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Because the breast cancer is an important factor that threatens women’s lives and health, early
diagnosis is helpful for disease screening and a good prognosis. Exosomes are nanovesicles,
secreted from cells and other body fluids, which can reflect the genetic and phenotypic status of
parental cells. Compared with other methods for early diagnosis of cancer (such as circulating
tumor cells (CTCs) and circulating tumor DNA), exosomes have a richer number and stronger
biological stability, and have great potential in early diagnosis. Thus, it has been proposed
as promising biomarkers for diagnosis of early-stage cancer. However, distinguishing different
exosomes remain is a major biomedical challenge. In this paper, we used predictive Convolutional
Neural model to detect and analyze exosomes of normal and cancer cells with surface-enhanced
Raman scattering (SERS). As a result, it can be seen from the SERS spectra that the exosomes of
MCF-7, MDA-MB-231 and MCF-10A cells have similar peaks (939, 1145 and 1380 cm ~!). Based
on this dataset, the predictive model can achieve 95% accuracy. Compared with principal
component analysis (PCA), the trained CNN can classify exosomes from different breast cancer
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cells with a superior performance. The results indicate that using the sensitivity of Raman
detection and exosomes stable presence in the incubation period of cancer cells, SERS detection
combined with CNN screening may be used for the early diagnosis of breast cancer in the future.

Keywords: Exosomes; surface-enhanced Raman scattering (SERS); breast cancer; convolutional

neural model; label-free.

1. Introduction

In the Global Cancer Statistics 2020, female breast
cancer has surpassed lung cancer as the most com-
mon cancer for the first time, with an estimated 2.3
million new cases (11.7%), and its mortality rate
has risen to 6.9% of global cancers. The breast
cancer is the most commonly diagnosed cancer
among women and the reason resulting to cancer
deaths. This alarming number is expected to rise
continually in 2040." In cancer detection, there are
many biometric methods including immunoassays
(e.g., immunomagnetic separation, ELISA), genetic
identification (e.g., RFLP, FISH, real-time PCR),
proteomics and mass spectrometry, etc. However,
these techniques have some disadvantages. For ex-
ample, classical cytogenetic analysis requires meta-
phase preparation of available tumor cells and FISH
assay is usually limited by classical probes targeting
one or two candidate genes.”? The current detection
methods for breast cancer mainly include breast
color ultrasound, mammography, breast MRI, dig-
ital breast tomosynthesis (DBT), fine-needle aspi-
ration pathology examination and pathological
examination after breast lumpectomy.* Unfortu-
nately, these methods may cause discomfort, over
diagnosis and false positive results that are usually
accompanied by patient distress and anxiety.® In
addition, the image-based diagnostic tools are also
expensive, which may have different performance
and quality in each place, and may not be applica-
ble to all people, especially those living in rural
areas or remote areas.” Therefore, it is particularly
important to develop an efficient, highly sensitive,
easy-to-operate, non-destructive and highly accu-
rate detection method.

Exosomes are tiny vesicles with a lipid bilayer
membrane structure of 30-200 nm in size.® It was
first discovered in mammalian reticulocytes
(immature red blood cells) by Stahl et al.” and
Johnstone et al.'’ in 1983, and was further called
exosomes by Johnstone group in 1987.'! Initial re-
search reported that exosomes can only be secreted

by specialized cells, such as dendritic cells and
reticulocytes, but later studies have shown that it
can be secreted by most cells, including normal cells
and cancer cells.'*"'° Then it was found that exo-
somes existed in almost all body fluids,'® including
blood, breast milk, urine, cerebrospinal fluid, tears,
etc.!”?! They mainly contain nucleic acids (mRNA,
miRNA, IncRNA and DNA), proteins and lipids,*”
among which lipids and proteins are the main
components. Abnormal cells and diseased organs
produce more exosomes compared with normal cells
or organs. The total number of exosomes in the
blood of each normal person is about 2 x 10 par-
ticles, while the number of exosomes in tumor
patients can be as much as 4 x 101 particles.??>*
The reason for this phenomenon may be that ab-
normal cells secreted too much exosomes to inhibit
the secretion of exosomes by normal cells.?” Com-
pared to circulating tumor cells (CTCs), larger
amounts of exosomes can be released into the cir-
culatory system in the case of cancer. Because of the
high abundance of exosomes in the body and good
stability in body fluids (especially blood), exosomes
are considered to be a reliable and powerful source
of circulating cancer biomarkers.?S Exosomes reflect
the genetic and phenotypic status of their parental
cells to a large extent, so they can be used as liquid
biopsy materials for many diseases and medical
diagnosis.?”

