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Fig. 1

Tllustration of SD hydrogel-based exosome detection method (images are not to scale). (a) Preparation of SERS nanoprobes;

(b) preparation of SD hydrogels; (c) principles of SD hydrogels for detection of tumor-derived exosomes
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Table 1 Summary of aptamers

Aptamer Sequence (5"t0 3")
P1 5-acrydite-AAACAG TAC TCA GGT-(CH,);-NH,-3'
P2 5-acrydite-AAAGGT GGG GTG GGA-(CH,),-NH,-3'
CD63-HER2 5-SH-(CH,)+-GGG CCG TCG AAC ACG AGC ATG GTG CGT GGA CCT AGG ATG ACC TGA GTA
(CH) CTG TCC CAC CCC ACC TCG CTC CCG TGA CAC TAA TGC TA-3'
CD63-HER?Z LA A A T T A s A (S (A (T s T A (A T A T A (T (AT (e
complementary 5-TA GCATTA GTG TCA CGG GAG CGA GGT GGG GTG GGA CAG TAC T L/,A GGT CAT CC1T
(CHC) AGG TCC ACG CAC CAT GCT CGT GTT CGA CGG CCC-3
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6 ho LA 7000 r/min [ 5% #2500 R (B K 20 min) J5 ,
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DTNB #5354 19 Au NPs(i24E Janus AD)IE W - %
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Fig. 2 Characteristics of SERS probes. (a) Zeta potential of Au, SiO,, SiO,-Au@DTNB, Janus AD, and Janus ADD measured by
dynamic light scattering (DL.S); TEM images of (b) SiO,-Au and (¢) Janus AD
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Fig. 3

Optical properties of SERS probes. (a) Extinction spectra of Au, SiO,-Au@DTNB, Janus AD, and Janus ADD; (b) SERS

spectra of Si0,-~Au@DTNB, Janus AD, and Janus ADD
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Fig. 4 Characteristics of SD hydrogels. (a) SEM image of SD hydrogels; photographs of (b) pure hydrogels and (¢) SD hydrogels
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Fig. 5 Performance of SD hydrogels. (a) SERS spectra of SD hydrogels with or without Ag NPs; (b) SERS spectra of 1323 points

collected from three areas of 480 pm <480 pm on SD hydrogels (the background noise has been removed); (¢) SERS spectra

collected from three batches of SD hydrogels, for each SD hydrogel, SERS spectra of 32 points were measured;

(d) concentration-dependent SERS spectra for the detection of targeted DNA ranging from 10 pmol/L to 100 nmol/L and a

CD63 &M iEE B E AR BN RZ — ) 7
ETFA R FEm . NF K AERKRKNTZ K 2(HER2) &
Jier 98 95 1 A WA AR (£ 4% SKBR3 M s A ) rh % HL )32
KW R S A AR B . L, % $ CD63-HER2
(CH) 1 b 3 4 52 3 2 52 58 &6 43 r iR Jr 2 il &

blank control

Janus ADCH 1 SCH /K #E i , LK SERS {1 #£ DNA
K B g ) AE R I BE . A 0~100 nmol/L ¥ Ji (1)
CD63-HER2 H 4N (CHC) i@ (R /E R R I 4 , 5 SCH 7K
BERE MR 24 ho WUk SCH /K EE IS , 3 SCH /K %
& DTNB ) SERS 15 5 58 B, 45 L w15 5(d) frw .

2117001-5



%43 % 21 #1/2023 £ 11 B/RFZFR

i T Janus ADCH 5 CHC &z J5 i 8 SCH /K #Efist ,
I SERS {55 5 5 B2 Bl CHC 3 4 ¥ 5 338 Jon iy BH 52 B A1
X 45 B EE 09 SERS I M DNA 7K 8 15 38
TAYRI .
3.3 PR SN A A G

9 Y5 A DA A 485 T R R 9 400 L ) AR R AR b
Y, BEUE 12 W B AE . L SKBR3 A1 35 44 Sy 46 ) A5
A 4% 9158 5F NTA FTEM 26 AF b W 4K (19 R ~F Fi 45
Ky . NTA 45 % £ B, SKBR3 A s ik 19 ki 42 7 50~
200 nmyL B N[ 6(a) ], B ER YL ()5 , TEM K%
W A M R T SKBR3 A A Y 2 0 2544 [ 5] 6 (a) I
K], NTAFI TEM K25 S3E 1] SKBR3 45 i A& 42
BUS I

i 3 6 S5 HE AR 2 R o it SKBR3 A1 A 1 R 5 2
A SD /K EERE . & %%, Bl DID %} SKBR3 #h i 44 ¥k 17
Yett  IE S5OK BT 24 he ARG, 871 642 nm 06
W & DID YLkt , AW EE SKBR3 Zh W14 1) 47 78 15 00, 45
R E 6(b) s o B A9 615 5 3 B SKBR3 41 i
AFTE T SD KEEE . K 6(b) B Hfi I B7x T DID brik

