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ﬁg www.rsc.org/ Exosomes, as important signal transmitters, play a key role in intercellular communication, especially in
§O cancer metastasis. There is considerable evidence that exosomes can be used as an indicator of cancer.

However, convenient and sensitive methods for detecting exosomes are still technically challenging. Here,
we present a convenient and highly sensitive surface-enhanced Raman scattering (SERS) based method by
combining immunoaffinity, SERS nanoprobes, and portable Raman devices for specific isolation and accurate
quantification of exosomes. To construct the SERS-based biosensor, the surfaces of gold nanostar@4-
mercaptobenzoic acid@nanoshell structures (AuUNS@4-MBA@Au) are modified with a bivalent cholesterol
(B-Chol)-labeled DNA anchor to prepare SERS nanoprobes. Exosomes are specifically captured by

immunomagnetic beads, and then SERS nanoprobes are fixed on the surface of exosomes by hydrophobic
interactions between cholesterol and lipid membranes, thus forming a sandwich-type immunocomplex. The
immunocomplex can be magnetically captured and produce enhanced SERS signals. In the absence of
exosomes, the sandwich-type immunocomplex can not be formed, and thus negligible SERS signals are
detected. The degree of immunocomplex assembly and the corresponding SERS signals are positively
correlated with the exosome concentration over a wide linear range of 40 to 4x10’ particles/uL and the limit

2 of detection is as low as 27 particles/uL. Consequently, a sensitive and simple strategy for detection of
3 exosomes is successfully constructed. We believe that our biosensor has considerable potential as a
34 convenient and highly sensitive quantification tool to detect exosomes in biological samples.
@35 -
1. Introduction related, changes of the physiological state, exosomes have been
36 ' recognized as candidate biomarkers for early cancer diagnosis.s‘ s
37 Exosomes are small extracellular vesicles (30-150 nm) that are At this time, exosomes are purified, wusually by
38 released from multivesicular bodies through an endolysosomal ultracentrifugation,'® before quantitative analysis is performed. For
39 pathway,l’ 2 The exosomes carry abundant transmembrane and the quantitative detection of exosomes, commonly used
40 cytosolic proteins, DNA, and microRNA from parental ceIIs,}S thus methodologies are colorimetric protein assays based on measuring
41 serving as messengers for mediating intercellular communication.*”  the total mass of protein, but these are not very accurate because
42 A great deal of evidence has demonstrated the functions of of the variable protein content in exosomes.” There are also other
- ) A ) . ]
exosomes in physiological and pathological processes as well-established methods, such as flow cytometry,”® tunable
43 intercellular communication vectors which transfer and deliver resistive pulse sensing,"® and nanoparticle tracking analysis for
T . . e . 20 L
44 encapsulated molecules from their originating cells.**® In view of exosome quantification.”” Many contributions have been made to
45 their significant role in indicating disease-related, especially cancer- the study and investigation of the exosomes by these traditional
46 methods. However, the quantification accuracy of these methods is
47 affected by unreliable nanoparticle counting due to interferences
48 ’Lab of Biosystem and Microanalysis, State Key Laboratory of Bioreactor by lipoprotein particles and large protein aggregates. Recently, a
Engineering, East China University of Science and Technology, Shanghai, 200237, number of novel optical methods for the detection of exosomes
49 China have been reported.”* These new methods have achieved notable
50 Collaborative Innovation Center of Yangtze River Delta Region Green roeress. such as improved sensitivit rotocols. and performance
Pharmaceuticals, College of Pharmaceutical Sciences, Zhejiang University of prog ’ P Y, P ’ P )
51 Technology, Hangzhou 310014, Zhejiang, China For example, surface plasmon resonance (SPR) of ordered nanopore
52 “School of Chemistry and Chemical Engineering, Shihezi University, Xinjiang,  arrays is used to detect tumor-derived exosomes.” The sensitivity
832000, China ) ) . ) of this method is 4 orders of magnitude higher than that of western
53 + Corresponding author: Bin-Cheng Yin, Email: binchengyin@ecust.edu.cn; Bang- R ) .
54 Ce Ye, Email: beye@ecust.edu.cn blotting and 2 orders of magnitude higher than that of ELISA. Zhu et
+Electronic Supplementary Information (ESI) available: Details about Fig. $1-510  al. utilized surface plasmon resonance imaging (SPRi) for
55 and Table S1. See DOI: 10.1039/x0xx00000x quantitative detection of tumor-derived exosomes, and this method
56
57
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provides an easy, efficient way to detect exosomes.” Although
these methods have led to remarkable improvements, they all rely
on the customized manufacturing of precision instruments and
sophisticated technical operations, which greatly limit their
application range. Therefore, there is a growing need for sensitive
and reliable methods to detect exosomes rapidly, especially for
clinical application of exosomes as biomarkers.

