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Abstract: Liquid-liquid phase separation (LLPS) serves as the fundamental mechanism underlying
the formation of biomolecular condensates, and the quantitative characterization of their microscopic
physical properties and material characteristics is crucial for understanding condensate function and
regulation. This paper systematically reviews a comprehensive array of analytical techniques for dis-
secting the microscopic morphology, physical features, and molecular grammar of LLPS systems.
For size and structural characterization, dynamic light scattering and small-angle X-ray/neutron scat-
tering enable in situ monitoring of condensate nucleation, growth kinetics, and internal ordering;

cryo-electron microscopy and cryo-electron tomography provide near-atomic resolution ultrastructural
visualization of condensate interiors in their native hydrated state, while atomic force microscopy de-
livers nanomechanical information including Young's modulus and adhesion forces. Regarding dy-
namics and rheological characterization, microfluidic platforms coupled with fluorescence microsco-
py offer precise control over phase separation conditions and real-time tracking of condensate forma-
tion and maturation; fluorescence correlation spectroscopy and single-molecule tracking resolve the
diffusion coefficients and mobility of individual molecules both within and outside condensates; fluo-
rescence recovery after photobleaching quantifies the exchange dynamics and apparent viscosity of the
condensed phase; optical tweezers enable direct measurement of interfacial tension, zero-shear vis-

cosity, and fusion kinetics; micropipette aspiration provides complementary viscoelastic character-
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ization; and particle-tracking microrheology probes the local mechanical environment inside conden-
sates. For molecular conformation and weak intermolecular interactions, nuclear magnetic resonance
spectroscopy reveals residue-level structural ensembles and transient contacts that drive phase separa-
tion; Fourier—transform infrared, circular dichroism, and Raman spectroscopy resolve changes in
protein secondary structure (a-helix, B-sheet, random coil) and identify the chemical nature of driv-
ing forces such as m—1r stacking, hydrogen bonding, hydrophobic interactions, and cation—1 inter-
actions. Mass spectrometry-based proteomics approaches, including immunoprecipitation—mass
spectrometry, crosslinking mass spectrometry, and proximity labeling coupled with quantitative pro-
teomics, systematically map the molecular composition and interaction networks of condensates. Flu-
orescence anisotropy and linear dichroism imaging probe the molecular orientation of amyloid fibrils
and the ordered alignment of filaments within condensates. Furthermore, to address the electrochem-
ical properties of condensate interfaces, ratiometric pH-sensitive fluorescent dyes and genetically en-
coded pH sensors quantify the proton gradients across condensate boundaries; membrane potential
probes reveal condensate-induced changes in cellular membrane potential; zeta potential measure-
ments via millisecond flashing electrophoretic separation, electrophoretic light scattering, microelec-
trophoresis, and microfluidic free-flow electrophoresis characterize condensate surface charge; and
novel electrical sensing platforms based on graphene field-effect transistors enable direct detection of
the electric double layer formed at condensate interfaces. In addition to experimental approaches,
bioinformatic prediction tools and sequence-based algorithms facilitate the identification of phase-sep-
arating proteins, while multiscale molecular dynamics simulations, spanning all-atom and coarse-
grained representations, provide complementary insights into the sequence determinants and thermo-
dynamic driving forces of LLPS. The integrated application and cross-validation of these experimental
and computational techniques provide robust support for constructing a comprehensive physicochemi-
cal picture of LLPS from the molecular to the mesoscopic scale.

Key words: liquid-liquid phase separation; biomolecular condensates; membraneless organelles;

