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Recent Progress on Exosome Separation
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Abstract Exosomes are small extracellular vesicles derived from parent cells, carrying nucleic acids, proteins, and other
biomolecules. Due to their ability to reflect the physiological and pathological states of parent cells in real time, exosomes
have significant potential in biomedical applications, including drug delivery, disease diagnosis, and therapeutic interven-
tions. A key step in their application is the efficient separation and purification of exosomes from biological fluids (such as
blood, saliva) or cell culture supernatants, ensuring the removal of impurities. Numerous separation techniques, including
ultracentrifugation, ultrafiltration, size exclusion chromatography, polymer precipitation, and immunoaffinity capture, have
been developed based on the size, density, charge, and composition of exosomes. Although ultracentrifugation is widely re-
garded as the gold standard for exosome isolation, each method has its advantages and limitations in terms of purity, effi-
ciency, processing capacity, complexity, and convenience. Recently, the combination of different separation methods has
emerged as a promising strategy. Moreover, advances in interdisciplinary fields, such as chemistry, materials science, biology,
medicine, engineering, and mechanics, have led to the development of innovative separation technologies, including micro-
fluidics, fluid flow-based methods, thermophoresis, lipid-based recognition, and DNA aptamer-based affinity. These novel
techniques have substantially improved the efficiency and purity of exosome isolation. In this review, we first offer a com-
prehensive overview of both traditional and emerging separation methods, the advantages and disadvantages of each method
were discussed and summarized. We also illustrate the latest progress and representative work in the exosome separation
field. Finally, we put forward our own insights on the future development, including balancing between purity and yield,
isolation of specific subpopulations of exosomes, standardization and automation separation and exploration of new separa-
tion technologies. We believe that significant breakthroughs in exosome separation will be achieved in the near future, and
will contribute to the development of the biomedical applications. We hope this review will be helpful in promoting the de-
velopment of exosome separation field.
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Figure 1 Ultracentrifugation-based exosome separation. Cells and cell debris removed through low-speed centrifugation and then exosome obtained

through high-speed centrifugation
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Figure 2 Size exclusion chromatography-based exosome separation.
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column, while smaller particles have a longer residence time. Collecting
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Figure 3 Immunoaffinity-based exosome separation. Coupling exosome-specific antibodies onto magnetic beads, mixing them with exosome solution,
binding the exosomes to the antibodies, followed by magnetic separation, and subsequently washing the exosomes from the magnetic beads
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(SELEX) /73R 3 A ) 4 DNA JPHI, Al ig£evEHh

Conformational Adjusting buffering
Re-annealling recognition s system
— ——-

Aptamer sequence Functional aptamer

S5HBYFREAR. 4000, N1 SRE TS a0
it b, SELEX 0] LA JLTFrf SR bR e 25 my R AR I
Fefd. SEBCAARTT DLFRA “ALfifk” | ik i 20 Fha
BRI e R, IRIERCAI 4 Pz R4
B, BARILS Hiro T 2 M7 5L = E i 2
R 22, (BAE oAt 5 T 2 B H MR (A0 5, fndtk ik
(22 5/ 5 TR AS R EEAT ORI /N RJ5 4
Koo R JFEMARBE s R R 2B 7= AR B S 5 T4k
MG DL R S5 A PR RS, I AER, SRR 2
TN AR B 5). BFFERBL—FPEET DNA &R AT
F P 4 5 SR WS REAE 90 min PN PR SR AN IAA, &1 B
RO R B ORI, 1RSI —F DNA S5 H)H46
SRR IR I AMIA,  BEELRAUE B AR =11 56 B 11 F0
AEEYE; RIS, BTSN OB AZ AR BT B T I PR L
e R ML 2R AR 1) A NS A S HL 56,

Liu 25038 T —fh A-DNA FL&E AR S 71
FH T 7E B A A 7K S b 3 B RS I A A A ST . U
A-DNA 73T I B A AR 1) S 82, mT DAYE od
T8 PO R AT AR BN ) TR AR k. R AN R T
— A EERE SRR A o R A A R L P A A S IR R
G, [RIPEER G A ARy B ) DNA &R
FIAM AR, 7E 30 min P SZEL T AMIK(30~200
nm). EFEHL(200~ 1000 nm) A T-/MECK T 1000 nm)
MRS R /3 8, [ GRAIE T 20 S 7= i se 3 v 5 A4
WS, XA —Fh DNA A5 0 [ 23 0 ARG i s A
AMIBARNEFE ) T8, ONTE B AN PR K SF B DAl 70 i A
MR ERR T — AN EE T A, BAEBENIEKIZE T
1H.

