in the range of 40−200 pN. The histograms were
fitted with a Gaussian function.

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01018?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01018?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01018?ref=pdf


after the modification.32 Specific interactions were studied in
the range of 60−200 pN for both the normal and cancer cell-
derived EVs. Retraction traces for both samples show
distinctive unbinding events (Figure 2). The rupture forces
are plotted as a histogram against relative frequency and fitted
with a Gaussian function to determine the highest rupture
force (Figure 2 B,C) that indicates the strength of the bond
between the CD9 protein (on the EV surface) and the CD9
antibody (on the tip). The measured unbinding rupture forces
for HCT 116 and CCD-18CO samples are 128 ± 12 and 109
± 11 pN, respectively. This range of unbinding force is
consistent with antigen−antibody bond rupture events
reported earlier.32,33 The frequencies of unbinding events for
both samples are calculated to be 50 and 35%, respectively,
indicating that the observed rupture forces are more specific/
more frequently observed for cancer EVs. It also suggests that
the cancer EV surface displays a higher density of CD9
molecules compared to CCD-18CO. Besides the single-bond
rupture, multiple rupture events were also observed frequently
for the HCT116 sample, which implies the possibility of
having multiple tetraspanin proteins present in close proximity.
For the control (BSA), rupture forces were measured in the
range of either <50 pN or >300 pN, which was due to the
nonspecific interactions. Supported by many biochemical
studies, the EVs isolated from colon cancer cells are positive
for several canonical EV markers including CD9, CD63, and
CD81, ensuring that an AFM-based force spectroscopy
approach would be quite useful for a single-molecule-level
understanding of the organization of the receptors on the EV
surface and can be a potential alternative to Western
blotting.30,34

To search for HA, the biomarker of interest in our EV
samples, we used a few different spectroscopic techniques to

find its spectral signatures. At first, we performed Fourier
transform infrared spectroscopy (FT-IR) with cancer and
normal cell EVs. HCT 116-derived EVs reveal characteristic
bond vibrations for HA in the IR spectrum when compared
with HA (reference) alone (Figure 3A). We did not observe
any signature of HA in the normal colon cell EV sample. The
IR peak positions for HCT 116 and pure HA under optimal
conditions are identical and could be easily correlated. HA
showed several sharp peaks at 622 and 1113 cm−1 that
correspond to amide/NH wagging, and the fatty ether peak at
1407 cm−1 corresponds to the presence of the C−O group
with the CO combination. The 1639 cm−1 peak indicates
the presence of the amide II group, and the 3005 cm−1 peak
indicates C−H stretching.35,36 The peak at 3137 cm−1

represents OH stretching.35−37 Similar peaks are also observed
for the HCT 116 cell-derived EV sample, as indicated in Table
2. All six different peaks obtained in the HA sample share a
similar peak position and relative intensities with HCT116
EVs, whereas for CCD-18CO EV samples, only two peaks are

Figure 3. FT-IR spectra (A), circular dichroism (CD) spectra (B), and Raman spectra (C) of HA along with HCT 116 and CCD-18CO EVs.

Table 2. FT-IR Analysis of HA and EV Samples

wavenumber (cm−1)

peak
no. HA HCT116 CCD-18CO corresponding vibrational modes

1 622 622 amide/NH wagging
2 1113 1113 1244 fatty ether
3 1407 1407 symmetric and asymmetric

vibration of COO−
4 1639 1639 N−H bending/amide II
5 3005 3005 3124 C−H stretching (alkane)
6 3137 3137 O−H stretching (carboxylic

acid)
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identified and also are not correlated with the HA reference
peak positions (Figure 3A). These data imply the abundance of
HA molecules in HCT EV samples.
Next, we performed CD spectroscopic studies with two sets

of EVs and HA as the reference (Figure 3B). The
characteristics peak for HA is observed at 210 nm, which
matches well with the HCT 116 sample indicating the
presence of HA molecules on the surface of cancer EVs.38

One notable observation is that for the HCT 116 sample the
observed CD spectra have more structure with additional
peaks at 209, 212, and 218 nm observed. In CCD-18CO, we
observed a small hump near 219 nm, but no peak was found at
210 nm. The additional peaks at 209 and 218 nm could arise
from the presence of other protein receptor molecules on the
EV surface, including tetraspanins.30 As a negative control, we
performed CD for bovine serum albumin protein and found
the characteristic peak at the above-mentioned positions.39

The conformational analysis is presented in Table 3, which
confirms that unlike CCD-18CO, colon cancer cell HCT116-
derived EVs are HA-positive.

Raman spectroscopic investigation revealed the excellent
correlation of peaks between HA and HCT 116 samples.
(Refer to Table 4 for detailed peak analysis.) The major bands

for HA and HCT 116 EVs are in the range of 800−1700 cm−1,
whereas in this region no distinguishable peaks were observed
for CCD-18CO.40 The peak at 1049 cm−1 for HA and HCT
116 is due to C−C and C−O stretching. The peaks at 1123
and 1132 cm −1 for both HA and HCT 116 represent the C4−
OH bend and the C4−H bend. In contrast, no peak is observed
for CCD-18CO in this region. The peak at 1339 cm−1 for both
HA and HCT 116 is due to the C−H bend and amide III,
which is absent for CCD-18CO EVs. Peaks at 1470 and 1488
cm−1 represent C−N stretching for HA and HCT116. Peaks at
2909 and 2975 cm−1 are due to C−H stretching and N−H
stretching, respectively. Only a single peak is observed at 2909
cm−1 for CCD-18CO due to any C−H stretching of the
surface protein molecules. Raman spectroscopic analysis also
provides further support for our claim that HCT 116 EVs are
relatively enriched by HA compared to CCD-18CO EVs.