In recent years, surface-enhanced Raman scattering (SERS) has
attracted attention for potential applications in medical research,
drug safety, and environmental monitoring.z‘l'26 Because the
enhancement effect of SERS is mainly a result of chemical and
electromagnetic field enhancement,27 metal nanoparticles play a
unique role in the amplification of Raman signals.zs’ 29 SERS can
depict the vibrational modes of molecules with high sensitivity,30
and has the advantages of being label free and noninvasive, making
it feasible for applications in biosensing and therapeutics.“’ 31
Although SERS analysis has been performed on many systems
ranging in scale from a molecule to cell lines, few studies have
focused on its application to exosomes.

In the present work, we take advantage of a specific protein (CD9)
on the surfaces of exosomes and the phospholipid bilayer to
develop a simple and sensitive SERS method for the quantitative
detection of exosomes. The SERS-based biosensor combines
immunoaffinity techniques for exosome isolation and a subsequent
cholesterol-assisted membrane modification strategy for fixation of
SERS nanoprobes. In the presence of exosomes, exosome are
immunomagnetically captured by antibody modified magnetic
beads which target CD9 proteins. SERS nanoprobes modified with
bivalent cholesterol-labeled DNA strands are incorporated into the
exosome membrane through hydrophobic interaction. These
sandwich-type complexes can be formed between the SERS
nanoprobes, exosomes and magnetic nanobeads, and can be
enriched via magnetic separation. The Raman signals for SERS
nanoprobes are measured for quantitative detection of exosomes.
In the absence of exosomes, the magnetic complexes do not
formed, and the SERS nanoprobes cannot be enriched, so only
negligible SERS signals can be detected. Consequently, the
proposed biosensor allows for quantitative detection of exosomes.

Experimental section

2.1 Reagents and Materials

The oligonucleotides (DNA1: 5’-SH-TTTTTTTTTTTTGCAGAAATAAGGC
ACGACGGCTTT-Cholesterol-3’; DNA2: 5’-Cholesterol-TTTGCCGTCG
TGCCTTATTTCTGC-3’) were synthesized by TaKaRa Biotechnology
Co., Ltd. (Dalian, China). Biotin-labeled mouse anti-human CD9
antibody (anti-CD9) was purchased from QF Biosciences Co., Ltd.
(Shanghai, China). Dulbecco’s modified Eagle medium (DMEM),
fetal bovine serum (FBS), trypsin-EDTA, and Dynabeads MyOne
streptavidin magnetic beads were purchased from Thermo Fisher
Scientific Co., Ltd. (Waltham, MA, USA). Hepatocellular carcinoma
cell line (HepG2) was obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Shanghai, China).
ExoEasy Maxi Kit was purchased from Qiagen Translational
Medicine Co., Ltd. (Suzhou, China). Hydrogen tetrachloroaurate
trihydrate (HAuCl,;-3H,0), sodium citrate tribasic dihydrate
(CgHsNa307:2H,0), silver nitrate (AgNOs), L-ascorbic acid (AA), and
hexadecyl trimethyl ammonium chloride (CTAC) were purchased
from Aladdin (Shanghai, China). Tris(2-carboxyethyl)phosphine
(TCEP) and 4-mercaptobenzoic acid (4-MBA) were purchased from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Ten kDa
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filters and 0.22 um filters were purchased from Millipore Corp.
(Bedford, MA, USA). The solutions were prepared using distilled
water purified by a Milli-Q water purification system (Millipore
Corp., Bedford, MA, USA) with an electrical resistance of 18.2 MQ -
cm. All glassware was cleaned with freshly prepared aqua regia and
rinsed thoroughly with deionized water prior to preparation of
nanoparticles.