Specific capture Released exosome

Bl5 DNAIGHLASKR A BAMEL K. DNA SR A UM SNE AR I RHE SR B, SSOUSMNBARIRER, i S g ik R 55 51 LB M A I

RN

Figure 5 DNA aptamer-based exosome separation. DNA aptamers capture exosome by recognizing specific proteins on their surface, and release them

by changing buffer systems
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Tang S8 THH 7 —F2ET DNA & RCA 7Kt
Jiz, SIS A A B IR R AN AR R R S AT R R AR
PE3ES. DNA K& 2B B EE DNA (ssDNA)
TE RS, 0 I Y e A 2 TV SRS, A
AR G54, B 7N A SR IR 35 (RCA) A B
sSDNA b F2 o, BTt — Fh B8R 7 P 1R 500 41 0k ik
CD63 (1) B AR AR (AptCD63) K A4 B 2 M i i Ak, [
I, ssDNA F=#%f CD63 FHVEAMb AR HA mzE iy, it
— AL ) DNA 7K &I B S0 T A i 44 (1 s
SRR S mAUE . BRI BE B B Rl s T LA
TELRUE M 45 74 5 2H B 5 B AT 4 4 X DNA
IR PR TR SR s &t R W4 50 uL DNA 7K e
AT 8 X107 AN AMAMA, AEF BT T A4 53 B ks il
(P — Ak, XTI PR 7L B L5 A A PRS0 KS A 2 e % 8
F 100%.

DNA & Be Ak flvk IR & H ATk b T 2R A,
A RN, (5 Ae s SLBUAR R T Gesh i ik 4
BOE R R R R S TR, B
MR 5 MR ANT R R, Rok— R R E 2R
k.

9 ETFTRERIDEE

BT RARTLB I B2 FE A T “ IR Bl
] 8 AHEAR, i S AN GE R TR S, R
P — P a2 PR R 22 7 o B AN IR AN A ik,
NI 5 B (field-flow fractionation, FFF)A1H H
VK (free-flow electrophoresis, FFE). 37t 7 2 AR 418 BT e 0
AN I B AN [ AT 43 R 33 73 & (Flow  Field-Flow
Fractionation, FFFF &Y F4). # 3% i 4 & (Thermal
Field-Flow Fractionation, ThFFF). Hi17ifi 4> & (Electrical
Field-Flow Fractionation, EIFFF)&; H F4 SCEFESTHR
P 3H I 47 (Symmetric Flow Field-Flow Fractionation,
SFFFF) A1 4k X #% it 3% Wit 4> & (Asymmetric Flow
Field-Flow Fractionation, AsFFFF B{ AF4).

TEANIMAR T, B B2 BRI 5 B R R 2
AF4. AF4 j& Wahlund 1 Giddings /£ 1987 442 H i) —Ff
STEEIR, AF4 G@IE b ERE R ARSI 15 B B A K
AT DLEL S B A B A E T I S Id AR, FTEA
ANBEMEZAUMEL. fEEE A, WEh T E T A
—IEME NRAE R SNIN 13, Bt NIETE J5 7ERE )R
TERT™ 5 85 80 IR, oA E R 25 i
ANFEE A E, RAEEREE EfEnmER, 2
TRBORFE A, /N RST RN 43 A o B vy T R RS ik,
3 2 v (R RO R A e M, 1% 2R G T RO T £
R I [A) HY  T- Hey Hlod =

AF4 Sy BSER T, Fr@Rfe s o & Ol ISR b
B, EEIRAEYIRE 3 B i sz 2ol B e H T
M TB) 78 J53 R 8 T 20 B 35 =00 2o B A, DL
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TN BB B IR A B B 7R R R AN IR [ KN B AR
FEBO) SRTHT, AF4 HHTFESNAE 5> B IR AR —Fh
I AE R 77, Hu 2SN @E it AF4, 456 % 5 R
B OE M LSRN SRR T s Al fs | e o8 Bt
HI AN AR, v TR B R A R A A TS Je I T
W, RS — P E AR T — R YA
W ANBAAER EY), W MYCT1. MPIG6B 11 TSPAN14 4%,
T T L G A SRR SN AR bR B A CAS TE H 1 2R
AN ARSI

