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Introduction

Extracellular vesicles (EVs) are heterogeneous membrane- For a

Feasibility of Raman spectroscopic identification
of gall bladder cancer using extracellular vesicles
extracted from bile¥

Thu Thuy Bui,? Eunjin Jang,? Ji Hyun Shin,® Tae Hun Kim,® Hayoon Kim,?
Dongho Choi,” Tung Duy Vu 2 € and Hoeil Chung (2 *@

Extracellular vesicles (EVs), which are heterogeneous membrane-based vesicles with bilayer cell mem-
brane structures, could be versatile biomarkers for the identification of diverse diseases including cancers.
With this potential, this study has attempted the Raman spectroscopic identification of gall bladder (GB)
cancer by directly measuring the EV solution extracted from human bile without further sample drying.
For this purpose, bile samples were obtained from four normal individuals and 21 GB polyp, eight hepato-
cellular carcinoma (HCC), and five GB cancer patients, and EVs were extracted from each of the bile
samples. The Raman peak shapes of the EVs extracted from the GB cancer samples, especially the relative
intensities of peaks in the 1560-1340 cm™ range, were dissimilar to those of the samples from the
normal, GB polyp, and HCC groups. The intensity ratios of peaks at 1537 and 1453 cm™ and at 1395 and
1359 cm™! of the GB cancer samples were lower and higher, respectively, than those of the samples of
the remaining three groups. The differences of peak intensity ratios were statistically significant based on
the Mann-Whitney U test. DNA/RNA bases, amino acids, and bile salts contributed to the spectra of EVs,
and their relative abundances seemed to vary according to the occurrence of GB cancer. The varied
metabolite compositions and/or structures of EVs were successfully demonstrated by the dissimilar peak
intensity ratios in the Raman spectra, thereby enabling the discrimination of GB cancer.

mass spectrometry,” chromatography,” and vibrational spec-
troscopy” have been adopted for subsequent analysis.
simple, rapid, and non-destructive analysis,

based vesicles with cell bilayer membrane structures, and they
are released into the extracellular domain. Vesicles with sizes
ranging from 100 to 1000 nm are referred to as micro-vesicles
(MVs); exosomes are vesicles with sizes of 30-100 nm. EVs
carry diverse biomolecules such as proteins, RNAs, nucleic
acids, lipids, and other metabolites."? If the contents of indi-
vidual biomolecules in EVs vary with the occurrence of a target
disease or pathological condition, EVs could be versatile bio-
markers for the diagnosis of diverse diseases including
cancers. Owing to the potential utility of EVs in biochemical
and medical studies, various analytical methods based on
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vibrational spectroscopic methods are excellent choices.
Analysis of aqueous EV samples by infrared (IR) spectroscopy
is difficult due to the strong IR absorption of water which
limits the observation of peaks related to EVs. Raman spec-
troscopy is a superior candidate since the interference of water
is negligible, and the subsequent spectral acquisition is
uncomplicated. With these merits, Raman spectroscopy has
been readily adopted to measure EVs extracted from diverse
bio-specimens, and the obtained spectral features were ana-
lyzed for biomedical study and disease diagnosis. For example,
Raman spectroscopy has been successfully used in the investi-
gation of biochemical differences in EVs from the plasma of
amyotrophic lateral sclerosis patients,® the stratification of
patients with chronic kidney disease in type 2 diabetes using
urinary EVs,’ the characterization of EVs from bovine placenta
and peripheral blood mononuclear cells,® the detection of
prostate cancer through characterization of relevant EVs
derived from prostate cancer cells and red blood cells,” and
the identification of the amyloid beta peptide in small EVs of
the Alzheimer’s disease cell culture model."® That the extracted
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EVs in these examples were dried for the acquisition of Raman
spectra is noteworthy. Drying the samples would make the
acquired spectral features less representative of EVs in vivo, so
direct measurement of EVs solution is
recommended.

