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FEE . 9Kk EH(nanomaterials, NMs)7E 454Uk ¥ 132 07 FH 5 S5CHAS W 3k 6 b 370 58 PR 058 2 0 WP 25 50 R B VR 1k 2 3 E AN
&, 4 NMs AN, A BR324 AR W00y TR AT RE S NMs R AEAH BAE T, AU NMs 3RS 458 10 25 4 2= Rt i s
Ml HV BT BE M I 7T BERRR LR W) 0 B G A RN A W)~ D RETT 5 | 289 o Bl X NMs BEPERUBMIF ST AR A | RE I8 T4l Hifi ik
NMs A#153+ DL NMs A5 F A EAERIE S E G s B bR 32 80712 60E . B4 Ik H A (capillary electropho-
resis, CE) A& A i 40 B L sl i\ 45 (it A0 LA AR T AR R AR A8 NMs 5 2B 943 7 #H B4 TR 58 4003 R 30 Hh B R 7
AR SCHAR T 2010—2019 4F[H] CE £ ARTFFE NMs 588 1T AH BLAE A0 s A AT 9 3RAE 256 A5 5 B L 28 11 98 1 T8 Jok R e e 1
W, LB NMs 55 HoAh A= 95340 AR R ik e
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Abstract; Nanomaterials (NMs) would enter human body through environmental, occupational and iatrogenic ex-
posures due to their wide application. NMs would interact with the biomolecules in physiological environment after
internalization. Consequently, NMs acquire novel biological characters that would affect their potential toxicity, and
the structure and biological function of biomolecules might also be altered that would cause disease. With the study
on the toxic effects of NMs going on deeply, the analysis techniques that can describe NMs, biomolecules and the
complexes formed by their interaction are given more concern. Capillary electrophoresis (CE), with its advantages
of high sensitivity, high resolution, high throughput, mild conditions and low consumption, has shown great poten-

tial in the research field of interaction between NMs and biomolecules. This review focuses on the application and
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progress of CE in exploring the interaction between NMs and proteins from 2010 to 2019, including characterizing

the dynamic behavior, analyzing the binding balance, monitoring the formation and transformation of protein coro-

na, as well as the interaction of NMs with other biomolecules.

Keywords: nanomaterial; biomolecules; interaction; capillary electrophoresis

20K F1 B (nanomaterials, NMs) R H: A 455 1 49 B
A2 B A R G 1 AR A A A L AR AR
Zh Ak Al B A RN AR ) s 2 S A A S
R FHEAER T2 SR, XA EC T NMs A 1
B b BE RIS, I a8 e feh WA 1 il g 2 EE
2P AR AR 1 R A B R AR R R . Y NMs
AN A BRIAES IS | M 20 2L R 40 o &2
Z2AEY IR G YR Al e 5 NMs AHEAEH, JE A
BEFRN “ HE I B0 /N (1) NMs FAE )5+
MEGHY, XG5 WHIE A SAE T NMs 1Y
ZH AR SRS e AR W o3 A 20 B ORI 4 i
BEPE, T HLIA W] RE AR A ) 53 I A5 10 AR 12 )
RETMT B0 1 7= AP b R R R RE
TEAR TR HAE I B BEHA 19 NMs 549157 B9 AH B
YERWAFAEAR R 225 WL, & R AR A5 T 41 4
W NMs  AY15r 1 LA & NMs A4 805y 1 F0 5 AE
TE 2 A ) 5 e B AR ASUAT LA 4 W 3L AT
TEAR N A Y2447 R Flie Zeamiz |, 1 HWF NMs 1442
Y il NMs & R 5 NMs B¢ 2
KHE,

BT B & NMs FAEY) o F A EAER B
BARFE TN 10 5 2 TR IR S5 o
PR AT SO AR IS AR Y NMs FEY 4T
A EAE S SEC0m BE WA A% 28 O 75 i A5 1) g A8
PR ESEUF R A RE R A A K95
MO AR I L AE L gt B HEBR A o
F B9 1 TP 0™ A 4 1 i 2 S RRUE M 2%
P, RSB AR IR FOR AT SR NMs A A= 943
T4 G RN B 15 F 26 D) S50 BTG 2 i
Z= 1B NMs B2 )53 [ 700 3R, o0
g B o BN AT = 52 R, XE AR 0 T i /A A
Yoy Rk PR AL . SRR E AR BRI 45
NMs FIA) 0 FHHEAEH T % S50 H g —
ANE B TR AR 2 TR (1.5 ~ 4 h), o SE it
ARG, PR 3 Ty R A ARG | TR 5 0 R A
M IE BA T2 Y P42 M B NMs A1 A= 901+
HARE AR, S TR S I NMs A=) 7 1A B
YER B Sh &2 FR