The Raman scattering effect is an inelastic scat-
tering caused by molecular vibration and lattice
vibration. The phenomenon was observed in liquid
by C. V. Raman in 1928.?® With the advantage of
non-destructive measurement, Raman spectroscopy
can fingerprint specific chemical groups, and does
not require special sample preparation steps. In
addition, traditional infrared spectroscopy detec-
tion methods are susceptible to background inter-
ference from aqueous solutions, but the Raman
spectroscopy of water is weak. Therefore, Raman
spectroscopy is an ideal analytical method for bio-
logical samples. However, most samples, especially
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biological samples, have weak Raman scattering
intensity, which to some extent hinders the appli-
cation of this technology in certain fields. Surface-
enhanced Raman scattering (SERS) can enhance
Raman signals from small molecules close to the
metal surface through electromagnetic and chemical
mechanisms.?”*Y Molecules adsorbing on the surface
of rough metal or metal sol particles can obtain a
stronger (some increase several orders of magni-
tude) signal than ordinary Raman scattering.*!*? In
addition, the signal can be acquired in a short time
(1 s or faster per spectrum). These characteristics
make SERS popular in biological detection and
widely used in cancer detection, including the de-
tection of biomarkers in body fluids.**

Because of high efficiency, high sensitivity and
simplicity, SERS has great clinical application po-
tential in discovering the tumorous exosomes. For
example, Tirinato et al.>* used a combined biopho-
tonic device of microstructures, super-hydrophobic
surfaces (SHSs) and SERS to analyze exosomes
from healthy and tumor of colon cell lines. Based on
the remarkable water-resistant capacity, SHSs can
concentrate the diluted solution, makes small
molecules gather in a very small area and captures
the inside analytes. Thus, it can not only increase
density, but also reach the detection limit. Recently,
it is reported that a SERS substrate of the nano-
bowl coated with silver film could capture and an-
alyze exosomes. As the small size of the nanobowl, it
can be captured by a single bowl and measured by a
focused beam. So, several exosomes can be analyzed
at once. Exosomes are gathered in sub-micron
nanobowl, their signal are generated from the nar-
row space near the plasma surface, which can pro-
vide biochemical analysis of intact and ruptured
exosomes.?” Stremersch et al.’° deposited a gold
nanoparticle-based shell on the surface of exosomes
derived from cancer cells and healthy cells, which
can not only enhance Raman signals, but also
maintain a colloidal suspension of individual vesi-
cles. This nanocoating can record SERS spectra
from a single vesicle. Even in the same mixture,
vesicles from different sources can be distinguished
by this method with partial least square discrimi-
nant analysis. In addition, a study reported that
deep learning methods (Architecture of the Resnet-
based deep learning model) combined the SERS to
explore the characteristics of exosomes of normal
and lung cancer cell lines, then find the similarities
of human plasma exosomes without collecting a

large number of exosomes.?” Recently, Li et al.*®
proposed a magnetic SERS platform and combined
with PCA to distinguish exosomes of breast cancer
cells, and breast cancer patients from healthy peo-
ple. The results are shown that this method can
simplify capture exosomes and distinguish cancer
from normal, which can avoid exosomes losing
and destruction caused by multiple washing and
magnetic separation steps after capture.

Deep Learning is a new research direction in the
field of computer learning. Specially, convolutional
neural network (CNN) has shown promising results
in feature extraction and learning.*” The connection
mode between neurons in the deep neural network is
similar to the animal visual cortex organization,
which includes a learning method of multi-level
nonlinear transformation levels. As one of the clas-
sic structures, CNN has its characteristics such as
local connection, translation invariance, weight
sharing, multi-layer structure and pooling opera-
tion, with which CNN can effectively and easily
train and optimize. Some researchers used CNN to
analyze spectroscopic signal including Raman
spectroscopy. In biological samples, CNN has been
applied to classify exosomes of normal and lung
cancer cell lines.*”** Generally, CNN can automat-
ically learn data features through multi-layer non-
linear transformations, and its deep structure makes
it have strong expression and learning capabilities.*