Here, we have first attempted the Raman spectroscopic ana-
lysis of EVs extracted from human bile for disease diagnosis
and explored the feasibility of identification of gall bladder
(GB) cancer. This study is worthwhile as a continuing effort for
EV-based Raman spectroscopic biomedical diagnosis. EVs in
bile are potentially disease markers since their bio-molecular
compositions and/or structures may vary according to the
pathological conditions of patients. For this study, bile
samples were obtained from four normal individuals and 21
GB polyp, eight hepatocellular carcinoma (HCC), and five GB
cancer patients; EVs were extracted from each of the bile
samples. HCC is the most common type of primary liver
cancer,'" and GB cancer, with an incidence of approximately
1.2% of all cancers,'” has a dismal prognosis with a 5-year sur-
vival rate of 5-10%.">*

Size distributions of the extracted EVs were analyzed, and
the Raman spectra of the EVs in the extraction solutions were
directly acquired without drying using a wide area coverage
(WAC, laser illumination diameter: 1 mm) scheme. The use of
the WAC scheme was to ensure representative sampling of all
extracted EVs in the solution and to prevent photo-thermal
damage of EVs by decreasing the laser power per area (LP/A).
The peak shapes and peak intensity ratios in the EV spectra
among the four groups were comparatively examined. Also,
distributions of principal component (PC) scores of the
spectra were analyzed to assess the mutual discriminability,
especially of GB cancer.

in aqueous

Experimental
Collection of bile samples and extraction of EVs from bile

Thirty-eight bile samples were collected from four normal indi-
viduals and 21 GB polyp, eight HCC, and five GB cancer
patients after cholecystectomy at Hanyang University Hospital
(Seoul, Korea). The purpose and content of the research were
thoroughly explained to each participant, and all experiments
were performed in accordance with the guidelines of the
Institutional Review Board and approved by the ethics commit-
tee at Hanyang University (HYI-18-227-15). Informed consent
was obtained from the participants in this study. The bile
samples were promptly frozen after acquisition and stored
below —20 °C to prevent further denaturation. Each sample
was thawed at room temperature before EV extraction.
Participant data including age, gender, and body mass index
(BMI) are presented in the ESLt Isoleucine, lysine, alanine,
proline, valine, cytosine, and thymine were purchased from
Tokyo Chemical Industry (Japan), and leucine, tryptophan, glu-
tamate, guanine, and adenine were obtained from Junsei
Chemical (Japan). Glycodeoxycholate (GDCA), glycochenodeox-
ycholate (GCDCA), glycocholate (GCA), taurodeoxycholate
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(TDCA), and taurocholate (TCA) were supplied by Sigma-
Aldrich (USA).

EVs were isolated from each of the bile samples using an
ExoLutE kit (Rosetta Exosome Inc., Seoul, Korea) according to
the manufacturer’s instructions. Briefly, 0.1 mL of each bile
sample was diluted with 1.0 mL of RPMI (Roswell Park
Memorial Institute)-1640 solution, and the diluted sample was
filtered using a 0.45 pm syringe filter. Then, 0.4 mL of solution
D and 2.5 mL of RPMI-1640 solution were added to the filtered
solution. This solution mixture was incubated at room temp-
erature for 1 hour with shaking. For enrichment of the sample,
0.125 mL of solution A, 0.5 mL of solution B, and 2.0 mL of
solution C were added to the mixture; this new mixture was
shaken at room temperature for 15 minutes. The resulting
solution was centrifuged at 3000 rcf (6659 rpm) for 15 minutes
at room temperature to deposit crude EVs at the bottom, and
0.15 mL of solution R was added to the extracted EVs. This
final EV solution was used for subsequent Raman measure-
ment. The procedure for EV extraction is graphically described
in the ESL. T

Sizes of the extracted EVs were determined using a nano-
particle tracking analysis (NTA) system (Nanosight NS300,
Malvern Instrument Ltd, Malvern, UK) equipped with a
405 nm laser (55 mW) and an sCMOS camera. The extracted
EVs were re-suspended in Dulbecco’s phosphate buffered
saline (DPBS) for NTA. Videos of the extracted EV samples were
analyzed using NTA software with a camera setting of 16 and a
detection threshold level of 5. The monitoring trajectory of EV
movement, particle number and size distribution of EVs were
determined by averaging the acquired videos of triplicate
measurements, which were each 90 seconds in duration.