FE4H4E H YK (capillary electrophoresis, CE)# AR Jg&
DL e B L 3K 8l 7, B AR Ry oy B | K HE
R DU it 25 20 73 B A7 PR L TK L FL OB i B 4
PCAT A B A [l i S5 B0 4 75 14— b BUVORH O3 B 4
AR AR —Fhim R &9 el | SRR L
JNARIEFERI ST HAR | CE 76 R AE N #T L 4 NMs |
Y E R P AEAE ) NMs AN NMs M A= ) sl 3155
BE T AT (8 s R A 143 O T B AR R
i 2 3 A A e 8 AR A 4% | v M R B A A A I
KA H AR N H , CE B FSE NMs 54
Yo A EAE ) —Fh E 2T B, AT DAAEZR M
M NMs 5490 FAHEAEH B sh 2847 8284k, i B
RS IR 25 & S 805 BIFIFAl NMs X A4 53F1)
SN RIGE RN B AR S N NMs 5 8 1
A EAE (045 sh 847 S R AR 45 & V85 73 B 2R
e I J0 R 4 D)  NMs 5 oA A ) 7 1 1Y
FHEAERX 2 A HZER T3 10 4R A RN
CE £ ARTE NMs 5 PEFFE 4038 19 v FH KBRS i it
Ji&, R T i NMs i AR NG 094 902247 S FvEA
NMs B4 P2 At f o i

1 gkt 5 &8 RAHEE/EA (Interaction be-
tween nanomaterials and proteins)

4 NMs % #5755 2 9 A BRI BT | 220 2 ) Oy
TR B HREMIEE A, EHERE T
NMs 7EA= 4 1A P9 B 4t Jfd 200 1 5 =, O e f R 3y
NMs BIBEA 5 ER ASAEAR N iz i #2=", CE
FRAE A NMs 58 H B B AR R 09A )
FB B2 25 E bR,

1.1  shA47 3£ AE(Characterization of dynamic be-
havior)

CE HARFT LIARHE % NMs 58 H U Z [AIAH H
YERI R BN AT R, 8 e SRR 24— Be it 3] (24 h 5%
TR ) P AT B[R] R0 T BRI E A NMEs 2 115 LA
K NMs i B s 2 & W22 k..

Li %P % & 4045 X 2 B 3K (capillary zone
electrophoresis, CZE)F1 3 F1 6 41 % i, 3K (affinity cap-
illary electrophoresis, ACE)iX 2 #7325 43 A58
T A 113 F 25 F (bovine serum albumin, BSA)-5 i
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i Fe, 0, 44K ki (nanoparticles, NPs)Fll Au NPs [}
MEAEH . %58 % I, BSA 5 Fe,0, NPs A4 1L
VERRIAEHES 58 1%, B HIRG W K
JE B A YA A AR AL, RIVAR AR 38 374
B BSA W BN, Fe, O, NPs s 25 14 7 [ Mi%
BIRZOHR HAEWE AN 1 BLAY Fe, O, NPs-BSA &
S e R % g, U451 Fe,O, NPs H1 BSA
S3 ¥ B A AR R R R S T i, B R T
23 [ BT JC I 2N B 2 BSA, 1 BSA 5 Au NPs
AR EAE R I s 45 5 3 ) 2, Uk 2 vl b
(1) BSA SHEE H Y Au NPs M3 J5 B % A5 41 5 4
I ARIZAREAE AU A R A Ak TR 5
PRI B Au NPs (U725, BEH BSA ¥ 904
T, Au NPs (4935 8% i 6] 45 56, W] Au NPs Fife
R, Hiz BB BSA Y 135 I ok bl /) | 2
BSA 5 | — & & W B I R L P A AR 1k,
Matczuk 455 FH 26 20787 i UK - FL B 5 55 25 IR o
1% (capillary electrophoresis coupled inductively cou-
pled plasma mass spectrometry, CE-ICP-MS)#ff 5% T #7
BRREEMI Au NPs 5 125 [ (albumin, ALB) %%
4 [ (transferrin, TRF)2 F ML & 1 2 6] A9 AH B AF
o ZWHE KL TE 37 CH&AFT,10 ~50 nm (1) Au
NPs 5 ALB % & 5 min J5 U2 Au NPs [l £ 7
2K, 100 S nm [ Au NPs 55 ALB §% & 24 h J515H 5%
fUFES Au NPs 777, KT, Au NPs 55 TRF 4335
FP- K 2YFFEE S min, HIE N ZE G WP Au NPs
KRR KM 2 B A 10% , RIS iy 3=
BELAARZE A Au NPs 3,