The buffers used in the procedure were: (1) phosphate buffered
saline (PBS) buffer containing 8 mM Na,HPO,, 2 mM NaH,PO,, 136
mM NaCl and 2.6 mM KCl, pH 7.4; (2) washing buffer (PBST)
containing 0.01% Tween-20 (v/v) in PBS buffer; (3) western blot
blocking buffer (TBST) containing 20 mM Tris-HCI, pH 7.6, 150 mM
NaCl, and 0.1% Tween 20; (4) electrophoresis buffer (1xTAE)
containing 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA, pH 8.3.

2.2 Instrumentation

Ultraviolet-visible (UV-vis) absorption spectra were recorded with a
multi-detection microplate reader (Bio-Tek, Winooski, USA) using a
transparent 384-well microplate. To demonstrate the overall
morphology of the nanoparticles and exosomes, the samples were
examined by transmission electron microscopy (TEM, JEM-1400)
and high-resolution transmission electron microscopy (HRTEM,
JEM-2100). The samples for TEM measurements were supported on
Cu grids, and the exosomes were negatively stained with 1%
phosphotungstic acid. The size distribution of the nanoparticles
was measured using a Zetasizer Nano ZS system (Malvern). A 633
nm laser was used for the dynamic light scattering (DLS)
characterization. The concentration and particle diameter of
exosomes were measured using gNano (lzon Science Ltd., Oxford,
UK). The gels were visualized under a BioRad Molecular imager
(Tanon-1600, China) and Gel Image System (Tanon, China). The cells
were cultured in a cell incubator (Eppendorf Galaxy 170S, Germany).
Raman spectra were collected on a portable Raman spectrometer
(B&W Tek Instruments, USA) equipped with a 785 nm laser, a
charge-coupled device (CCD) detector and a 40x objective lens with
numerical aperture (NA) 0.65. The acquisition and analysis of
Raman data were performed using the BWSpec4 software. Mixing
operations were conducted on a HulaMixer Sample Mixer (Thermo
Fisher Scientific Co., Ltd., Waltham, MA, USA). Fetal bovine serum
was ultracentrifuged using a Hitachi CP80MX with a P40ST rotor
(Hitachi Aloka Medical, Tokyo, Japan).