This paper reports a method of combining SERS
with CNN to detect exosomes from normal and breast
cancer cells. Compared to traditional methods (e.g.,
PCA), CNN can analyze spectra after simple proces-
sing (such as data baseline leveling, normalization,
etc.).” In this experiment, we isolated exosomes from
cell culture supernatant by ultracentrifugation, then
mixed with laboratory-synthesized gold nanoparticles
(AuNPs). After drying, SERS signals of exosomes
were acquired. Spectral data sets of exosomes from
different cell lines will be used to train the CNN model
to extract different SERS signal characteristics for
classification of different types of exosomes (Fig. 1).
Using the CNN, researchers can process a large
amount of data with less time and cost.

2. Materials and Methods
2.1. Chemicals and instruments

Tetrachloroauric (II) acid hydrate (AuCl;-HC1-4H50)
was purchased from China National Medicines Co.,
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Schematic illustration a method of SERS combined with CNN to detect exosomes from normal and breast cancer cells.

(The golden spheres represent AuNPs, the blue vesicle-like spheres represent exosomes, and the red, yellow and green vesicle-like

spheres represent exosomes derived from different cells.)

Ltd, sodium citrate and Phosphor-tungstic acid was
obtained from Aladdin (Shanghai, China), the human
breast cancer cell lines MCF-7 and MDA-MB-231 were
purchased from Cell Bank of the Chinese Academy of
Sciences, the human normal breast epithelial cell line
MCEF-10A were purchased from Procell Life Science &
Technology Co., Ltd.

Dulbecco’s modified eagle medium (DMEM),
fetal bovine serum (FBS), trypsin and penicillin-
streptomycin were provided by Beyotime Biotech-
nology (Shanghai, China). All other reagents used in
this text as received did not need any purification.

Beckman Optima L-100XP ultracentrifuge,
JEOL JEM-1400 PLUS 120kV transmission elec-
tron microscope, Malvern Nanosight ns 300, inVia
confocal Raman microscopy system (Renishaw,
England).

2.2,

The cryopreserved cell strains taken out of the
—80°C refrigerator were quickly thawed and re-
covered in a 37°C-water bath, and then cultured in
a 37°C, 5% CO, incubator. Change the culture
medium according to the cleanliness and color of the
culture medium. When the cells have grown to
about 70-80%, the cells are passaged.

Cell culture

2.3. Synthesis of SERS substrate-gold
nanospheres

Pour the 100 mL mass fraction of 0.01% chloroauric
acid solution into a round bottom flask, stir and
heat until the solution boils and continue for 2 min,
add 4 mL mass fraction of 1% sodium citrate solution,

continue to react for 10min until the color of the
synthesis solution no longer changes, stop heating and
continue stirring. After the synthesis solution has
cooled to room temperature, store it in a refrigerator
at 4°C for characterization and application.*®

2.4. FExosome separation

Based on the gold method of exosome extraction—
ultracentrifugation,*” we improved this method, the
detail operation is as follows: When the cells grow in
T225 culture flask to more than 80% (depending on
the cell growth rate), remove the medium with
serum and wash for 2-3 times with PBS, then re-
place with 80 mL serum-free medium (basic medi-
um) and incubate for 24 h. The extraction process of
exosomes was carried out at 4°C. Collect the cell
culture supernatant and transfer it to a 50mL
centrifuge tube, then centrifuge at 500 g for 10 min.
Remove the precipitate (removing non-adherent
cells) and transfer the supernatant to a new cen-
trifuge tube with a centrifugal force of 2000g for
10min. Remove the precipitate (removing dead
cells) and transfer the supernatant to a new high-
speed centrifuge tube, setting centrifuge force at
10,000 g and run for 20 min (Removing cell debris).
Remove the precipitate, filter the supernatant with
a 0.22um microfilter (removing cell debris).
Transfer the filtrate to a 39 mL ultra-isolation tube
and balance it at the thousandth position and use a
fixed-angle rotor and ultracentrifuge at 120,000 x g
centrifugal force for 90 min. Remove supernatant,
resuspend the precipitate obtained by centrifuga-
tion in physiological saline, then transfer resu-
spension to a 6.5mlL ultra-isolation tube with
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120,000 x g ultracentrifugation for 90 min, remove
the supernatant, and resuspend the exosomes in
200 uL physiological saline and stored in —80°C
refrigerator for use. When the cell culture supernatant
obtained by low-speed centrifugation is insufficient,
use physiological saline to supplement the balance.