Matczuk %34 fifi i CE-ICP-MS Jr ik T
CdSeS/ZnS i T 5 (quantum dots, QDs)5 ALB,TRF
X 2 T B 4SS WA B e L . TR — B
B, A —/INE5r QDs(2 4% sk 8 (A s 45 A 8
3 MH 1 h JE7E TR B O Mg 31— A st
ALB Z5 & W AR BE (4 Cd 5% Zn BIf55, B CdSeS/
ZnS QDs T4 ¥4l QDs-ALB 25 5B, 1
QDs-TRF Z5 5 WL BRI 2(2) 5 min), I 3%
$3 ZnS 7 JZ M CdSeS #Z L ik, Wang SEFVF
B4 H, K-2% )t (capillary electrophoresis coupled
fluorescence, CE-FL) il % iff 5¢ T~ CdSe/ZnS QDs
5 2% #2735 1 BSA (denatured BSA, dBSA)7TE A [
pH FTES 158 B T AH AR A ALBE AN 8 )2, R 30
QDs 5 dBSA HyAH 5.AE H] 3l 71 77 3 B W AH 3l )
=, BIWI IR By B Gk, BE IS S AR RN ST B B,

Hb IZMTSEIE & B QDs KM 45 & A s A AN [H] 1 f
Jeg, W LA R A e e, H2x 580 QDs K1 2
HILMIEFE B, 4 dBSA A1 QDs IG5, T
LT 2 QDs-dBSA T it A1 b [ 44, 7 o ik & o
Al LAt i B QDs E145 & QDs AR 2K,
HIE Y QDs-dBSA BL& ¥ (1 53R & 1 o i) it
Lo B FIE G B DA O

1.2 454 FH 53 M1 (Analysis of binding equilibrium)

4 NMs R4 45 85 15T 04 v B B s 1] 2 i
AFRHBUE I BIGK 2 2 2857 MRS . WosR 38 31
I R 45 2 B0 AT SE NMs 5 88 A BAE TR &
HEE AT LI TR0 R GE XA [R] NMs B4 I8 s e
VE A S B AR . 2565 T 5 50 (K) DA B A,
B 5% A2 00T LU CE N A0 AR AR AR 2ok
JE YT 5B R A S8 S5 G DRI
FANHE A AR 1) R T (g <
tee )N, BB TR 7 R B A vk B — 5 ZEAE
W, 53— Ir e IR G vl b, Al ] ACE AT 4048
LK H1T 15 29 BT (capillary electrophoresis-frontal analy-
sis, CE-FA)35 J7 VAR i HL UK 10 4% AR 500G = 1Y 722 fb ok
RSO SR AN B Gy tes) T
B SN R G — B ]S AT 408, 9T 4
SMEE T CZE B FACE M il v vk i % 3R Bl e 5 119 28
ek AFEE G S5, Matezuk P F| ] CE-ICP-MS
[ B 4G NMs H (9 483 g o0 38 AR L B P Y BT 3R
et AR AN, WA R AN
HIAEHY Au NPs 5 ALB s ALY AH EAE S RIS A
B AR R — B X AT RESE T ALB ZE 1L
i 3 F 17, Boulos %5 A | A ACE Xf H A5 A [l
R HL AT Au 40K #E (nanorods, NRs)5 BSA Y45
GHAT T E R I BEAE H Uk S i h AR R
JERHE I Au NRs 1T 5% A9 k028 K I & BSA 1 fhf
FN BN F AN LY Au NRs [ [ 45 A F- i i
%, RIICIE Au NRs SR LA 2270 BSA 5 A7
1Y Au NRs $ HAEBIRGEE 52K )