2.3 Synthesis of AUNS@4-MBA@Au

AuNSs (60 nm) were synthesized by a seed-mediated growth
method.*? First, 100 mL of HAuUCl, (1 mM) was heated to a rolling
boil with vigorous stirring. Then, 15 mL of sodium citrate tribasic
dihydrate (1%) was rapidly added, and the color of the solution
changed from light yellow to wine red. After reacting for 15 min,
the seed solution was cooled to room temperature and then stored
at 4 °C. After the seed preparation, the AuNSs were fabricated. The
above citrate-stabilized AuNP seed solution (200 uL) was added to
20 mL of 0.25 mM HAuCl, solution (with 20 puL of 1 M HCl) in a 50
mL centrifuge tube at room temperature. Quickly, 200 uL of AgNO;
(2 mM) and 100 pL of AA (0.1 M) were added simultaneously. The
solution was stirred for 30 s, and the color rapidly turned from light
red to greenish-black. Then, 200 pL of SDS (2%) was added to the
AuNS solution, which was left stirring for 5 min. The solution was
then centrifuged at 1300 g for 15 min. The supernatant was
removed and the particles were redispersed in 20 mL of distilled
water. Then, 40 pL of 4-MBA (1 mM) was added to 4 mL of AuNSs
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1
2 (0.1 nM) under sonication and the mixture was centrifuged 2 h later. placed on a mixer for 10 h at 4 °C. After incubation, the beads were
3 Then, 2 mL of 0.2 M CTAC, 60 pL of 10 mM HAuCl,, and 120 pL of washed three times using PBST and used as exosome-bound beads
4 0.2 M AA were added to the reporter-labeled AuNS solution and for the following experiments.
5 stirred for 20 min.® Afterward, the nanoparticles were centrifuged
6 twice at 1000 g for 20 min and redispersed in 4 mL of water. 2.8 SERS detection of exosomes
7 . .
2.4 Fabrication of B-Chol anchor-functionalized AuNS@4- The above exosome-bound beads (200 pL) were incubated with
g MBA@Au (SERS nanoprobes) AuNS@4-MBA@Au-anchor (100 pL, 1 nM) for 50 min at room
temperature on a mixer. The resultant sandwich-type
10 First, 200 pL of 10 uM DNA1 was added to a 1.5 mL centrifuge tube immunocomplexes were separated with a magnet and washed
11 and 10 pL of freshly prepared TCEP (10 mM) was added to the several times with PBST. Then, the resultant mixture was deposited
12 centrifuge tube to activate the thiol-modified DNA1. The solution on a cleaned silica slide for further SERS measurement.
was incubated at room temperature for 2 h. Then, 25 pL of DNA1
13
14 (10 uM) and 25 pL of DNA2 (10 uM) were prehybridized by cooling 3. Results and discussion
: from 90 to 22 °C at a rate of 1.5 °C/min in PBS at a final
15 concentration of 5 uM to form the bivalent cholesterol-.lz?\belec! DNA 31 The principle of the proposed SERS-based biosensor
36 anchor (B-Chol anchor). AUNS@4-MBA@Au was modified with B-
Q7 Chol anchor as follows. Briefly, the B-Chol anchor (10 uL, 5 M) was  scheme 1 illustrates the mechanism for exosome detection. The
a8 added to 'fhe as-prepared AUNS@4-MBA@Au solution (200 uL, 0.5 proposed biosensor consists of four main steps: fabrication of SERS
99 nM) and incubated for 3 h at room temperature. Subsequently, nanoprobes, immunoaffinity capture of exosomes, linkage of SERS
§O NaCl (10 uL, 0. 5 M) was added and then the mixture was incubated  nanoprobes onto exosome membranes to form immunocomplexes,

for 8 h with constant shaking. The excess DNA anchor was removed
by three centrifugations at 1000 g for 15 min. The precipitate was
resuspended in 100 uL of PBS buffer. The mixture was denoted as
AuNS@4-MBA@Au-anchor.

2.5 Preparation of cell culture supernatant

The HepG2 cells were cultured in Dulbecco’s modified essential

medium (DMEM) containing 1% (v/v) penicillin-streptomycin and 10%

(v/v) FBS, and maintained in a humidified atmosphere of 5% CO, at
37 °C. In order to reduce contamination from serum proteins and
exosomes, the HepG2 cells were cultured in media which contained
10% FBS to 50% confluence, washed twice with PBS warmed to
37 °C, and then incubated for 60 h in serum-free DMEM medium.
The cell culture supernatant was collected with a 50 mL centrifuge

and SERS-based detection. First, the SERS substrate is prepared, in
which reporter molecules (4-MBA) are embedded between the
AuNS and Au shell. Because the strong coupling between the
adjacent AuNS and Au shell, the incident electromagnetic field is
squeezed into the gap, creating an enhanced local electromagnetic
field and thus SERS signals. Then, two cholesterol-modified DNA
single strands with complementary regions are employed to form a
B-Chol anchor, which is immobilized on the surface of as-prepared
AUuNS@4-MBA@Au by an Au-S bond, thus forming SERS nanoprobes.
Subsequently, we used a well-known exosome biomarker (CD9),
which is a ubiquitous tetraspanin with various copies in the
exosome surface, as a target for specific isolation of exosomes. The
biotin-labeled anti-CD9 is immobilized onto the surfaces of
streptavidin-linked magnetic beads for specific capture of CD9-
binding exosomes. Then SERS nanoprobes can be spontaneously

3 tube. Then, the supernatant was centrifuged at 480 g for 10 min to incorporated into the bilayer of bead-binding exosomes through
34 remove the intact cells and 2000 g for 15 min to remove cell debris, hydrophobic interaction between the cholesterol moieties and the
35 filtered through a 0.22 um filter to remove large contaminating exosomal membrane, forming a sandwich-type immunocomplex.