@
20}

- - exosome from SKBR3

15}

Concentration /(10" mL-
—
=)

0 200 400 600 800 1000

Size /nm
© .
| 1000 counts |||
|
blank r A
g -l P S AT lf| S |
g _22 pLt A g u,__.'l |,1__'_ __III ]
| 290 1t
o=}
B 2200 L
22000 uL! |, 2 A f
400 800 1200 1600

Raman shift /cm™!

i) B A~ SKBR3 A1 s 14 1 58 37 5 (wide field ) F1HL 53
T8 7 EMR (SMLM) 1 A 9 S o I 35 92 26 09 A
T 48 56 40 A 6 B, SMLM EHME 2 B2 91 nm 1 2 16 4>
B, 5 ANBR M) — i EARMAELE 6(b) 1. o HE A
g5 FE AN AR TT LAE A SD 7K EEIL .

B 5, Ok M A 22,220, 2200, 22000 pl 7t EY
SKBR3 4h W 14 43 71 5 SERS 1 1 DNA K BEIC IR E .
2l PBS ¥ WAE b 25 FHOBR L T A3 SERS i W 6
()P o W LAE B, £F 76 H bR S0 W R 14 SE 56 41 v,
SERS 5 255 T 25 (A X R4, pbobh, BE & A b 1k ik
B, SERS 58 Uk 55 . SKBR3 A1 s 1A e 5 45 i 1)
SERS 5 B A4 s b 2 B8 F & 6(d) o ff H 7 #2 y=
169. 84221, 52 (R*=0. 987) & 22~22000 pL~" Ay 4h
WH A e 7 %505 DTNB 7E 1333 em ' 4b i SERS 58 J&F
Z 8] A 6, Hovh y 28 SERS 5 Ji |, 2 R AP i 4
W I B Fh e RT 0 BT R Ok T ARG I ok R G &=
2y 22 pL A UL A o R ORI B R O 25 SR R B
SERS i #: DNA 7K & i 7€ I 5 U5 P S 90 444G ) 451 355
A E KR .

®, [ — --SMLM
N — wide field
208t
g
S 0.6
k|
>
204}
=1
g
E 02}
¢ .\_
0 m o’ v
0 400 800 1200
Distance /nm
(d
1200}
: :
2 .
g )
E X
g, 900f - i
g L
3 wid
& oo B y=169.8+221.5x
g 1 R2=0.987
=1
300} l
10 100 1000 10000

Ig (n, /0L

6 AWK, SR . (a) SKBR3 AN A NT A S 56 (4 - 34 e 5 Bt R < A9 728 4k (3 1] : SKBR3 AN & A9 TEM &%) 5 (b) DID FRic Ay
SD 7K B 5 A s A T 57 £k 10 3 A3 A (I ] 2 SD 7K B it b SKBR3 Ah W 44 114 8 43 B 81 4%) 5 (o) F T 46 I 22~22000 pl ' iy
SKBR3 &M WA 1A 11 e J3E A 5 1 SERS S 3 A 28 14 4 HE 5 (d) F AR AN WA e BE () ARHVE 15 5 A8 Ak, HE iR 22 45 3678 8 1 3 ik )

TR D 22 , R 2% TR T AT DG A S AR L i 2R MR LA

Fig. 6

Detection results of exosomes. (a) Averaged concentration versus size for NTA experiments of SKBR3 exosomes (inset: TEM

image of SKBR3 exosomes); (b) intensity profiles of exosomes in SD hydrogels labeled with DID along the solid line (inset:

super-resolution images of SKBR3-derived exosomes in SD hydrogels); (¢) concentration-dependent SERS spectra for the

detection of SKBR3-derived exosomes ranging from 22 to 22000 pl.”" and a blank control; (d) concentration-dependent signal

change for target exosomes, the error bars represent the standard deviation for 8 individual measurements, and the dotted line is

linear fitting of concentration-dependent signal change
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Abstract

Objective Exosomes play a vital role in intracellular communications and the exchange of substances. Compared with
normal cells, tumor cells secrete more exosomes with tumor-specific proteins, which makes tumor-derived exosomes an
important kind of cancer biomarker. Thus, the detection of tumor-derived exosomes can provide critical information for the
diagnosis of cancer. However, the current detection methods for tumor-derived exosomes still have some shortcomings,
including tedious operation and limited accuracy. It is necessary to develop a method with convenient operation and high
sensitivity to detect exosomes. Surface-enhanced Raman spectroscopy (SERS) has been widely applied in the biological
detection fields due to its excellent optical properties. SERS-based exosome detection methods have flourished in recent
years. Many materials have been combined with SERS probes to achieve optimal detection results. Hydrogels are water-
swellable polymeric materials with a three-dimensional (3D) network structure synthesized by crosslinking hydrophilic
polymers. The porous structure of hydrogels is similar to that of the extracellular matrix. Specifically, acrydite-modified
DNA can be easily incorporated into hydrogels during gel formation to recognize and immobilize biomolecules. More
importantly, biomolecules can retain their intrinsic structure and function in hydrogels. Therefore, we wish to realize

highly efficient and sensitive detection of tumor-derived exosomes by combining the SERS probe with hydrogels.

