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Despite extensive interest, extracellular vesicle (EV) research remains
technically challenging. One of the unexplored gaps in EV research
has been the inability to characterize the spatially and functionally
heterogeneous populations of EVs based on their metabolic profile.
In this paper, we utilize the intrinsic optical metabolic and structural
contrast of EVs and demonstrate in vivo/in situ characterization of
EVs in a variety of unprocessed (pre)clinical samples. With a pixel-
level segmentation mask provided by the deep neural network,
individual EVs can be analyzed in terms of their optical signature in
the context of their spatial distribution. Quantitative analysis of
living tumor-bearing animals and fresh excised human breast tissue
revealed abundance of NAD(P)H-rich EVs within the tumor, near the
tumor boundary, and around vessel structures. Furthermore, the
percentage of NAD(P)H-rich EVs is highly correlated with human
breast cancer diagnosis, which emphasizes the important role of
metabolic imaging for EV characterization as well as its potential
for clinical applications. In addition to the characterization of EV
properties, we also demonstrate label-free monitoring of EV dynam-
ics (uptake, release, and movement) in live cells and animals. The in
situ metabolic profiling capacity of the proposed method together
with the finding of increasing NAD(P)H-rich EV subpopulations in
breast cancer have the potential for empowering applications in
basic science and enhancing our understanding of the active
metabolic roles that EVs play in cancer progression.
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Extracellular vesicles (EVs) are small membrane-enclosed
packages that are secreted by a variety of cell types (1–4).

Over the past decade, EVs have been actively studied and shown
to be associated with cancer growth and metastasis, including
recruiting stromal cells, suppressing the immune response, and
determining organotrophic metastasis with distinct biophysical
and regional differences (5–12). Direct visualization of EVs within
the context of the authentic tumor microenvironment is essential
for understanding the distribution and dynamics of EVs, which are
highly heterogeneous, and carry profound biological and clinical
implications. The state of the art for EV visualization has been
expanding mainly due to the rapid development of EV markers
and labels (12–17). However, as with other imaging applications,
marker-based methods are fundamentally limited by the complex
tissue distribution of the markers, unknown disturbance of physio-
logical functions, and unavoidable artifacts of nonspecific false-
positive binding (18, 19).
In this paper, we visualize and characterize EVs in living cells

and tissues with label-free optical imaging and investigate this
utility in the scope of breast cancer research. The challenge
of low contrast and specificity (due to small size, little cargo,
and complex tissue context) of these nanometer-scale EVs was
overcome by using efficient and simultaneous excitation of
autofluorescence and multiharmonic signals (15, 20–22). Using
a tailored optical fiber source with unique wavelengths (1080–

1140 nm), pulse shaping, and repetition rate (10 MHz), the meta-
bolic signatures of the EVs via 2-photon fluorescence (2PF) of
FAD, 3-photon fluorescence (3PF) of NAD(P)H (20–24), and the
structural properties (lipid–water interface) of the EVs via THG
(optical heterogeneity) (25) were captured with precise temporal
and spatial coregistration (see more in SI Appendix, Methods). By
fully utilizing the intrinsic metabolic and structural properties of
EVs, we achieve label-free visualization and characterization of EVs
in validated fractioned EV samples, living cells, living animals, and
fresh human tissues and found a consistent increase in NAD(P)H-
rich EV populations in breast cancer. Lastly, we explored the
potential for analyzing the dynamic behaviors (uptake, release, and
movement) of EVs in live cells and tissues.