36 vesicles, and finally concentrated with a centrifugal device having a The immunocomplex can be precipitated with a magnet and thus
37 MWCO value of 10000. SERS signals are detected by a Raman spectrometer. In the absence
38 2.6 Exosome quantification of exosomes, magnetic beads do not combine with SERS
39 . q nanoprobes, after which negligible SERS signals are detected. The
. . changes of SERS signals are positively correlated with the
40 Exosomes were isolated from cell culture supernatant using . . - .
concentrations of exosomes, allowing quantitative detection of the
41 ExoEasy Maxi Kit according to the manufacturer’s instructions. The target exosomes.
42 concentration of exosomes was measured using gNano according to
. 34 .
43 the reported literature.™ Then, these exosomes with exact
44 concentrations were further used as exosome standards.
45 2.7 Enrichment of exosome by magnetic beads
46
47 Prior to each experiment, various concentrations of exosomes were
48 prepared using serial dilution of the above exosomes stock solution.
49 Biotinylated CD9 antibody (anti-CD9) was immobilized on
streptavidin-modified magnetic beads and used to capture
50 exosomes. First, 10 pL of Dynabeads MyOne streptavidin magnetic
51 beads was washed three times with PBST, and then resuspended in
52 PBS. Two plL of 1 mg/mL biotinylated anti-CD9 was incubated with
53 the above beads for 30 min at room temperature, followed by three
54 washes with PBST. After washing, the anti-CD9 coupled beads were
55 resuspended in exosomes with various concentrations (200 uL) and
56
57
58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Scheme 1. Sequential SERS-based assay process for the detection of
exosomes. (A) Fabrication of SERS nanoprobes (AUNS@4-MBA®@Au-
anchor). (B) SERS sensing strategy for exosome detection.

3.2 Synthesis and characterization of nanoparticles

The process of synthesizing nanoparticles is illustrated in Scheme
1A. AuNPs are prepared via a citrate reduction method and used as

seeds for AuNS fabrication using the seed-mediated growth method.

The role of AgNO; is not to form Ag branches but to assist the
anisotropic growth of Au branches on certain crystallographic facets
on multi-twinned citrate seeds. Au overcoated AuNS
nanostructures with embedded Raman reporter molecules are
prepared using 4-MBA labeled AuNS as the cores, followed by an Au
overlayer growth using AA as reducing agent and CTAC as capping
agent,33 and then used for the preparation of SERS nanoprobes.
TEM and UV-vis absorption spectra were used to characterize the
morphological and optical changes associated with the coating
process. In Fig. 1A and B, TEM images of AuNSs before and after
being overcoated show the growth initiates from the AuNS core and
expands outward, effectively decreasing the aspect ratio of the
branches protruding from the gold core. As a result, the gold
nanostar surface plasmon resonance is slightly red-shifted first from
710 nm to 725 nm after being modified with 4-MBA, and then blue-
shifted down to 615 nm after the gold nanoshell coating (Fig. 1C).
The colors and size distributions of the prepared nanoparticles were
characterized (Fig. S1). The AUNS@4-MBA@Au can greatly enhance
the Raman scattering signal (Fig. 1D), due to the locally generated
“hot spots” between the gold core and shell. The stability of the as-
prepared AUNS@4-MBA@ Au was investigated by observing the
solution absorbance over time. As shown in Fig. S2, only slight peak
broadening is observed for solution kept on the shelf for 10 days,
indicating little nanoparticle aggregation. In contrast, when NaCl
was added to the solution to intentionally induce aggregation,
significant peak broadening and damping can be seen.
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Fig. 1. TEM images of AuNS (A) and AuNS@4-MBA@Au (B); (C) UV-
vis absorption spectra of the AuNS, AuUNS@4-MBA, and AuNS@4-
MBA@Au; (D) SERS spectra of AuNS@4-MBA and AuNS@4-
MBA@AuU. SERS detection parameters: Aqitation 785 nm,
accumulation time = 10 s, laser power = 100 mW.