Methods  We demonstrate an optical detection of tumor-derived exosomes by developing SERS-active DNA
functionalized hydrogels (denoted as SD hydrogels). The details of detection are presented in Fig. 1. SD hydrogels consist
of two parts. One is SERS nanoprobes for the recognition of exosomes and the generation of SERS signals [Fig. 1(a)],
and the other is DNA-functionalized polyacrylamide hydrogels (denoted as DPAAm hydrogels) for the immobilization of
SERS nanoprobes and the amplification of Raman signals. These two parts are connected by the DNA in DPAAm
hydrogels [Fig. 1(b)]. Figure 1(c) presents the detection principle of SD hydrogels for tumor-derived exosomes.
Generally, SERS nanoprobes contain two recognition units, or in other words, one applies to all exosomes, and the other
is only suitable for tumor-derived exosomes. Such an SD hydrogel takes advantage of SERS nanoprobes to distinguish the
difference in the surface specific proteins between tumor and normal cells derived exosomes. Once tumor-derived
exosomes appear, the interaction between SERS nanoprobes and DNA in DPAAm hydrogels is broken, followed by
SERS nanoprobes falling from hydrogels with the help of PBS buffer, resulting in the weak SERS signals on account of the

concentration of tumor-derived exosomes.

Results and Discussions To obtain SERS probes (denoted as Janus ADD), Au NPs with about 3.5 nm diameter are
modified by Raman reporter (DTNB) and recognition unit as DNA. The experimental results display that Janus ADD
possesses a well-distinguishable Raman signal and has been functionalized with DNA (Figs. 2 and 3). Then, Janus ADD
is immobilized into SD hydrogels by the acrydite-modified DNA aptamers. SEM image clearly demonstrates the porous
structure of hydrogel [Fig. 4(a)]. The photographs indicate that SD hydrogels containing Janus ADD have been fabricated
successfully. Subsequently, the features of SD hydrogels as SERS-active substrates are evaluated. The results show that

SD hydrogels have the ability to amplify the Raman signals of Janus ADD, and the SERS signals at different points of SD
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hydrogels are homogeneous with a coefficient of variation of 6%. Besides, the SERS signals of three individual SD

hydrogels have a relative standard deviation (RSD) value as low as 4% , which is of key importance for SERS sensors.
Further, the detection ability of SD hydrogels is proved by the complementary aptamers at different concentrations ranging
from 0 to 100 nmol/L in PBS solution. The SERS intensity of DTNB in SD hydrogels distinctly decreases with the
increased concentration of complementary aptamers, indicating that SD hydrogels are suitable for biological detection.
Finally, SD hydrogels are used to detect tumor-derived exosomes. SKBR3 exosomes are selected as a model and isolated
from the cell media of SKBR3 cell lines. The obtained SKBR3 exosomes are consistent with the previous reports in vesicle
structure and particle size. Moreover, SKBR3 exosomes can be observed in SD hydrogels by a super-resolution
microscope. The concentration-dependent SERS intensity indicates that the SERS intensity decreases as the number of
exosomes increases, and the SERS signals in target exosome groups are obviously much weaker than that of the blank
control (Fig. 6). As a result, the limit of detection (I.LOD) of the present method is found to be approximately 22 pl.™".
The high sensitivity evidences that the SD hydrogels possess huge potential for the detection of tumor-derived exosomes in

an easy and inexpensive manner at the point of care.

Conclusions In this paper, SD hydrogels have been established to optically detect SKBR3-derived exosomes by
immobilizing SERS nanoprobes into DNA-functionalized hydrogels. The SERS nanoprobes are used to recognize SKBR3-
derived exosomes and generate fingerprint signals. DNA functionalized hydrogels serve a variety of functions, including
providing a biocompatible environment for exosomes, supplying abundant sites for immune reaction, and amplifying
Raman signals of SERS probes. The obtained SD hydrogel as a SERS active substrate has high uniformity, and the SERS
signals obtained from DTNB by measuring at 1323 points have a coefficient of variation of 6%. Besides, the relative
standard deviation of the SERS signal about DTNB in the three batches of SD hydrogels is about 4% . By taking advantage
of the specific recognition ability and excellent Raman enhancement effect, the SD hydrogels are applied to the quantitative
detection of SKBR3 exosomes with an ultralow LOD of about 22 pl.™", which is two orders of magnitude lower than that
of the conventional exosome detection methods. In view of the diversity of SERS probes, such an SD hydrogel is

promising as a universal sensor for the detection of tumor-derived exosomes.

Key words bio-optics; surface-enhanced Raman scattering spectroscopy; optical detection; exosome; nanoprobe; hydrogel
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