RSB AN N AR PR R BN 25 5P A A
YEHIBT, AT R HL IR A 2 A9 1303 BT (electrophoretical -
ly mediated microanalysis, EMMA) /7, 541, Wang
SEPUR FH EMMA JEBF5E QDs Fil dBSA 76 B 417
B H 2580 127, 8 QDs M1 dBSA i#E 2 A B4
L EEERSERT T QDs R 1L dB-
SA 18(dBSA % 2 i B IEAN), “H &K E R MIR
Bo iz 2O A R B H ) QDs A1 dB-
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SA TEEMENIRA JF W KA EAEM, il 115 QDs 1 dBSA HH ELAE FH (1) fifk 25 % 4K, ) 4 &
QDs-dBSA 45 &R dBSA W BERYIG N PRI (binding cooperativity, BC), 1fi 4 QDs 1E
i, QDs [WIgZR /N, B3 dBSA :QDs ¥ T E AL, o] LSS 2 A FE A
AORELE R 3201 IS EEADIR A, Ead Hill FRETT T RS SIRER,

®1 BHERXKRA(CE)ARAXMBMELRBEEANESER
Table 1 Binding information of the interactions between nanomaterials and proteins

obtained by capillary electrophoresis (CE)

KA A=) EARER PSS E= BTN
Nanomaterials Proteins Binding information References

n=15 (455 nm Au NPs Z54)

n=15 (binding to 5 nm Au NPs)
n=42 (45 10 nm Au NPs 25 4)

n=42 (binding to 10 nm Au NPs)

Au NPs ALB [32]

n=108 (5 20 nm Au NPs Z54)

n=108 (binding to 20 nm Au NPs)

n=285 (5 50 nm Au NPs £54)

n=285 (binding to 50 nm Au NPs)

PAA-Au NRs K=(793+049)x10* (mol-L™")™' , BC=229+0231
BSA 33]
PEG-Au NRs K=(153+0.09)x10* (mol-L™")™! BC=2.19+027

K=36x10° (mol-L™')™!  BC=28 (B INEAR)
K=3.6%10° (mol-L™")"! BC=2.8 (Binding mode outside the capillary)
GSH-CdSe/ZnS QDs dBSA ) B [34]
K=1.1x10° (mol-L™")™" BC=26 (BAE ML &)

K=1.1x10° (mol-L™")"! ,BC=26 (Binding mode inside the capillary)

K=95x10* (mol-L™")™' ,BC=263 (BANE I A1)
Hiss -mCherry K=95x10* (mol-L™")™! ,BC=263 (Binding mode outside the capillary)
GSH-CdSe/ZnS QDs e [39]
protein K=43x10* (mol-L™")™' ,BC=2.86 (B4IE WL A#i)

K=43x10* (mol-L™!)™' ,BC=2.86 (Binding mode inside the capillary)

apo-TRF k=23%10"* min™!
MPA-CdSe/ZnS QDs [30]
holo-TRF k=2.8x10"* min™!

(1) 30 mmol-L~! BGE

K=(5.06+0.64)x10° (mol-L™")™" n=521+027
(2) 60 mmol-L™' BGE

2GO-PEG NPs BSA K= (398+038)x10° (mol-L™")' n=371%0.13 571

(3) 100 mmol-L™" BGE

K=233+023)x10° (mol-L™")™! n=2.06+022
(4) 150 mmol-L™' BGE

K=(953£0.18)x10° (mol-L™")™", n=0.74£0.15

I K FREE A8 R, k Rn MR HH, BC FR G4 R, n 308 58 R0745 5 IS FUBUBCH s NPs SRR 9K BIURL, NRs 3878 41K
e PAA FRBNMGIR ,PEG Fn R L ZFE, GSH F/n A H K, QDs #/R i F 51, MPA R /R i LN R , ZGO-PEG NPs %/n B 2 BB 1Y
ZnGa go5 Crogps O4 PHAKIHL,