Western blotting (WB) analysis

Each of the EV samples was re-suspended in 15 pL of Laemmli
buffer and stored at 95 °C for 5 minutes. The solution was
loaded for 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 110 V, and the sample-loaded
gel was transferred onto a nitrocellulose membrane. The mem-
brane was immersed in a solution containing 0.1% Tween-20
and 5% BSA for 1 hour and then incubated overnight at 4 °C
with the appropriate primary antibodies (anti-CD63, Novus
Bio., CO, USA). Next, the membrane was incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies for
90 minutes at room temperature. WB bands were recognized
using a Fusion-SL4 detection system (Vilber Lourmat,
Germany) incorporating an enhanced chemiluminescence kit
(Cytiva, Amersham, UK).

Acquisition of Raman spectra of extracted EVs and pure
components

A Raman spectrometer (RamanRxn1 unit, Kaiser Optical Inc.)
equipped with a PhAT probe providing a laser illumination
diameter of 1 mm was employed. The adoption of the WAC
scheme was to fully cover the extracted EVs for representative
sampling and to reduce the LP/A for the prevention of photo-
thermal destruction of the EVs. To acquire the Raman spectra,
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a 10 pL suspension of extracted EVs was transferred to a reflec-
tive cylindro-conical metal groove and measured without
drying. The diameter at the top of the groove was 3.4 mm and
the groove depth at the center was 1.65 mm (refer to the
picture and dimensions of the reflective groove in the ESI
(Fig. S21)). The use of the reflective groove was to collect more
of the generated Raman photons, thereby improving sensi-
tivity. The laser power measured at the sample location using a
power meter (Thorlabs Inc., Newton, New Jersey, USA) was
92.4 mW; therefore, the LP/A was 1.18 x 10™* mW pm™>. At
this LP/A, photo-thermal destruction or other denaturation of
EVs was not observed after Raman measurement. Each spec-
trum with a resolution of 4 cm™ was collected by accumulat-
ing 30 scans with a laser exposure time of three seconds for
each scan (a total acquisition time of 90 seconds).

To quantitatively evaluate the potential sensitivity enhance-
ment upon using the reflective groove, the Raman spectra of
an EV sample extracted from one bile sample of the GB polyp
group were acquired by dropping the sample into the reflective
groove and on a flat Si wafer. The intensities of the sample
peaks were approximately 4.6 times higher when using the
reflective groove than those measured with the flat-substrate
(refer to the corresponding Raman spectra in the ESI
(Fig. S37)). For each extracted EV solution from the employed
bile samples, triplicate spectra were acquired and averaged;
the average spectra of each sample were used for subsequent
analysis. Also, the Raman spectra of the pure components
were collected by direct laser irradiation onto each pure
powder or liquid sample under the same conditions without
further treatments such as dissolution in a solvent. Baseline
correction using asymmetric least squares smoothing (AsLS),
normalization of spectra, and principal component analysis
(PCA) were performed using MATLAB R2017b (The MathWorks
Inc., USA).

Results and discussion
Size distributions of extracted EVs from bile samples

Fig. 1 shows the average size distributions of EVs extracted
from one bile sample in each of the normal (a), GB polyp (b),
HCC (c), and GB cancer (d) groups determined by NTA. The
shading superimposed over the averages indicates the corres-
ponding standard deviation in triplicate measurements. In
each plot, the determined mean and mode sizes of the
extracted EVs are denoted. The mode size is the size of the
most populated EVs. The EVs with sizes from 40 to 400 nm are
extracted, and sizes from 50 to 180 nm are the most dominant
sizes in the measured EV samples. The size distributions of
normal and GB cancer samples are relatively similar, showing
a broad distribution over the 80-400 nm range, while dissimi-
lar to those of the GB polyp and HCC samples from which the
EVs with more distinct sizes were extracted. Based on the NTA
results, both exosomes (30-100 nm) released by the fusion of
multivesicular bodies containing intraluminal vesicles with
the plasma membrane and microvesicles (100-400 nm) shed
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by outward blebbing of the plasma membrane are present
together in the EV samples. The concentrations of EVs of the
samples measured in (a), (b), (c), and (d) were 5.78 x 10", 4.08
x 10", 7.57 x 10"3, and 2.59 x 10"? particles per mL, respect-
ively. Each of the EV concentrations was estimated by calculat-
ing the area under the corresponding NTA peak.