Results
Characterization of Fractioned EVs. To evaluate the efficiency for
detecting EVs from mammary cells of varying breast cancer
status, EVs were isolated from the conditioned media of 2 human
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breast cancer cell lines (MDA-MB-231 and MCF-7) and a non-
tumorigenic human breast cell line (MCF10A) using differen-
tial ultracentrifugation (Fig. 1) (7, 26, 27). Most EVs exhibited
circular/oval morphology with bilayer membranes visualized by
TEM (Fig. 1C). Based on nanoparticle tracking analysis (NTA) (SI
Appendix, Fig. S1), EVs (retrieved from 10-K pellets) showed an
average diameter of 227.4 ± 1.2 nm. As the majority of EVs are
smaller than the optical resolution (600–700 nm) of multiphoton
microscopy (20), they appear as individual diffraction-limited
bright punctate pixels in multiphoton microscopy images (Fig. 1
A and B). With no exogenous markers or labels, the contrast of the
multiphoton images originates from the intrinsic molecular prop-
erties of individual EVs with the intensity of 2PF and 3PF repre-
senting the cargo concentrations of FAD and NAD(P)H within the
EVs (17–19), respectively, and the THG being generated from the
lipid layers/structures of each EV (optical heterogeneity at the
aqueous–lipid interface) (25). As expected, the multiphoton image
of a negative control (just media centrifuged and collected) is dark
in all of the channels (SI Appendix, Fig. S1), in sharp contrast to the
distinct punctate points of autofluorescence and harmonic-
generated light in the fractioned EV samples. To examine the
concordance of these intrinsic optical signatures for identifying EVs,
fractionated EVs were labeled with membrane-specific fluorescent
markers PKH26 (MilliporeSigma) and imaged using the multi-
photon system. Signals generated by PKH26 (excitation 551 nm and
emission 567 nm) can be detected in the original 2PF channel, and
intrinsic signals from THG and 3PF (NADH) can be detected using

the original setting (THG emission 370 nm and 3PF emission 450
nm). We observed spatial coregistration between the fluorescent
markers and the intrinsic optical signatures (SI Appendix, Fig. S1),
demonstrating the high sensitivity (91%) and specificity (99%) of
the proposed label-free detection method. To further quantify the
efficiency of this label-free EV detection scheme, we compared the
number of EVs detected by NTA and multiphoton microscopy
using EV samples of varying densities from 3 commonly used
mammary cell lines. Measurements from multiphoton microscopy
were largely consistent with NTA (<10% difference), regardless of
the cancer status of the mammary cells, suggesting the potential of
label-free multiphoton microscopy as a reliable imaging approach
for detecting individual EVs (Fig. 1D). The capability of multi-
photon microscopy for reliably detecting individual EVs in the
context of varying densities and cell origins without the use of ex-
ogenous markers demonstrates the strong potential for direct im-
aging of EVs in complex biological systems for investigative studies.

Unique Optical Signature for EVs from Breast Cancer Cells. While
unbiased detection of EVs from varying cell origins is desirable,
correlation of optical signatures of the EVs and cancer status will
enable unprecedented opportunities for the discovery of new
biomarkers as well as for a more accurate understanding of the
roles that EVs play in cancer. There have been reports of EVs
carrying or even synthesizing various metabolic products (28–30).
With the capability to simultaneously measure the metabolic
[FAD by 2PF and NAD(P)H by 3PF, SI Appendix, Figs. S2 and S3]
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Fig. 1. Imaging and characterization of isolated EVs by multiphoton microscopy, transmission electron microscopy (TEM), and NTA. (A) Multiphoton imaging of
isolated EVs from MDA-MB-231 cells and MCF10A cells. (B) Zoomed-in image of 1 representative EV with 2D (Upper) and 3D (Lower) visualization maps. The Jet
color map was used to highlight the spatial contrast of the diffraction-limited punctate signal. Each pixel is 500 nm in size. (C) TEM images of the same batch of EVs
with different magnification. Lower shows the bilayer membrane of an EV. (D) Comparison of EV concentration measured by NTA and multiphoton microscopy
(mean ± SD; n = 3 experiments). (E) Histograms of the FAD/[FAD+NAD(P)H] values of EVs isolated from different cell lines. The histograms of EV optical signatures
are modeled via a bimodal Gaussian distribution with 2 vertical dashed lines indicating the means of the 2 modes.
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and structural (THG) properties of each EV, we examined
whether multiphoton microscopy could differentiate between EVs
isolated from human breast cancer cells and EVs from healthy
human breast epithelial cells based on their individual label-free
optical signatures. The intensities of each optical channel were
analyzed for individual EVs. It was observed that EVs from breast
cancer cells have significantly higher 3PF intensity [NAD(P)H
concentration] compared to nontumorigenic cells (Fig. 1 A and E).
A normalized ratio between FAD and NAD(P)H was used for
quantitative analysis (31, 32) (Fig. 1E). As shown in Fig. 1E, EVs
from cancer cells (isolated from MDA-MB-231 cells) displayed a
significantly lower ratio [approximately higher NAD(P)H con-
centration, P < 0.01 by the Kolmogorov–Smirnov test] compared
to EVs from nontumorigenic cells (isolated from MCF10A cells),
while the EVs from noninvasive cancer cells (isolated fromMCF-7
cells) have a mixed distribution.