AF4 7 BEIREER AN, ST 0 B A AU
XM A s AR . s 2 AN RS AF4 4
ARKS o3 B AN MR REAT RAEVPEAY, A 2h FER I, BRI
SRR TE J5 o} A A 73 2 A R I, R L AT
THIE N SR AR A U S A, Wu SFURAE T AF4 4
ARFFE & IS8, QRS RE. RENT. HiE
A BESEAEEREARR, FERI A TN MK A AN A
K53 B RIRAE, UERH T AF4 75 NI A ) v 7 g 2
1 (HDL) A2 55 i £ 1 WURL(LDL) A 43 B8~ s 44 0 T
PIE KT, ST r=WaifE, Aok, Rk
A e ek N TE RS, BT RAFE /N @ TE s AF4,
TEATE R B RE JT B G T 07y 25 T e,

10 Kk

POk AN WY %, R R T RA
TR IR EE R, i) T7ERIR X R 4R, Ik
WL T AR oy B AR SR, RUKERA ARt B
VB Ta7 5 R = R BB TR RS A, R I B I AR IR AR
H I AMIAARIS] Sun ZEIOHER H T AT C 1A A% IR s 1) 1R
&, BRI 7 B BUE 1 BE FC A SR A M ik
&, MIERARIE MR R TR AR, 2= R TBUK )
MR, MM AREF EAAEA S REBE, %OLiE Y
FH O BRI 5 A AR IRV TR, A A 2 2 A TR A,
FHEL T BBAS TN AMA, REZ FREFAEEZ G, 1E:
AMILAKE I ) R, VBB % TAERESE T AR
AN A THI R ) 9% G IE B AR A TR REAS U A 432, 7
102 1 3 B Z SEG H, AU R B IE 2 95%,
FPEL B 100%, 75 A [R5 AE 1) 812 75 TH 3 £ 204 3
68%, MZEFE TR LR MBEE/NT 1 ul, A3 TEGE
FIR AT AT . 2 2RI, Bl 5 Ve AT T Sk, Sel
TN N miRNA R BRSO, 1) #h ik S B A
ANIMATREEE, (EBEANIAAH miIRNA HI2EHOR, &7
HEALT 0.5 uL BIMIEFEAS, R PRAKZ 0.36 fmol/L, &
NP 378 50 P PR S P 4 il =18 88% 1 83%, HLAT R UF (1)
NHRT . AFE I IR IE ST A A 2 T SR B )
R, BEAE T = B FL RS (TNBC) I3 A b4 o i 58
PESCOILPUE . REG Rtk R8T, e
TR HERF P IR 3 91%, YRYT SN I 1) U 00 o A 2R 04
F1] 96%!66],
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), SER T B AETE; (4)PIKIVEIL A AE AN A 73 25 2 F
RIAPr B, AR A AL BB A E SR A AR AE. AR AT —
TR AR 7 AN A [T R, B SR A T 1e
MR JE, HRIKEAEBOVINBAR T B EE T A2 —

11 #BRIRAN S

MBI BB T S A RHERE AL, SRR N
BHA Yy, FrEmie, Gomk s 2 2 R (PS) nT LAKR 4y
SE MR AR TR R4 &, AT SEELAMIA A 14 5
PEr 85, Timd & (2% F 1 PS 454 & M. Nakai 25671
BT HT Tim4 5 PS K45 & AN LA B 7735,
FHE LA Ca KM, RN Ca> B4 75k Ae
RPN B SR H NI, T b SRR ) 4% Y b A b B
BRI, ER T RS E AR, Rz
RIEFETF K ELISA 7 G alim A, BT 1
(1 N FH 1 5%