To confirm whether the isolated particles were EVs or not,
WB was performed for the EV samples using CD63 as a bio-
marker. CD63, a kind of tetraspanin, is a constituent of exo-
somes, endosomes, and EVs.'® Therefore, CD63 detection in
an extracted sample could be evidence for the presence of EVs.
Fig. 1(e) shows the WB bands measured from each EV sample
from the four groups. For all the measured samples, the bands
clearly appeared in the 32-55 kDa range, indicating the suc-
cessful extraction of EVs from the bile samples. The band
intensity of the GB cancer sample is weaker than those of the
other samples. As previously reported,'® GB cancer causes GB
wall thickening, thereby degrading the water absorption ability
of the GB wall. For this reason, the bile of the GB cancer
patient is diluted due to the decreased water absorption by the
thickened GB wall. Therefore, the concentration (particles per
mL) of EVs extracted from the bile of a GB cancer patient is
expected to be low. As demonstrated by the magnitude of the
y-axis scale in Fig. 1(d), the number of EV particles obtained
from the bile of GB cancer patients is lower than those in the
other groups.

Raman spectral features of EV samples and examination of
spectral differences

Fig. 2(a) shows the average normalized Raman spectra of EVs
extracted from the bile samples of normal (light green), GB
polyp (blue), HCC (magenta), and GB cancer (red) groups.
Before averaging, the baseline of each raw spectrum was
initially corrected by AsLS; then the intensities at each wave-
number in the AsLS-treated spectrum were individually
divided by the peak area calculated under the 1650-900 cm™*
range for area normalization. The superimposed shading over
each average spectrum indicates the standard deviations of the
intensity at each wavenumber, equivalent to the sample-to-
sample spectral variation in each group. The magnitude of the
shading of the GB cancer group is greater than those of the
other three groups, indicating the larger variation of EV com-
position among the GB cancer samples.

For a clear comparison, the same average spectra without
shading are also displayed in Fig. 2(b). Diverse peaks including
8-9 main peaks appear over the entire spectral range. The
average EV spectrum of the GB cancer group has more noise
since the concentrations of EVs in the corresponding samples
are lower due to the dilution of bile. The vibrational assign-
ments of 11 different peaks in the spectra are summarized in
Table 1. As demonstrated, the observed peaks originate from
various sources such as amino acids, proteins, lipids, and
DNA/RNA bases and their backbones. Importantly, the overall
spectral features of bile-extracted EVs in this study are con-
siderably different from those of EVs extracted from different
biological samples such as the plasma of amyotrophic lateral
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Fig. 1 Size distributions of EVs extracted from the bile samples of normal (a), GB polyp (b), HCC (c), and GB cancer (d) groups, and WB bands
measured from each of the extracted EV samples corresponding to the four groups (e). The shading superimposed over the averages in the NTA

plots corresponds to the standard deviation in the triplicate measurements,

sclerosis patients,® urine of patients with chronic kidney
disease,” peripheral blood mononuclear cells,® and red blood
cells of prostate cancer patients.’ Also, the band shapes of EVs
in these studies were dissimilar to one another. This supports
the assertion that the bio-molecular compositions and/or
structures of EVs vary largely depending on the sources of raw
biological samples.

This journal is © The Royal Society of Chemistry 2023

As demonstrated in Fig. 2(b), the spectral features of the GB
cancer group in the 1560-1340 cm™ ' range are substantially
different from those of the other three groups. Meanwhile, the
peak shapes of the normal, GB polyp, and HCC groups are
similar to one another. Notably, the intensities of peaks at
1537 and 1359 cm™" (denoted with triangles) in the GB cancer
spectrum are substantially lower than those in the spectra of
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Fig. 2 Average normalized Raman spectra of EVs extracted from the bile samples of normal (light green), GB polyp (blue), HCC (magenta), and GB
cancer (red) groups with the superimposed shading indicating the standard deviations of intensity at each wavenumber (a) and the same average

spectra without the shading (b).

the other three groups. For quantitative evaluation, the inten-
sity ratios of peaks at 1537 and 1453 ecm™" (Iys37/I1453), and at
1395 and 1359 cm™" (Iy305/I1350) calculated from all the sample
spectra were analyzed and are displayed in Fig. 3(a) and (b),
respectively. These four peaks are indicated with vertical
dotted lines in Fig. 2(b) (also refer to their vibrational assign-
ments in Table 1). The averages and standard deviations of the
intensity ratio values obtained from each group are also shown
in Fig. 3. Notably, the I;537/I1453 and I1395/I1359 values of the GB
cancer group are much lower and higher, respectively, than
those of the other three groups.