Note: K for binding equilibrium constant, k for apparent rate constant, BC for binding cooperativity, n for number of proteins bound to each particle; NPs
for nanoparticles, NRs for nanorods, PAA for poly(acrylic acid), PEG for polyethylene glycol, GSH for glutathione, QDs for quantum dots, MPA for mer-
captopropionic acid, ZGO-PEG NPs for polyethylene glycol-functionalized ZnGa, g95 Cr o5 O4 nanoparticles .
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MBI NPs FlEE [ 5T =2 8] 1) AH B AR AR X
55 EF, AT LR H B 44 LUK L 3l 77 %% Hummel-
Dreyer J5%(CE-HD), 4, Ramirez-Garcia 55°" ¢
5% PEG IIREALAY ZnGa, o, Cr, 05 O, NPs(ZGO-PEG
NPs) 5 BSA Z Al (R S EAH BAE FHEE, Bk 223k
it FZ O 00 TRl -3 B N i 4h & Ao as
BB, 2T IR XA G SR U INE AR
JE RE A% 2 WAl AH S FAL AT 19 2 - 7E NPs 35 TH1 1) 5
4k F M ZGO-PEG NPs 5 BSA 2 [l {71 # Hi AH .
YEH,

1.3 A H L B 5 45 5 I (Monitoring of for-
mation and transformation of protein corona)

FEA FRASE AN IMIE H , NMs 2338 31 &2 24 () 8 H
J, R 258 B BE B[R] sh S22k e, S E
T AN ZH 152 22 R S 80 1, 1 NMs 1 K0
TEARFME M E RE, AW FEE 5 NMs 454
FEHY, MUE AL TR 4 . KA CE-ICP-MS £AR AT
VATE S 2 1 25 o7 v X 3 A AT A U T R 1 NMs S H:
8 5 1T ORI A o PR A 7 P AR W

Matczuk %% F| CE-ICP-MS £l Au Fe 'S
JUER, R BLILIE T Y 4 85 2k 8 H (holo-transferrin,
holo-TRF) i &k #% 4k 2 1 (apo-transferrin, apo-TRF)
1 ALB 5 Au NPs 145 G fR 25 23 B ] S2E 4 1 4 A=
AR FES IMEAH EAEH 2 min J5, Au NPs g2 54
ft2 ALB Fil TRF 255 ¥iIE, ST, 24 Au NPs
TEIME B PE PR R K 22 4 h J5 2 FIE A TRF
W e B ALB 52 2R T 2 FIE AR TRE, 1K
T FE TP ME— AT RS AT, Au NPs 1 RO
SN 35 1 1Y B, AN TR R /N Au NPs 3 T8 B B
AR 1 e AR T A AR B A e R AR 2 R, 0 S
nm A1 50 nm Y Au NPs Z357E 20 min 124 h ik 3|
W P, TS NMs R b2zt TR R, 454
TTAWAAAEZE R BI040, B NI F1 Au NRs 1R A
J&7 , Au NRs-PEG-COOH FI apo-TRF 7. Z| & i, % Fff
J2 8N FEREEE, % R ZY 40 min 585 ; 0
Au NRs-PEG-NH, W 5B ALB Z55 4, (HixX Fh
B ) ALB 2318 Wl AN R T 5 R R
ot P TS R ) e A 3R T EL AT B 1 SR A B

AN WF5E & B, ALB 5 CdSeS/ZnS QDs % [fii
MIESGTE 1 h e e, HIA W BB QDs it
45K 5T TRF 5 2 455 Ja W 25 330 ZnS Ah5e 9
B 2T IR K P, CdSeS/ZnS QDs 7E HL 52 Il i
W R R 2k LA B AR N O 5 32 B

BEALSE, Mi25 ALB A1 TRF LAY I 3% & A
FHEAEFH , 28 B — 2850/ IN 1l 2% 36 1 T REXT QDs 3%
TG SR SR A s R BT QDs [ Bl
& B bR X 30 A% 328 i AL, (H N 5B B3 CdSeS/ZnS
QDs K EAMe R AR A R R NMs B

2 GRMELS H A5 FRIE E4E A (Interac-
tion between nanomaterials and other biomole-
cules)

CE ¥y NMs 549170 ¥ Z Rl AH BAE A
JRy BT BT, 7E A W 8 o P A7 A 1 H At /N 73 4
SRR W 7 . DNA i 0 1A 71 22 JIk 25 o ] fiE
NMs A HAEHIE U