2.5.
2.5.1.

After fixing the copper mesh with tweezers, add 1
drop of exosomal solution, settling for 10 min, suck
the liquid away from the edge with filter paper and
use 1 drop of 1% phosphotungstic acid for negative
staining for 1 min. The filter paper was blotted dry,
then mixed the phosphotungstic acid and the sam-
ple in ratio of 1:1. Rinse the copper mesh three
times, the shape and size of exosomes were observed
under 120kV TEM after baking or drying at room
temperature.

Identification of exosomes

Transmission electron microscope

2.5.2.

The concentration and particle size of exosomes
after ultracentrifugation were acquired by nano-
particle tracking analysis (NTA) (Malvern Nano-
sight NS300). The exosomes after centrifugation
were diluted and put 1mL into the sample pool.
The instrument and various measurement para-
meters were adjusted to obtain the average particle
size of the sample and the concentration of the
original solution.

Nanoparticle tracking analysis

2.6. Ezxosome detection by the SERS
method

In this experiment, Renishaw inVia confocal
Raman microscopy system was used to acquire the
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SERS data. After power on, calibration and focusing,
drop mixture of 10 uL exosomal solution with 2 uL
AuNPs evenly on the silicon wafer. The SERS signal
is acquired immediately when the liquid is dried. The
emission wavelength of the laser is 785nm with
power of 0.5 mW to prevent excessive power burns
the sample. The microscope is a Leica DM2500 with
50x objective lens magnification. The spectral range
of Raman signal is 600-1800 cm !, and the exposure
time is 4. After collecting the exosomes of each cell
three times, the exosomes were detected by inVia
confocal Raman microscopy system. About 130
locations are randomly detected (The distance
between two adjacent points is greater than
200nm), and the SERS spectral data of each location
is obtained from the averaged spectral of three
spectral lines. All spectra are acquired under the
same conditions. Before data qualitative analysis,
Vancouver Raman spectrum processing software was
utilized to perform spectra baseline correction and
fluorescence background subtraction.

2.7. Neural network structure

The network structure is illustrated in Fig. 2. The
framework was organized with an initial convolu-
tional layer, followed by a batch normalized (BN)
layer, a rectified (Relu) layer, a pooling layer, eight
serial basic block, a fully connected layer and a
softmax output layer. The basic block consists of
serials of convolutions, BN and Relu. There is a
dropout layer between four blocks. For ternary
classification, the exosomes of each cell were labeled
with 0, 1 and 2.

2.7.1. Model training and verification

We trained and tested the network with a data
set of exosomes SERS spectra, divided into 70%
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Architecture of the resnet-based deep learning model.
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training, 10% validation and 20% testing. Using
the Adam algorithm,*” a stochastic gradient-based
optimizer, with an initial learning rate le =" to train
our network. The training process will also stop
when loss stop declines. We implemented the
network in Python 3.6 with Keras (Tensorflow-
backend) on a PC with an Intel i7 CPU.

3. Result

3.1. Characterization of synthetic gold

nanoparticles (AulNPs)

The synthesized AuNPs solution was translucent
red (Fig. 3(a)). The synthesis solution was scanned
by UV-VIS absorption spectrum in the wavelength
range of 450-1000 nm. In Fig. 3(a), the width of the
main peak is small, and the maximum absorption
peak wavelength of the synthetic solution is
Amax = 919nm, with the maximum absorbance
Abs, . = 0.1756. From Fig. 3(b), it can be found
that the diameter of the AuNPs was uniform and
the diameter was about 16 nm, which was consistent
with the absorption peak of the gold nanoparticles.
The relationship between the extreme wavelength
and the particle diameter can confirm that the
synthetic liquid is AuNPs.*®

3.2.

Under the TEM, the exosomes secreted by the cell
lines can be observed clearly, which are a classic
saucer-shaped with a particle size of about 50-200 nm.

The characterization of exosomes

0.2
dana=319nm  Abs,,,x=0.1756
w
DO 0.1F A
<L _
0.0

500 600 700 800 900
Wavelength(nm)
(a)
Fig. 3.