4160 | Analyst, 2023, 148, 4156-4165

The difference of intensity ratio values between two groups
was statistically evaluated using the Mann-Whitney U test, and
the test was performed for all six two-group comparisons. The
two groups showing significant differences are denoted with *
or ***  corresponding to p-values smaller than 0.05 (95.0%
confidence interval (CI)) or 0.001 (99.9% CI), respectively. The
differences of I53,/I1453 values between the GB polyp and GB
cancer samples, and the HCC and GB cancer samples are
highly significant with CIs of 99.9%. The I;535/I1453 values of
normal and GB cancer samples are also different with a CI of
95.0%. The I;53,/I1453 values among the remaining three
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Table 1 Vibrational assignments of 11 different peaks in the spectra of extracted EVs and corresponding sources
Position (em™) Vibration assignment Source Ref.
1607 1(C=C) Amino acids, DNA/RNA bases 21 and 22
1537 Amide II: -NH bending, +(C-N) DNA/RNA bases 23-26
1453 Def (CH,/CHj) Lipids, amino acids, bile salts 23 and 25
1395 1(COO7), def (CH,) Amino acids, lipids 22,23, 25 and 27
1359 1(C-N) Amino acids, bile salts 22,27 and 28
1253 Amide III or def (C—=C-H) Amino acids 22 and 24
1170 1(C-0) Amino acids, DNA/RNA bases 22 and 25
1135 Y(C-N) Proteins 27 and 29
1056 1(C-0-C) Lipids 22 and 25
977 1(C-C), §(C-H) DNA/RNA backbone (ribose) 22,24 and 25
909 1(C-C), »(C-0) DNA/RNA backbone (ribose) 24
Symbols and abbreviations: v, stretching; , in-plane bending; def, deformation.
(a) (b)
* 454 *
2.0 *kk *kx
k% 40+ *kk
1.6-] 2 3.54] d
. 3.0
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Fig. 3 I1537/11453 (a) and l1395/11359 Values (b) calculated from the spectra of samples in the normal, GB polyp, HCC, and GB cancer groups.

groups are not different; the p-values for these analyses are
much greater than 0.05. Similar statistical results were
obtained when the I395/I1359 values of the groups were com-
pared. The lower I;53,/I1453 and higher I,395/I1359 values of GB
cancer samples originated from the dissimilar composition of
EVs in the measured samples.

To simply estimate the sensitivity of Raman measurement
based on the WAC scheme, the EV sample extracted from one
bile sample from the HCC group (the same sample measured
in Fig. 1(c); concentration: 7.57 x 10" particles per mL) was
selected. Through continual dilution of the sample, a total of
12 samples with varying EV concentrations from 5.0 x 107 to
7.57 x 10" particles per mL were prepared and the Raman
spectra of each sample were acquired. Based on the obser-
vation of intensities of peaks at 1537, 1453, 1395 and
1359 cm™' (refer to the corresponding spectra in the ESI
(Fig. S4t1)), it was sufficient to recognize the peaks when the
concentration of EVs was 5.0 x 10” particles per mL. The detec-
tion of EVs at a level of around 10 particles per mL is thereby
feasible by the proposed Raman measurement.