Alsudir A1 Lai" 1 FH 78 40 % H 3K - 28 1 (capillary
electrophoresis coupled ultraviolet, CE-UV )4 il 2 43
M T TiO, NPs 584 DNA FIXUkE DNA FYAH 5 1
H, % ¥ TiO, NPs 5 ¥igf DNA 454 54 b PEG i
JZ TR RN A2 S L TiO, NPs (¥R, /0 Br R AU 2
5 10 £ ~ 16 5, WK BLHLEE DNA & —Ff it
XUE DNA EEAT R0 W R 5], ) LA o HOE -l R
25 TiO, NPs &4 B s AH BAEH , Stanisavljevic
SFHIR I CE-UV FITE 404 B UK -BOL I 39 (cap-
illary electrophoresis coupled laser-induced fluores-
cence, CE-LIF) Jy & 1IE 55 T 4% %5 3 Fll & (streptavidin,
strep) &M 1) MPA-CdTe QDs 5 It /£ S£ 4% 1 iR 2 [i]
FEAEAAEAER], 7T T Fn ic A I A ) 3R AL SE % 1 R
Ji87 51 BCL-2 FIZEUF 58 o5 8 )7 51 12 Aer vl g
A BT M B P2 W, 10T 5T T BA R R
CE-LIF FlEE B¢ i Yk & 3 CdTe QDs 5 X% Jk [ 41
DNA F1500 bp DNA 1 Bz 2 [] 4 A H.7F F AR gt 1
CdTe QDs JU5 5 DNA Z [l VE AL

Girardot 5™ FI| U A6 41 L 1o 5K (mi-
crochip capillary electrophoresis format, FACMCE) ¥
At 5 AN T 4 T3 A 20 8 0% H K 22 e v b o T T
(aptamer)#RiC [ Fe,O, NPs 5% 1 i (aptamer #EF5)
Z IR IR T, IR BRI I E I R E Y Zs &
7 UBOR 35 A 5 80, DT IE W3 T ¥ aptamer
5 NPs 458 Ja A5 oR PR L1 DI RE

Grela ™MW TEEEBME L EE T REY
NPs VE Ry D i1 5 A1 55 22 Fh A= W 106 1 IR 9 AH B
RIEEY) NPs 5 24448 1R B0 22 0k
A ARSR AR E AR, 38 2 22 JORE 1) /M R
Xof JOkHL € 35 4T S Y B2 e, Wang 1 Xia™! I H] CE-
FL #llFCiA 5 QDs Z [a] i 7O LIk B i 4% %, JF
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B AW TE RS I ] ¥ e AR | SR [RINE B T 76 & 4% 1)
B AN g ) T Z A JRIKR 595 QDs
FIAE AR, Brambilla 247 5@ 1+ CE-LIF Fl4# )
BRI T R FIL N FR LE s NPs AR ZLAR NPs
X B 422 30 A B 2R A A AR AT VA AR SR e XY
AB, L, RREIBIHE2EA T B

45
4

3 REZE(Prospect)

NMs FEAe HLAR R 68 15 A Ak 22 400 38 fe FL I 5 |
TR R e ) iy M Ak, L 28 ™ a5 )
TGN HAS T 3 e M 7 PR 58 v R AR, O B & A
N, B, AN NMs 54910 F A HAE
A BT8R NMs ] 68 19 B¢ PERON AN EDLH . 7
MZW5E NMs A A EAE B ikt B4
A HL UK AR AT L5 4% o I 2 556 H WA DU NMs
Y0 FHEAE RS, T DRSS &
ZHUE BIEEAL NMs X8 H AR /N
NEPERGERT], SR, BT E AR EY RGP TR
REZE A BAAY) N+, FIH M CE FARX £
AW 53 470 1 1 R i AT SR AE AR AR R Bk
i, ITAER B CE Moy il iy & 1 B g 2e 5
AR K B I 55 HH, B 5 §i% (electrospray ionization mass
spectrometry, ESI-MS)AYIE ™ | 4 J& 54 & R R Ap
WAV FHARN KRS SRS 78 2 e AR
VLT BN U2 A B M AR B i CE #;
AP BE IR AT i NMs FlA:= 943 F A1 HAE AL
TRIFNTTI NMs 7E4: 9 5 G o0 A FiG sk i) — 30 i
HHOR

BIEE® N5 H1(1963—), %, A+ #ix A5,
ERIFR G QAN FRF L PR,
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