analytical methods; single-molecule fluorescence; zeta potential; coarse-grained simulation
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Ge S5 38 33 Zh 26 HUH X T bR%s PC-FUS BESR R B RLAR S A AL 3 30 Ty 2445 T It im) oy MR 2, %
ILFUS AL NG S . #E2 200 nmol/L AL, Bk ( EAR~10 nm) JRAE A3 R 51445 300~500 nm A 442K 4]
e, HR/NAFEBI AL FE20 1 pmol/LAL, #E— IR oK REER i, HAK BRI LS TRER R
BRI
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LRI bl S A PN () £ LA 7 RFEAT T FST, R IR LT k) BERA R S bR BE A i sy, P B
SRS FAHERR, GIESE T SR AE W P B RON G 0R T EAE F . Rawlinson S5 i /N f XS 2R U
(SAXS)4r#r P1. P3, P3-D289N., P3-KRm ZiiF % & F )& & Jo)F X8, P3-KRm & A fli @, P3-
D289N s 3%, P3Sv T, WPl EELIAGIRESETE, D EWSRER & EETERNA LS A
TR A0 M #E 1) b D REARAR 5% EW A, 6 R 1 N Al C s X ) 1) K B AH AR ZE U4 p
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N T Ddxdnl, RP3/ssDNA B GBS IR K a- Sl 8 1 S AN I 2R 00 GBS0 22 .
1.3 WHHBIREERERD
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X —ZE 5 IREN T P AH S SR A EREAE TR PR, 18R T 2 AHBER AR T 4 X SR B PO E R AR RNA 22381k
A2 ) PR R SCHEVE ] o Shan 257Vl P ILIRAERFERLHIR , KBUMETTL3 5 DDB1HISUV39H1/H2
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SSURE 2H 2R ok B v TS AU I N POR R AREH T B3 12 E AT T BT, R BN USURLEE SR AR 1 T 1
TP A T T PR, IR RAETE A E SE T AR P I RE LR IR N ok 2 3%, T
IR A G 04 2 2032 4 W) 2 BELAS 7 S RO SR P B b A5 AR K o 78 Jackson Z8 BT, %H AW
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SEPOE T T AW I A, X e 1 ek SR AR 5 B 1 DR 5 A I T i B BEAL LR 24 T TS,
K DUEERPRAENE LINFE, FRAR BRI % 22 R i AR s e AR 3l 7
1.4.6 BEFARME R BB RIS EGERIEIT 22 IR SC5, HHEN S K
FE R A R gH S Sun S I T 7 B N ih & M N )2BAZ d CKA P4 BESR P 7 () [ 4 1
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SERG, WE) B R I TER,, 45 SRR T CKAPA X[ {4 3 7 8 K /NI gk 1 LA A Al . 9 2
Liao Z5 R IR T WA, 455kt (22715 pm)XF 6xPSD 24053 15 H B SR Rk T 1 gk
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553 A = AL | S B T 25 = & DTN ) O | ST (T S R e S E e v U s R PAT R e s N Ay
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FIAT R0 Fu 2503 i (IR 2 6 S B R B 43 7 B ) ol A ot 47 R TR Ul B Al PN TS i 2T 4 B )
BEAT 7oA, BB e SRR N AT S A P HED,  HAER SBEE T MOBUR A4 B 54 A% Sy o
HFI) AL, Morelli %' @it D JERT i 2t — At %, 454 ThT Yt /34T T hnRNPA 1A BE5RK
PR R A AR ], K DU 2 T 4 F BRI AR A 5 R AP 4 K RP AT ) 9l P47 T8 SR A S5 T 3
RN %, EAEIEW T haRNPATA & ¥ b IR 27 4 A8 5 2R B 1w 4k 2 F 47 T 5L 0 A FHES
Molliex %5 il S B 85 28 T 28 AT I AN ZE N & 1a] SRR, X hnRNPA T B2 AR R AE 1 - AH 70 55 S A
TR TR T T M, RIS R AR R D262V TEEE SR (A i ETE i ThT B A T Ry BELF
e, MEFERIALAZNS ; FH R DURE A2 25418 RNA RS 7 RRMs B9 2 RNA 254558 71 P[] 3
987 hnRNPA1 % LLPS,
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3 UR BT S T 2T T4 MR N TR W 2 20 B PN Te N 40 2 i) = 4B Il , e TG /MR
10 Yu SEGE BV UR T IN EHREIT AE BUR AR X TDP-43 /M F) =454 3617 1 IR A = 3 WF
it R /MERRAEEZ(320220) nm ERIRFE)Z, HNEBREMAREE, SR ERNAHESEXE
HIPLIRZE M ARALL;  TAZ O DX I 2 238 BEAR T R A T, %45 R ELHEIERH 1 /M & —Fh Bl 2 LIRS
PR O TOREIX 555350 707 H i@ 723 7384 . Tanivo 55 R HIVS R 5 L T BA0ES
X} PEO.K—-b—PCL1oK ik Bt L W AE PR AN FITI % B AL 3T i) Bl gt 17 145/ RAE, RN T EERE
HTRAR B 7R S He i B i 4k, BOWRIR T - AH 7 B 7R e 2% H LA 45 /TR )i b ) e e PEAE
Yuan 5“5l 8 VR LT RS LS & 25 140 T3 115 (AAMD) AL, X} Z-FF K — A 7 6 B e 4
HASES AT TR, ABUZAE el LLPS T s SRAK, BlJG & RS RIRITE, BH AN
AT YERTE, TR FaE LT YELEH) . Franzmann 25538 i 78 R L1000 Z2330EOR . *Hlz £
Sup35 F 2T A1) 6 T TR 5 3R P 1) PR S A A 2 M R AT T RS, R B Hh TE R TR L IRAR S5 A AL
SEEFLAEZI A 10 nm,
1.7 RiESWHEEERAMZE

BT B 0 8 B AL 2 T R 0T RGE R A o TR 4 F AR . A EAE MY 5354
Gl ool Dai S5 I 3 TR RLP 2 K G SR AR AR AT A 04 3500 70 5 RS, 4545 HL
FEFE TR, XHEER I A G A0 SRR AR B o A AR AT T BT, 5B TERER
VRT3 Mgl Ca?, TS SUN BT o 3X W -9 B 23 I B AR 2 2 5 1. 4 R5 04518 . Sun 551