To further track the origins of the four selected peaks
above, Raman spectra of the related pure components were
collected, and their spectral features were compared with
those of EV samples. Since DNAs and RNAs are the main com-

This journal is © The Royal Society of Chemistry 2023

ponents of EVs, examining the spectral features of the four
DNA/RNA bases is beneficial. Fig. 4(a) shows the spectra of
adenine, thymine, guanine, and cytosine along with the
average spectra of EV samples of non-GB cancer (normal/GB
polyp/HCC) and GB cancer groups. The average spectrum of
the four bases is also displayed. The vertical bars indicate the
wavenumbers at 1556 and 1537 cm™'. The small peak at
1556 cm™" in the GB cancer spectrum is close to the guanine
peak at 1549 cm™' (marked with a right arrow). The peak at
1537 cm™ " in the non-GB cancer spectrum is close to the cyto-
sine peak at 1534 cm™" (indicated with a left arrow). Based on
these observations, the occurrence of GB cancer would cause
alteration of DNA sequences. The difference in sequences
could be subsequently recognized in the spectra of EVs.
Protein is one component of EVs that would be abnormally
expressed in cancers. For Raman spectroscopic fingerprinting
of varied protein structures, protein peaks arising from the
side chains and/or the amide-carboxyl groups of amino acids
and nucleotides are typically examined. Therefore, the average
spectra of eight amino acids, namely alanine, leucine, isoleu-
cine, lysine, proline, tryptophan, valine, and glutamate, were
analyzed. The results are shown in Fig. 4(b). The dotted verti-
cal bars correspond to the wavenumbers at 1453 and
1359 cm™" used for the evaluation of the peak intensity ratio.
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https://doi.org/10.1039/d3an00806a

Published on 23 1444. Downloaded on 06/09/47 11:38:42 .

Paper

(a)

1556 1537

~
Guanine
Adenine
2
‘@
c
[0}
3
£
o
[0}
N
©
E
=
2 Thymine
\/\\JJM
N~
/\ Average of the four bases
Non GB Cancer
/\A,
GB Cancer
1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™)
(c) 1453 1359

Average of the five bile salts

w

GB Cancer

cfLLLLLL
S €0 ¢ T

T T T T T T T
1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™)

View Article Online

Analyst

(b)

1453 1359

IO.1

MTC
W

L-Tryptophan,

L-Proline

M\M
L-Lysine
(NN
L-Leucine
{UNSENTNSN VI
L-Isoleucine
i L-Alanine

Average of the eight amino acids

Non GB Cancer

TEL

GB Cancer
1600 1500 1400 1300 1200 1100 1000 900
Wavenumber (cm™)
(d) 1010
0.1

ExoLutE kit solution

)\

Non-GB Cancer

)

GB Cancer|

T T T T T T T
1600 1500 1400 1300 1200 1100 1000 900

Wavenumber (cm™)

Fig. 4 Normalized spectra of four DNA/RNA bases (a), eight different amino acids (b), five different bile salts (c), and EV extraction solution (d), and
the average normalized spectra of EV samples of non-GB cancer and GB cancer groups in each plot. The average spectrum of the four DNA/RNA
bases (a), average spectrum of the eight amino acids (b), and average spectrum of the five bile salts (c) are also shown.

In the average spectrum of the eight amino acids, these two
peaks are clearly observed (denoted with arrows) and also
present in the average spectra of EV samples of the non-GB
cancer and GB cancer groups. Fig. 4(c) presents the spectra of
five bile salts (GDCA, GCDCA, GCA, TDCA, and TCA). The

4162 | Analyst, 2023, 148, 4156-4165

dotted vertical bars again correspond to the wavenumbers at
1453 and 1359 cm™". Bile salts are the most abundant com-
ponent of bile and remain in the extracted EV samples. In the
average spectrum of bile salts, the 1453 and 1359 cm™" peaks
are also apparent (denoted with arrows). As demonstrated,

This journal is © The Royal Society of Chemistry 2023
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amino acids (also protein) and bile salts contribute to the
spectra of bile-extracted EVs.

Since the EVs in the extraction solution were directly
measured without drying, the peaks of the extraction solution
are expected to appear with the peaks of EVs. Therefore,
knowledge of the spectral features of the extraction solvent is
required to investigate its influence on the EV peaks. Fig. 4(d)
shows the Raman spectrum of the extraction solution of the
ExoLutE kit along with the average spectra of EV samples of
non-GB cancer and GB cancer groups. The peaks of the extrac-
tion solution appear in the 1520-1280 and 1070-900 cm ™
ranges. The peaks in the 1520-1280 cm™" range are broad and
the corresponding intensities are relatively low, while the
peaks in the 1070-900 cm™" range are more intense and nar-
rower. The dotted vertical line indicates the 1010 cm™" peak of
the extraction solution. Interestingly, the 1010 cm™" peak is
observed in the GB cancer spectrum (denoted with an arrow)
but not in the non-GB cancer spectrum. Since the concen-
tration of EVs is low in the case of GB cancer (refer to the NTA
result in Fig. 1), the dominance of the solution peak is
increased. This explains the appearance of the small
1010 cm™" peak in the GB cancer spectrum. Based on these
observations, the influence of solution peaks on the spectra of
EVs, especially in the 1550-1200 cm™" range, is tolerable.