BEAMBE TR 2 BREEATBE AR R . Lin Z5L08-70)
WA T B R IR R4 DSPE-PEG-Mal, ' DSPE
R—MEAGUKERPZIK, EdsKEa/ERB
AR N B IAAR i  , Mal B i s ik 2
SN S &R B ER |, DSPE A1 Mal iliid PEG &4,
FIAZERER, SEELT MG h AR I m A E 4, 34l
FEmT 80%; Bl JEAATHZEARMAT T F- %, & Je¥H
TR (CP)IE I 2 /K B i ER |, CP Refig S5 /MK A )E F
(1) 15 R BE RE A (PC) B AL &5 &, W TT 37l SRAE A o 11 b i
W, SEBLAMBR )RR 2, B E B & CP-PC JE KT
B for B B A IR U E, MR TR R 42 CRF, Bfz
BEWTR, AMUMABRECT R, I RERONIRA, AET
FE G0 (R BRBRDE EF, e 0% B8 U b 25 F5 S WA R 16 £ 3
PE, FIBZO A AN RN 0.5 h, HSHEE 0L, B
EDUCTEREARLG, KRG T AN AR 1) 2 BB 1], &)
WA PR A B B R NGRS, AR S S AL B
)Eﬁ[ﬂ].

BT AN AR BT R A B B AR S,
WS P s TR R A MR R L 4R ERE, RES
RX oy Ah b 5 A AR MR A BV Bl A= 5, BRAEfRIE: 0
T B & (W B0 HL); IER M AT F 2 A
AYIRES MR R HPREE IR LIS R R Ah i A 4y
B ORI, O VE AR — e Bk AR, L AN Rk I
JRAE: SRR IE SN T B B AN [F I BERE 4L Rk, 52
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Wi 7 B B AR P [ PR PR 25 5 2 P e it 2 AR T
BEXT AN AR D RE A 52, H AT ESE— IIbsHEAL I
T2, ANFISEI0 % 45 R AT REAAAE 72 55

12 RESRIE

N T E W ECEAN R ANIAR 7 BT IR 22 5, R
IIFER 1 HhabAT T84S, RSN, RAEAFK
FORIEFAFM BT L. KK, SNBAD BHAR L E
PEE R B EESMIIT KR, KminE
PR PYAS T m i ()7 B Al SR 10T, 3l
B A 73 185 T 4 A LRI i Bt e 220 S A v A5 5,
G PEIRANE B AT LIRS B AU LR AN UA A, (B3R
&, HWTREXT JEHiE st ;2R &Mt is mAR AT
{8 AR, (EARUARZE, SN R S Ar. RORTR 2T
SBT3 B ERRTTE, BIUCR AN 7> B 758 (2)
RSB SMIMANERE R 2012 AR R TR AR W RS
WSR2 5, LR AT AR 9 A0 R, 6 L A2
Y2 DRt AN e AR, (B0 H RTU9 IR B = R0 B
SEAMBATERE R TT i, BRI 7 R SRR, RR & EIT
RIET RS AR SN EEOR, Bl Ui BRI K
EKE DNA JERCR, SCHLAM PR IR (R 7 VR
. Q)bnHEL S B . SN R BTTE R 2
PERRAE D BRI M S BRI AU RAE DL R . AL bR
HEAL I > B AR AN S s A AR O L BeAh, HEnfi
#HIT AR R R, Wb NORE, ety ik
W R AL, (OB BEARKRR. B TS
I TTE, R R B . B, %
TR . W5 R LASEBUA NS K TE bR
oy 8, ETPORMRH D EEAR T LIS 2 B
RIS, ROR T Bk — PR R X BOR ) J B
ARLH], JFARE R EAETERINBA T BT,

1 AFSNBAS BT

Table 1 Comparison of different exosome separation methods

Jiik aif RE BRA B
R TH L i g % K@~6h)
e BAK B B F(1~2h)
JHARB &% g e 8(0.5~2h)
REWIDUGE i i} i K@2~12h)
Cavie il ] fi% ] FH4E(2~4 h)
TR = = =] 5H(0.5~1h)
1;1;,; e & ik [ 14 (2~4 h)
GV g g w Ea~2n)
ik [ LR [ %H(0.5~1 h)
T AR R 70 25 [ h&E [ 45 (2~3 h)
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IR IE.
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F0h, e, 58T 2018 402023 FRK/FRFKFHT
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BAZVE EA RS M AE, A FFNAT b A YR TR
B A TARIR, AR 75 &) Ay I ib ko B B e = o 69 AF AL

WMRF, B, LB XF ‘BEF BEBRHERIE REX
FRIRHAR l%i&&%#ﬂ%ﬁ‘z&/\ BRHFFERFE LS
EAFH, NEHIFHERATHR. EF@ABBRALFE S
g #e##F, 4 Chem. Rev.. Acc. Chem. Res.. PNAS. J. Am.
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