1802 SR AR (http://www.fxesxb.com) o453

I R I IR — ST R I AR 4k S 735 5 CKAPA AHAY 85 S5 10 43 F HAE M 34T T 5%, 455 At
o - TG AT I GO ThRETERE . /R XS Rl A R0 E B TANRE 20, e E
FALEE A, UESE T CKAPABERIRAE R, & P EIE S ME B R AR K AW HAE. Rawlinson 25
% GFP. GFP-P1 M GFP-P3 A H.AE & A MEAT e PE ULTE , SRR BRI b o A T IR0RE 1 — B B 3%
G0, S5ARRIR P3P 43 410 MI377T AN B E AN EAEE N, A S EESN MLO X EAEM
4%, PERPIAIP3 AP E A4S & A . )5l SR ERTE X RABY P1, P3 K HIh e A 5848
& P3-D289N FIZhAE fl I 1 2875 1 P3-KRm AYAH FLAE H IS 34T T HRgefitr, 4550 BoR, RASI TN
Uit Al C St ¥ 3 ) K 3] () 7 N /43 F- Tl 3

Ry A T REE R AR M BE B0 AR 0 8 PS4l Rk, ARIEbRICEERL G 2 B AR A b, 7RIS Al i e
NEWEIRY), SEERENARITE AYIENFRIC, 256 Bk % vl 226 w23 o PR i AH 2 8 B4k
7 Yu B R APEX2 AR bR iC R4S S R F bR id g B E A A Y, X TDP-43 BR5E/MA
W ER I o> T AL AT T8, KT HSPT0 4> FAEAE KR 5 AN e bt (HSPATA . HSPAIL, HSPAS,
HSPA6., HSPAS)YIMEE £E6~161%, M AMAZ.OMEZLHSy, 1M mRuby2 bRic B7H AN DE G A% i — 2 5
JIE 73X 48 HSP70 25 A SE M AEAZ O EBM AETE 2 o Patil 28738 33 TurbolD AT ARICHES & TMT JE & 5T |
GPETTIE - S L) B P 98 YL A4 0T, &I ARID1A N3 T 5 X% 513l i 3R 2l c BAF B B R T i o
TRZEHERA RN 7, i DNA 25 5 I8ESE cBAF 545N T EELS S, & hFE{REL cBAF Jefa il
] 5 iE Pk
1.8 RiEFEEZEARMETH
1.8.1 #EEEIRAIE IR PR NS TE A B A HF TR A TR AR L 43 MR R R P 2 )
{5 B SRR AR ™ H R T, i W DR A RGeS A b 8 3 B B B B fb 2 R i A Ak, ]
DIHAZ DA R AR R % . IR - B 0 0 & B, RS2 EARSANEE
FEHMIRER At gt b sl B e fiiln) , (HAETRASEESR A, X Se2E MU AR PRFR A 0 T IR A, Tk
TE R ELER ™ o oAb, ZiA TN ZEbrid, NMR BEAS B HEIEE SR AH PN 2% SE 00 20 89 AH ELAE 2%
R IR . AR BT R IE M 2 () ST 56 &R, MTAE AT VR EE SR AR S5 M) B AT $2 T b SR Bh AH 43 25
B 5> 1575 . Berkeley 257 FH 43 24N & KA 500 0 B IR 52 bR i R, 45 65 B8 A e 2 ] 4 A o L 9
HAR, X HSPB1 R & 45 WIS G 53 1223047 1o Wit , XNt S5ahsdl sy, IEesG
THYEBC-BCHIEE, RPETER YIRS, HSPB1 MY N SRS NIER, SRS RRES, T C
Ui A5 AR IOV O RR B B BN A, HSPB1 LB MBI 2 BB AR . Reis 57 RE TH[IAS 5 LLPS 5 P7
B 2D'HTOCSY . ROESY fI'H, "“C HSQC %, it F4Eb A0 203 )JE IR H CSI3. 0 Fiill — 2 254 il
TEFRFAKF X H T ARSI R 2257, 2R E/R, LLPS SR IMAN) B-% S iE——H 56 i
B T B A, ] SR R i Y 2R K e 45 . Wang S5l A% NMR P 3%, X Antp [R5
5 D/EEEFHIEA R AW SR T TF5E, UESE D/E AR A E i B EAH AR 5 DNA 255
R AL
1.8.2 HEMITHRAI I (B IH AP LT AN I R ST 00 T 22 BN A6 i R AE W i
BT AL A C=0 2R g0 2540 o BERURS, i i B AR ST L & 45 T BT 8 Bl
BT a-B5E . B3 BN TR Hh S5 S AT S 277 MR- B e, A I AR AT A )
ot B B S 55 8 B R AH SRR A v B A R RS I 255, I A 20 B R TS PERE I G457 . Reis
) P U 4 I ST B AR R 2 A R SR AEBR G 1717 (1 550~1 720 em™), @it REFE BT P7 1E
3FIRAS T B LM AL, S5 FN, WIESLLL 640 e TEMLAE N A I D E 1685 em  HE
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