A double membrane-like structure can be seen at the
edge of exosomal vesicles with clear background and
less pollutants, and the exosomes can also be seen
clustered together (Figs. 4(a)—4(c)), these results are
in accordance with before report.*”

To research the particle size of exosomes, NTA
method was employed in this experiment. It is shown
in Fig. 4(d) that the average diameter of exosomes of
MCF-7 is 73.4nm, and the main peak diameter of
the particle size is 73.5nm. From Fig. 4(e), the dia-
meters of most exosomes of MDA-MB-231 are dis-
tributed between 70-160nm, the average particle
size is 109.5nm, and the main peak diameter of
particle size is 75.5nm. From Fig. 4(f), it can be
found that the diameter of most MCF-10A exosomes
distributes between 30-70nm, the average particle
size is 51.6 nm and the main peak diameter of par-
ticle size is 54.5 nm.

3.3.

To study the AuNPs enhancement effects on the
exosomes Raman scattering, the Raman spectra
and SERS spectra of MDA-MB-231 exosomes are
detected. From Figs. 5(a) and 5(b), it can be seen
that only a few Raman peaks could be observed in
the exosomes without adding AuNPs because al-
most all of the Raman signals are masked by the
large fluorescence background. But in the spectra of
exosomes added with AuNPs, the intensity of many
dominant vibration bands increased dramatically.
It indicates that there is a strong interaction
between the AuNPs and exosomes.

Raman spectroscopy detection

1000 50nm
' e diiitansa: |

(b)

(a) Ultraviolet-visible absorption spectrogram (The translucent red is synthesized AuNPs.) and (b) TEM of the AuNPs.
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Fig. 4. The characterization of exosomes. (a), (b) and (c) are the exosomes TEM images of MCF-7, MDA-MB-231 and MCF-104,
respectively. (d), (e) and (f) are the exosomes size distribution and concentration relationship curves of MCF-7, MDA-MB-231 and
MCF-10A, respectively.
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Fig. 5. SERS characteristic spectrum of exosomes. (a) Comparison of exosomes of MDA-MB-231 cells with or without AuNPs,
adding AuNPs to enhance the Raman signal of exosomes. (b) Three exosomes enhanced by SERS and normal saline (NS) without
exosomes under the same conditions Raman signal comparison.
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Table 1. Comparison and preliminary attribution of SERS peaks of exosomes from different cell sources and references.
Raman Shlft/ cIm (l%(‘,f()r(‘n(i(‘, data in parentheses)
MCF-7 MDA-MB-231 MCF-10A Assignments
631(627) 625(629) 630(636) Deformation vibration of adenine ring, phenylalanine C—C torsional
vibration
654(658) Tyrosine vibration, Guanine
736(735) 736(735) 736(735) Adenine
826(828) 825(826) 830(822) Sugar—phosphate backbone vibration, protein, C—-O-O vibration
typical of phospholipids
867(855) 867(870) 864(854) Cholesterol, oxyproline, tryptophan, glycogen, C—C stretch proline
ring in collagen
939(920) 939(921) 939(919) C=C stretching vibration, proline
none (999) none (998) 999(998) symmetric respiratory vibration of phenylalanine
1145(1150) 1142(none) 1145(1143) CH vibration in protein, ribose-phosphate
1229(none) 1223(1221) Amide TIT
1286 (1264) Amide III (e.g., protein), C=C (e.g., fatty acids)
1380(1376) 1376(1376) 1380(1374) Carbohydrate, adenine, guanine, thymine
1510(none) 1502(none) 1531(1532) Vibration of (-C=C-) conjugated
1571(1581) none (1580) 1576(1573) Guanine, adenine, purine, phenylalanine, tyrosine