3.3 Characterization and quantification of exosomes

Prior to exosome detection, exosomes were isolated from the cell
culture supernatant of HepG2 cells by a commercial ExoEasy kit to
prepare exosome standard samples. The exosomes were clearly
observed by TEM (Fig. 2A). Briefly, 5 uL of exosomes was diluted
with 15 pL PBS, and then adsorbed on Cu grids for 5 min. Excess
exosomes were removed by filter paper. Exosomes were then
negatively stained with 1% sodium phosphotungstate for 5 min.

TEM images showed that the average diameter of exosomes was ca.

113 nm with good structural integrity. A similar size distribution of
the same collected exosomes is shown in Fig. 2B by gNano
characterization. For validating the efficacy of the isolation of

exosomes, we analyzed CD9 and CD63 proteins by Western blotting.

As shown in Fig. 2C, distinct bands of CD9 and CD63 were observed.
These results were consistent with those reported in previous
Iiteratures,B‘ * and thus the isolated exosomes were used directly
for the following experiments.

(B) = 2.5x10"

~2.0x10""

(A)

5x10'4

Z 1.0x10"'4

(particles/m

5.0x10°

Exosomes concentrati

0. T T
100 200 300
Particle size (nm)

(C) MkDa) ff" Kit-Exos  CD9-Exos

Fig. 2. Validation of exosomes purified from HepG2 cell culture
supernatant. (A) TEM image of the isolated exosomes. (B)
Measurement of HepG2-derived exosomes by gqNano. (C) Western
blotting image of CD9 and CD63 proteins from HepG2 cell lysates
(cell), exosomes isolation by ExoEasy kit (Kit-Exos), and
immunoaffinity capture of exosomes by magnetic beads (CD9-Exos).
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1
2 3.4 Investigation of the feasibility of our biosensor measurement. As shown in Fig. S5A, the Raman intensity of
3 AuNS@4-MBA@Au increased noticeably as the concentration of
4 We used Raman reporter 4-MBA to investigate the feasibility of our  HAuCl, varied from 50 pM to 300 uM. The maximum SERS intensity
5 biosensor for exosome detection. As shown in Fig. 3, in the absence  was obtained when the concentration of HAuCl, reached 300 puM.
6 of exosomes, SERS nanoprobes are not able to combine with As the concentration was further increased to 500 uM, the SERS
7 exosome-bound beads, and cannot be assembled into a sandwich- intensity dropped, which can be clearly seen in the characteristic
type immunocomplex, leading to a negligible SERS signal (curve a). peak at 1078 cm™ (Fig. S5B). The enhanced SERS intensity may be
8 In the presence of different concentrations of exosomes (1><103 attributed to the strong coupling between the adjacent AuNS core
9 particles/uL and 1x10* particles/uL), SERS nanoprobes and and Au shell, and resulting squeezing of the incident
10 exosome-bound beads assembled into sandwich-type electromagnetic field into the gap, producing enhanced local
11 immunocomplexes with many “hot spots”, as demonstrated by the electromagnetic fields and thus SERS signals.33 Thus, 300 uM of
12 obvious SERS signal (curve b and c). Considering the intensity of HAuCl, was adopted as the optimum volume in the subsequent
13 SERS signals, we concluded that the indirect SERS sensing method experiments.
14 using 4-MBA as Raman reporters is feasible for the detection of In order to study whether the B-Chol anchor modified on the
exosomes. In addition, the TEM image of sandwich-type surface of AUNS@4-MBA@Au affects the SERS intensities, the SERS
15 immunocomplex shown in Fig. S3 further confirms the feasibility of intensities were compared under the optimum conditions. As
3 6 the proposed biosensor. shown in Fig. S6, there was no change when the B-Chol anchor was
Q7 modified on the surface of AuNS@4-MBA@Au, indicating that
48 a modification with the B-Chol anchor does not change the peak
gi 9 3 —Db I 2000 position in the SERS spectrum.
§O 3 - ¢ Finally, the incubation time for SERS nanoprobes and exosome-
é'l —é bound beads was investigated. As shown in Fig. S7, the SERS
35 E intensity increased rapidly as the incubation time increased from 10
22 = to 50 min and then tended to be stable from 50 to 80 min,
23 indicating that the interaction between SERS nanoprobes and
§4 - A T - A exosomes reached equilibrium at 50 min. Thus, 50 min was chosen
= 600 900 1200 1500 1800