In Vivo Optical Signature Reveals Abundance of NAD(P)H-Rich EVs in
the Tumor Microenvironment. To investigate the correlation of the
optical signature of EVs and the cancer status in the authentic
living mammary cancer microenvironment,N-Nitroso-N-methylurea
was injected into the peritoneal cavity of rats to induce the growth
of mammary tumors (33, 34). Surgically exposed tumors were
subsequently imaged in vivo using label-free multiphoton micros-
copy. The large field-of-view and 3D visualization (Fig. 2A, SI
Appendix, Figs. S4 and S5, and Movie S1) showed a 500-μm-sized
tumor densely packed with tumor cells, vesicles, and tumor-
infiltrating immune cells. While most of the THG-high EVs were
randomly scattered throughout the tumor mass as well as in the
stroma, a significant portion of the NAD(P)H-high EVs were or-
ganized in a linear streamlike manner. In addition, the EVs in
proximity to the endothelial cells were mostly NAD(P)H enriched,
which is likely the result of an antioxidant defense mecha-
nism stimulated by the increased oxidative stress in the tumor
endothelial EVs (35).
Consistent with EVs isolated from breast cancer cell cultures

(Fig. 1), analysis of individual EV content (via optical signatures)
reveals significantly (P < 0.01 by the Kolmogorov–Smirnov test)
higher concentrated NAD(P)H in EVs from mammary cancer
tissue (Fig. 2B). In addition, EVs from tumor-bearing animals
and EVs from control animals appear to form 2 distinct clusters
in the 3-channel intensity space with minimal overlap (Fig. 2C),
implicating the existence of 2 distinct subpopulations of EVs
carrying different levels of metabolic products. In addition, the
cluster of NAD(P)H-rich EVs is strongly associated with EVs
from cancerous tissue. Based on the histograms of the optical
(metabolic) signatures from both cancer and healthy EVs (Fig.
2D), a threshold value was computed using Otsu’s method to
separate the 2 subpopulations of EVs. For simplicity, any EV
that had a signature lower than the threshold value was de-
fined as an NAD(P)H-rich EV in this paper. Thus, the con-
centration and the percentage of NAD(P)H-rich EVs can be
readily calculated for each site (see more in Materials and
Methods). As observed, the level of NAD(P)H-rich EVs was
highly correlated with mammary cancer status (Fig. 2 E–G)
and yielded far better cross-validation AUC (area under
curve) values for the corresponding classification task than EV
concentration alone.
This high concentration of NAD(P)H has been observed in

cancer cells (31, 36) previously as a result of theWarburg effect (37)
(increased glycolysis) as well as an antioxidant defense mechanism
(38). To study the correlation between the NAD(P)H levels of
EVs and that of the potential parental cancer cells, we compared
cancer cells with tumor-bordering EVs as well as EVs outside the
visible tumor area (SI Appendix, Fig. S6). The relative NAD(P)H
concentration was estimated based on the known linear de-
pendence of 3PF signals on the NAD(P)H concentration (39).
Intensity analysis reveals that the 3PF intensity [correlated with

NAD(P)H concentration] from the EVs was, on average, 5-fold
higher than that of the neighboring cancer cells (SI Appendix,
Fig. S6). In addition, EVs that were not in the proximity of any
NAD(P)H-rich cells (SI Appendix, Figs. S6 and S7 and Movie S2)
were observed to have an even higher 3PF intensity (7-fold
higher than cancer cells). The difference in NAD(P)H levels
between cancer cells and corresponding EVs was also observed
in breast cancer cell cultures (SI Appendix, Fig. S8). This is an
intriguing observation that highlights the possibly unique
metabolic functions and signatures of EVs in breast cancer
(28–30), but future studies are needed to elucidate exactly what
mechanism results in this unexpected higher NAD(P)H con-
centration from certain cancer-associated EVs. Together, these
results demonstrate the importance of directly mapping the meta-
bolically and spatially heterogeneous EVs in the complex highly
interactive and continuously evolving tumor microenvironment.