Note: Reference data and attribution of SERS peaks in the

To distinguish the SERS spectra of MCF-7,
MDA-MB-231 and MCF-10A exosomes, the SERS
spectra were averaged, basal removed, and
smoothed after measuring. From Fig. 5(b), it can be
seen that the exosomes of different cells had similar
peaks, which were difficult to differentiate. The
common Raman peaks are near 939, 1145 and
1380cm !, corresponding to the proline C=C
stretching vibration, the CH vibration of the pro-
tein, ribosome—phosphate and Carbohydrates and
nucleotides (adenine, guanine, thymine), respec-
tively. But there is a little bit difference such as at
peaks of 1286 cm~!, and 1575cm~!, etc. The in-
tensity of cancer cell lines (MCF-7 and MDA-MB-
231) is lower than that of normal cell line (MCF-
10A), which are corresponding of the lipids, proteins
and carbohydrates. Recently, some researchers have
proved that diploid, triploid, binuclear or multinu-
cleated cells may appear in the process of cancer cell
proliferation.*” Disorders in the composition and
metabolism of nucleic acid and protein make cancer
cells have the ability to proliferate indefinitely, so
the nucleic acid content of cancer cells is higher than
that of normal cells. Since cancer cells secrete more
exosomes and are rich in nucleic acids, including
mRNA, microRNA and DNA, the Raman signal
of nucleic acids in cancer-related exosomes is
much stronger than that of normal exosomes.
The metabolism of cancer cells is more active than

table cited from the literature.”

normal cells, resulting in the consumption of more
protein, lipids and energy-supply carbohydrates. It
was also found that almost all of the Raman peaks
are consistent with the documents (Table 1) (Ref-
erence data in parentheses and attribution of SERS
peaks in the table cited from the literature Zhang
et al.”’), but this method wastes a lot of resources
(money and time), and there will may be some
errors. Therefore, this analysis method is difficult
to implement, especially when analyzing large
amounts of data.

3.4. Convolutional neural network

analysis

To distinguish breast tumor cells from breast cells in
exosomes in Raman spectrum, we used a CNN
based on resnet.®”°! 1160 SERS spectra were col-
lected (400 spectra were collected from MCF-10A
exosomes, 380 spectra from MDA-MB-231 exo-
somes and 380 spectra from MCF-7 exosomes.). The
SERS signals were processed for baseline correction,
denoising and min—-max normalization. The final
output scores of data from the three different exo-
somes (Figs. 6(a)—6(c)). The exosomes were undif-
ferentiated at the initial 5 and 50 epochs; however,
after 150 epochs they were well classified.

The loss and accuracy curves for training set,
validation set, and test set are shown in Figs. 7(a)-7(c).
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and test loss curves. (c¢) ROC curves and their AUC values. (d) The confusion matrix.
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The model was constructed and the validated accuracy
was measured to adjust the super parameter during the
training process. Both the accuracy and loss curves
tended to be stable. Our method achieved high accu-
racy with AUC of 0.999 for MDA-MB-231, and 0.991
for MCF-7, and 0.997 for MCF-10A (Fig. 7(c)). After a
round of training, validation and test, all SERS spec-
tral data containing three categories were classified.
The results were summarized as the confusion matrix
in Fig. 7(d). The value in the confusion matrix repre-
sents the ratio of the number of targets to the total
number of samples. The results show that each cate-
gory has only single-digit misclassification spectrum
with an accuracy rate of more than 95%. In order to
compare the classification performance of the tradi-
tional analysis, the PCA was used to classify the same
SERS spectral data. From Fig. 6(d), the variance levels
of PC1 and PC2 were 94.4% and 4.6%, respectively.
The confidence ellipses of the three groups of exosomes
overlap each other, and it is difficult to completely
distinguish between cancer cells and normal cells. The
sensitivity and specificity of SERS spectra for MDA-
MB-231 and MCF-10A, MCF-7 and MCF-10A, MCF-
7 and MDA-MB-231 were (81.2%, 56.3%), (89.7%,
80.8%), (67%, 66.1%), respectively.

4. Conclusion

In summary, this paper proves that the Resnet-
based CNN structure is able to identify exosomes
from different breast cancer cells and normal cells
with high accuracy. The proposed method can de-
tect the signal characteristics of exosome bio-
markers extracted from label-free cell culture
supernatant derived from mammary cells, and then
classify them from normal breast cells or cancer cells

according to their characteristics. Using this meth-
od, the experimenter can process the large amount
of data collected in the experiment with less time
and cost, and obtain stronger data analysis ability.
Because this method has noninvasive, safe and
sensitive advantages, which can be used to detect
the exosome from breast cells in the blood, it
may even become a regular tool of breast cancer
screening, providing a new examination method for
clinical liquid biopsy in the future.
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