Raman shift (cm'l)

Fig. 3. SERS spectra corresponding to (a) SERS nanoprobes and
exosome-bound beads in the absence of exosomes, (b) SERS
nanoprobes and exosome-bound beads in the presence of 1x10°
particles/uL and (c) 1x10" particles/uL exosomes. SERS detection
parameters: Aqitation = 785 nm, accumulation time = 10 s, laser
power = 100 mW.

as the optimum incubation time in the subsequent experiments.
3.6 Sensitivity of the proposed biosensor

The sensitivity of our biosensor based on SERS was evaluated using
the above optimum conditions and exosome standards in PBS. As
shown in Fig. 4A, distinct SERS bands of 4-MBA at 524, 717, 845,
1011, 1078, 1144, 1178, 1412, 1480, and 1588 em? are
unambiguously observed in the presence of exosomes. The
intensity of characteristic peak at 1078 cm™ increases with

3 3.5 Optimization of experimental conditions increasing concentration of exosomes from 40 particles/uL to
34 The above results indicated that the proposed sensor can be used 4.0x10” particles/uL, and the SERS intensity is linearly dependent
85 to detect exosomes. However, there will inevitably be some factors ~ ©" the concentration of exosomes (Fig. 4B). The correlation
36 affecting the experimental results. Therefore, we studied these eqzuation could be expressed as Al= 3553.3 x Ig[Ex0]-2884.8
37 potential factors. The SERS active AUNS@4-MBA@AuU was prepared  (R'=0.993), in which the Al is qlefined as I-lp, where |y and | are the
38 in two steps: (1) embedding with 4-MBA, (2) coating with Au shell. SERS intensities at' 1078 cm .i” .the absencg and presence of
39 Prior to the Au shell coating, we attempted to optimize the EXOSOMES, respectively. The limit °f detectlon. (L_OD) of the
40 concentration of 4-MBA. First, seven different concentrations of 4-  Piosensor was calculated to be 27 partlcles/uL, which is lower than

MBA ranging from 2 to 14 uM were tested, and the corresponding the LOD of several currently available SERS methods (Table S1).
41 Raman spectra are shown in Fig. S4A. The SERS signal intensity Therefore, our proposed biosensor shows excellent prospects for
42 increased as the concentration of 4-MBA increased with largest Nighly sensitive analysis of exosomes.
43 signal produced at 10 puM (Fig. S4B). Further increase in the
44 concentration of 4-MBA resulted in a decline in signal enhancement. 25000 AI=35533 « lg[Exo]-28848
45 Thus, 10 uM of 4-MBA was chosen as the optimum concentration.
46 After that, 4-MBA labeled AuNSs were coated with different
thicknesses of Au shell and their Raman intensities were measured.
47 Briefly, a 4-mL aliquot of the AuNS@4-MBA solution was :
48 transferred to a 10-mL centrifuge tube. After centrifugation, the 1 §¢ I T 3 3 5 5 s
49 precipitate was resuspended in CTAC (2 mL, 0.2 M). A concentration 600 Rz"“l’ml;oig‘ (61:199) o & Ig[Exo]
50 (varied between 50 and 500 uM) of HAuCl, and 200 pL of AA (0.2 M)
51 were added to each solution. The color of the solution began to  Fig. 4. (A) SERS spectra of 4-MBA for quantitative evaluation of
52 darken. About 20 min later, the solution color was stable, exosomes with different concentrations. (B) Plot of change in
53 indicating that the reaction was complete. The solution was Raman intensity at 1078 cm? vs the logarithm of the exosome
54 cent.rifuged at1000g for 20 min and the supernatant was rem.oved concentration is linear over the range of 40 particles/uL-4x10’
to give a residual volume of 10 ulL. Then, 10 pL of the residual  particles/uL. The error bars represent standard deviations based on
55 solution was deposited on a cleaned silica slide for further SERS
56
57
58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
59