Abundance of NAD(P)H-Rich EVs Highly Correlated with Diagnosis of
Human Breast Cancer. To explore the clinical potential of the
finding of NAD(P)H-enriched EVs in cancer, we imaged fresh
human breast tissue excised from female subjects with invasive
ductal carcinoma as well as from female subjects undergoing
breast reduction surgery with no history of cancer (Fig. 3A).
Consistent with the preclinical study, the EVs from breast cancer
patients have significantly higher NAD(P)H concentration than
those from cancer-free subjects (Fig. 3 A and B). This observa-
tion remains true for both early- and late-stage cancer and for
tissue that was both close to (within the tumor or adjacent to the
tumor boundary) and far from (>5 cm away from tumor boundary)
the tumor margin, which supports the hypothesis and findings that
EVs have both an early and physically far-reaching influence in
carcinogenesis (10, 11, 40). Similar to the EVs from rat mammary
tumors, the histogram generated by combining EVs from human
breast cancer and cancer-free subjects appeared bimodal, and a
threshold value was determined by Ostu’s method to separate out
the subpopulation of NAD(P)H-rich EVs (Fig. 3C). Statistical
analysis of this cohort revealed that the level of NAD(P)H-rich
EVs distinguished subjects with early-stage breast cancer from
healthy subjects as well as subjects with late-stage breast cancer
(Fig. 3 D and E). When comparing patients with Stages 1–3 breast
cancer to healthy subjects, ROC curves show that NAD(P)H-rich
EVs exhibit high accuracy for discriminating each stage of breast
cancer (Fig. 3F, AUC Stage 1: 97.6%; Stage 2: 99.4%; and Stage 3:
99.7%) from healthy tissue, supporting the utility of these optical
signatures also as a biomarker for the various stages and pro-
gression of human breast cancer.

EV Dynamics in Living Cancer Cells and Animals. In addition to
characterizing the metabolic properties of individual EVs, label-
free multiphoton microscopy promises to monitor the dynamic
behavior of EVs in live cells and tissues without perturbation.
We performed live cell imaging targeting the cellular release and
uptake of EVs in living MDA-MB-231 cancer cells without the
aid of exogenous markers. As expected, we observed vesicles
of varying sizes inside and outside the cells with most vesicles
appearing to actively and randomly move within the cells.
Vesicles were also observed being secreted or uptaken (Fig. 4
A–C and Movies S3–S5). Fig. 4A shows the dynamic process of
vesicle release (Movie S3). Fig. 4B shows the migration of a vesicle
from the end of a protrusion from the cell body through a tube-like
channel (Movie S4). Fig. 4C shows the process of vesicle uptake—
a vesicle moving freely in the media, approaching a target cell,
appearing to be tethered to the cell, and 2 min later, entering the
cell (Movie S5).
EV visualization is further motivated by the potential to perform

EV tracking in living animal models to enable more comprehensive
and authentic observations of EV dynamics and vesicle-cell-stromal
interactions. EV locomotion in the tumor microenvironment was
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tracked with time-lapse imaging at multiple intratumor sites and
tumor-neighboring sites. In contrast to the active release, uptake,
and migration of EVs observed in cell cultures (Fig. 4 A–C and
Movies S3–S5), the majority of EVs in the living tumor mi-
croenvironment appear immobilized and firmly attached to the

extracellular matrix and vessel walls (SI Appendix, Fig. S9 and
Movies S6–S9). This observation is not consistent with previous
reports that EVs systemically disseminate to phenocopy metastatic
behavior or to condition secondary sites (6, 16, 17). This discrepancy
might be attributed to the heterogeneity of dynamic functions in