The origins of peaks of the bile-extracted EVs and the
different EV spectral features of the GB cancer samples are
difficult to clearly explain. Nonetheless, DNA/RNA bases,
amino acids, and bile salts contribute to the spectra of EVs,
and their relative abundances vary according to the disease,
especially GB cancer. As reported earlier by this group,'” the
relative abundances of bile salts and lipids in the bile samples
of GB cancers were different from those of other diseases.
Increased concentrations of isoleucine and glutamate and
decreased concentrations of leucine, valine, alanine, proline,
and lipid in the blood samples of colorectal cancer (CRC)
patients were reported."® The concentrations of lysine, alanine,

This journal is © The Royal Society of Chemistry 2023

leucine, isoleucine, tryptophan, and valine were reduced, while
the concentration of proline was elevated, in venous serum
samples of CRC patients.'® Similarly, variations in relative
abundances of amino acids in the blood samples of lung
cancer patients have been illustrated.>® Although these reports
were based on the investigations of cancers other than GB
cancer, the assumption that there are GB cancer-induced vari-
ations in relative abundances of amino acids in the bile-
extracted EVs is plausible.

Discriminability of GB cancer in the principal component (PC)
score domain

To visualize the discriminability of GB cancer by an alternative
method, PCA was performed using all the sample spectra. The
distribution of subsequent PC scores was examined. Fig. 5(a)
shows the first and second PC scores obtained from the spectra
of bile-extracted EV samples. The percentages of spectral variation
explained by the respective PCs are given in parentheses. These
two PCs described 71.84% of the total spectral variation in the
dataset. The scores of the GB cancer samples and those of the
non-GB cancer samples are located on the left and right, respect-
ively. Overlapping is absent, so the discrimination of the GB
cancer group is clear. The first PC is highly descriptive in the
differentiation of the GB cancer group from the other three
groups. The first loading used for the PCA of the spectra is shown
in Fig. 5(b). The weights on the peaks at 1537 and 1359 cm™,
employed for the comparison of peak intensity ratios, are rela-
tively strong. This observation reinforces the usefulness of these
peaks for the discrimination of GB cancer samples.

Conclusions

We first explored the Raman spectroscopic fingerprinting of
bile-extracted EVs for the identification of GB cancer. The EVs
of human bile are versatile GB cancer markers. The Raman
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spectral features of EVs, especially the I53,/I1453 and I 395/I1359
values, of GB cancer samples were significantly different from
those of the normal, GB polyp, and HCC samples. The varied
metabolite compositions and structures of EVs due to the
occurrence of GB cancer were directly reflected in the acquired
Raman spectra, thereby enabling the discrimination of GB
cancer. Also, the employed method directly measures the EVs
in the extraction solution without drying, an additional advan-
tage ensuring reliability of clinical assessment. Meanwhile, the
discrimination between HCC and normal/GB polyp samples
was not realized due to the similar EV composition of the
corresponding samples. Unlike GB cancer, HCC does not
appear to significantly alter the composition of EVs.

Beyond this feasibility study, two further important issues
need to be addressed to make the proposed Raman analysis of
EVs clinically applicable. First, the compositions of bile-extracted
EVs need to be determined to explain the observed spectral differ-
ences between non-GB cancer and GB cancer groups in detail.
Second, a sample set with an increased number of bile samples
is required for more reliable evaluation. In particular, inclusion
of larger numbers of normal and GB cancer samples would be
beneficial. However, collection of these samples is slow since
normal bile samples are only obtainable from healthy organ
donors for liver transplantation and GB cancer is not a disease
with a high incidence rate. Research into resolving these two
issues is underway in our group.
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