http://dx.doi.org/10.1039/c8an01041b

oNOYTULT D WN =

Analyst

three independent measurements. SERS detection parameters:
Aexcitation = 785 nm, accumulation time = 10 s, laser power = 100 mW.

3.7 Invesitigation of reproducibility, stability, and life time of the
proposed biosensor

We investigated the reproducibility of SERS signal by recording the
SERS spectra of 4-MBA from 10 random spots (within an area of 60
umz) in the presence of 4x10" particles/uL exosome (Fig. S8). The
SERS signal variation was less than 4.6%, indicating an excellent
reproducibility of the SERS signal of the sandwich-type
immunocomplex. In addition, we prepared 4 sensors of the same
batch, and then applied for the detection of exosome (4><104
particles/uL) at different time points within 24 h to test the stability
of our sensor. The results revealed that the SERS intensity could
maintain 95.3% of the initial SERS intensity after 24 h (Fig. S9). The
life time of our sensor was further studied. The results revealed
that the SERS intensity decreased significantly from the third day
(Fig. 510).

3.8 Determination of exosomes in clinical samples

In order to demonstrate the practical application of the SERS-based
biosensor, human serum samples were studied. We obtained
written informed consents from all participants before enrollment.
All experiments were performed in accordance with the national
guidelines, and approved by the ethics committee at Shanghai
Changzheng Hospital. Three healthy serum sample (H1, H2, and H3)
and three serum samples from liver cancer patients (P1, P2, and P3)
were tested. Before the analysis, the human serum samples were
centrifuged using an ultra-filter at 6300 g for 15 min. To evaluate
the performance of our biosensor, we conducted a controlled trial.
First, exosomes from these six serum samples were isolated by
ExoEasy kit and quantified by gNano. Then, the same serum
samples were assayed by our biosensor, and the exosomes were
quantified using the calibration equation (Fig. 4B). As shown in Fig.
5, the results obtained from this biosensor were comparable to

those obtained by the gNano method with the same serum samples.

Because the CD9 is also expressed on the surfaces of non-
tumorigenic cell-derived exosomes, the exosomes from healthy
serum samples were also detected. However, it is noteworthy that
the number of exosomes from a healthy individual is less than the
number from cancer patients. Therefore, we obtained a relatively
low SERS signal when exosomes from healthy serum samples were
detected. The results verified previous reports that the number of
exosomes is elevated in cancer patients, indicating that this
phenomenon is closely related to cancer.*®

10
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o 2 41
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=
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Fig. 5. Comparison of our method and ExoEasy kit coupled gNano
method for the detection of exosomes in serum samples from three
healthy individuals and three cancer patients.
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4. Conclusions

In summary, we have developed a highly sensitive method for
quantitative detection of exosomes in biological samples. In the
construction of SERS biosensor, 4-MBA embedded in AUNS@Au was
used as Raman reporter, B-Chol-labeled DNA anchor conjugated
onto AuNS@4-MBA@Au formed SERS nanoprobes, and exosome-
bound magnetic beads were used as the capture probes. Due to the
SERS substrate with high activity, the sensitivity of the developed
method is higher than that of the SERS methods previously
reported. The SERS-based biosensor is easily fabricated, it has
potential for a wide variety of applications. We believe our
biosensor will be a useful platform for the analysis and
quantification of exosomes in biological samples.
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