A
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Fig. 2. In vivo visualization and characterization of EVs from cancer tissue in rat mammary tumors. (A) In vivo imaging of control rats and tumor-bearing rats
by label-free multiphoton microscopy. (B) FAD/[FAD+NAD(P)H] values of EVs from control (n = 5 animals) and tumor-bearing rats (n = 5 animals). (C) Scatter
plot of individual EVs with intensities from the 3 channels. (D) Combined histogram of vesicle optical signatures from cancer and normal tissue. The blue
dashed line indicates the computed threshold value (0.65) for identifying the subpopulation of NAD(P)H-rich EVs by using Ostu’s method. (E) Concentration
and (F) percentage of NAD(P)H-rich EVs in relation to their cancer status (2-tailed Student’s t test, ***P < 0.001, and ****P < 0.0001; 26 imaging sites from the
control group and 82 imaging sites from the cancer group). (G) Receiver operating characteristic (ROC) curve of cancer prediction by logistic regression using
different features. The feature of EV density yields an area under the ROC curve (AUC) of 0.786, the NAD(P)H-rich EV density yields an AUC of 0.849, and the
percentage of NAD(P)H-rich EVs yields an AUC of 0.868 (Scale bar: 100 μm.).
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EVs as well as the possibility of other vesicle migration mechanisms.
More in-depth studies are needed to investigate the mechanisms
behind these motility patterns.

Discussion
Complementary to the widely used isolation-based EV assays,
direct visualization and characterization of EVs in intact living cells
and tissues promises to add more comprehensive and informative

insight into their heterogeneous properties and distributions in
unprocessed tissue, as well as their spatial–temporal incorporation
and role in the highly interactive and ever-evolving tumor micro-
environment. We expect that these methods and results will open
doors for the exploration of the dynamic roles of cancer-associated
vesicles in both basic research and clinical applications. The in situ
metabolic profiling capacity of the proposed method together with
the finding of the increasing NAD(P)H-rich EV subpopulation in
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Fig. 3. High levels of NAD(P)H-rich EVs are correlated with early- and late-stage human breast cancer. (A) Label-free multiphoton imaging of fresh
normal tissue and cancer tissue. (B) FAD/[FAD+NAD(P)H] values of EVs from subjects with different cancer statuses (19 subjects in total, Normal [n = 7],
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line indicates a computed threshold value (0.73) for identifying the subpopulation of NAD(P)H-rich EVs by using Ostu’s method. (D) Concentration and
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mammary cancer can empower applications in the basic sciences
as well as enhance our understanding of the active metabolic roles
that EVs play in cancer progression. For clinical applications, the

potential of this method is demonstrated via its sample-
preparation-free nature and its strong correlation with clini-
cal diagnosis. However, more studies are needed to prove that
this method and this finding can be effectively used for im-
proving clinical diagnosis, screening, and monitoring. The
system instrumentation, imaging, and analysis will need to be
standardized and pipelined to be demonstrated as a reliable
and user-friendly clinical instrument. Investigations of liquid
biopsy samples will be conducted to fully explore the clinical
utility of this method for improving breast cancer screening and
diagnosis. It is also possible that the abundance of NAD(P)H-rich
EVs is not only specific to breast cancer, but also applicable to
other types of cancers. However, we should be careful about
generalizing these breast cancer based findings to other cancer
types without extensive targeted studies as different cancer types are
known to have different metabolic alterations and profiles (41, 42).
Dedicated investigations will be performed in the future to sys-
tematically identify the metabolic signatures of EVs for other
cancer types.

Materials and Methods
All experiments involving human breast tissue were conducted in accordance
with a protocol approved by the Institutional Review Boards at the University
of Illinois at Urbana–Champaign and Carle Foundation Hospital, Urbana, IL.
All human tissue samples were obtained from subjects who preoperatively
provided informed consent permitting the investigational use of their tis-
sues. All experiments involving animals were conducted in accordance with a
protocol approved by the Institutional Animal Care and Use Committee at
the University of Illinois at Urbana–Champaign. Detailed methods are
available in the SI Appendix.

Data Availability. Thedataandcodes toperformtheanalyses havebeendeposited
in OSF (https://osf.io/r5kdt/?view_only=ac9b10f32f31475abf8c78d1a682fa25) (43).
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