Next, we moved to identify HA on the EV outer surface
using SMFS. To perform such measurements, we chemically
modified the AFM tip with HA binding protein (HABP)
molecules.41 We studied both the HCT 116 and CCD-18CO
derived EVs by preparing films on the mica surface. Again, BSA
modified mica was used as a control. Typical, unbinding events
for the HCT 116 EV sample is depicted in Figure 4C(i,ii).
Specific adhesion peaks were found in the range of 40−200 pN
for the HCT 116 EVs, and the mean rupture force 82 ± 10 pN
is derived from the Gaussian fitting. This force represents the
bond strength between HA and HABP molecules.42,43 This
value is slightly overestimated compared to the previous report.
We suspect, during unbinding, that one or a few HA and
HABP molecules are participating. On the contrary, no
adhesion force peak was found for CCD-18CO EVs in the
range of 40−200 pN while most of the adhesion forces were
measured to be less than 30 pN (Figure 4Ciii). For BSA-
coated mica, nonspecific adhesion force peaks were observed
either >300 pN (Figure 4Civ) or <30 pN. As before, these
values represent nonspecific interactions between BSA with the
HABP-functionalized cantilever. Multiple interaction events
were also observed very often for the HCT 116 EV sample
with a HABP-functionalized tip (Figure 4C). This clearly
indicates that the density of HA molecules on the HCT 116EV
surface is quite high, and during unbinding events, more than
one HA molecule participates. The frequency of unbinding
events for HCT 116 samples is calculated to be >75%, which
points out that observed rupture forces are specific for HA and
HABP interactions (p < 0.001), whereas in the case of CCD-
18CO the rupture events in the above-mentioned force regime
are rare. Therefore, in general, this experimental approach is
highly sensitive and useful for differentiating between any two
or more types of EV samples, which differ by the load of a
biomarker on the outer surface, which the other spectroscopy
tools cannot assess. We also checked the level of HA for HCT
116 cells and compared the result with the derived EVs. Our
data show that the HA levels are comparable between the two,
which signifies that most of the HA secreted from the cancer
cells is associated with the EVs (Supporting Information).
In conclusion, using high-resolution atomic force micros-

copy (AFM) and spectroscopy (AFS), we demonstrate single-
vesicle differences between EVs derived from colon cancer cell
HCT 116 and normal colon epithelial cell CCD-18CO
semiquantitatively. High-resolution AFM imaging revealed
discrete multivesicular bodies with EVs enclosed therein. We
show that, compared to normal EVs, cancer EV populations
are significantly higher. By AFM unbinding experiments, we
reveal that both normal and colon cancer EVs are CD9-
positive. Interestingly, we also notice that, at the single-vesicle
level, HCT 116-derived EVs exhibit significantly increased HA
surface densities compared to CCD-18CO, which highly
correlates with ensemble spectroscopic experiments. Our data
strongly suggest that HA-enriched EVs are potential
biomarkers for colon cancer, and this correlative strategy can
also potentially be propagated to the early-stage detection of
biomarkers for other cancers. The spectroscopic tools are very
useful for biomarker identification in terms of efficiency and
practicality since these (FT-IR, CD, and Raman) instruments
are easily accessible, faster, cost-effective, and less tedious than
AFS. Therefore, these techniques can be applied effectively for
the initial screening of the EV samples. The spectroscopic
techniques also provide a direct signature of the biomarker
without requiring any specific antibody, whereas in the case of

Table 3. CD Analysis of HA and EV Samples

ratio (%)

conformation HA HCT116 CCD-18CO

helix 0.0 0.0 2.6
antiparallel 35 44.6 35
turn 19.5 13.6 17.6
other 45.4 41.8 44.8

Table 4. Raman Analysis of HA and EV Samples

HA Raman shift (per cm−1)

HA HCT116 CCD-18CO corresponding vibrational modes

815 825 840 ring ether
1049 1049 C−C− and C−O stretching
1123 1132 C−OH bend, acetyl group
1179 1170 C4−OH bend and C4−H bend
1339 1339 C−H bend, amide III
1470 1488 C−N stretching and C−H deformation
2909 2909 2909 C−H stretching
2975 2975 N−H stretching
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AFM and AFS techniques these applications require time,
specific antibodies, gathering enough statistical data, and
subsequent expertise for meaningful and robust analysis. We
thus envision that this biophysical approach can be used
effectively to fish out key biomarkers from the liquid biopsy44

and will enable the potential early detection of fatal colon
cancer.
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(20) Theŕy, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition,
Biogenesis and Function. Nat. Rev. Immunol. 2002, 2 (8), 569−579.
(21) Thompson, J. D.; Schaeffer-Reiss, C.; Ueffing, M. Functional
Proteomics. Preface. Methods Mol. Biol. 2008, 484, v−vii.
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