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Advances in microchip electrophoresis for the separation
and analysis of biological samples

HUANG Jianying, XIA Ling, XIAO Xiaohua” , LI Gongke "
(School of Chemistry, Sun Yat-sen University, Guangzhou 510006, China)

Abstract: Microchip electrophoresis is a separation technology that involves fluid manipulation
in a microchip; the advantages of this technique include high separation efficiency, low sample
consumption, and fast and easy multistep integration. Microchip electrophoresis has been
widely used to rapidly separate and analyze complex samples in biology and medicine. In this
paper, we review the research progress on microchip electrophoresis, explore the fabrication
and separation modes of microchip materials, and discuss their applications in the detection
and analysis of biological samples. Research on microchip materials can be mainly categorized
into chip materials, channel modifications, electrode materials, and electrode integration meth-
ods. Microchip materials research involves the development of silicon, glass, polydimethylsilox-
ane and polymethyl methacrylate-based, and paper electrophoretic materials. Microchannel
modification research primarily focuses on the dynamic and static modification methods of
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microchannels. Although chip materials and fabrication technologies have improved over the
years, problems such as high manufacturing costs, long processing time, and short service
lives continue to persist. These problems hinder the industrialization of microchip electrophore-
sis. At present, few static methods for the surface modification of polymer channels are availa-
ble, and most of them involve a combination of physical adsorption and polymers. Therefore,
developing efficient surface modification methods for polymer channels remains a necessary un-
dertaking. In addition, both dynamic and static modifications require the introduction of other
chemicals, which may not be conducive to the expansion of subsequent experiments. The mate-
rials commonly used in the development of electrodes and processing methods for electrode-
microchip integration include gold, platinum, and silver. Microchip electrophoresis can be di-
vided into two modes according to the uniformity of the electric field: uniform and non-
uniform. The uniform electric field electrophoresis mode mainly involves micro free-flow elec-
trophoresis and micro zone electrophoresis, including micro isoelectric focusing electrophore-
sis, micro isovelocity electrophoresis, and micro density gradient electrophoresis. The non-
uniform electric field electrophoresis mode involves micro dielectric electrophoresis. Microchip
electrophoresis is typically used in conjunction with conventional laboratory methods, such as
optical, electrochemical, and mass spectrometry, to achieve the rapid and efficient separation
and analysis of complex samples. However, the labeling required for most widely used laser-
induced fluorescence technologies often involves a cumbersome organic synthesis process, and
not all samples can be labeled, which limits the application scenarios of laser-induced fluores-
cence. The applications of unlabeled microchip electrophoresis-chemiluminescence/dielectro-
phoresis are also limited, and simplification of the experimental process to achieve simple and
rapid microchip electrophoresis remains challenging. Several new models and strategies for high
throughput in situ detection based on these detection methods have been developed for micro-
chip electrophoretic systems. However, high throughput analysis by microchip electrophoresis
is often dependent on complex chip structures and relatively complicated detection methods;
thus, simple high throughput analytical technologies must be further explored. This paper also
reviews the progress on microchip electrophoresis for the separation and analysis of complex
biological samples, such as biomacromolecules, biological small molecules, and bioparticles,
and forecasts the development trend of microchip electrophoresis in the separation and analysis
of biomolecules. Over 250 research papers on this field are published annually, and it is gradu-
ally becoming a research focus. Most previous research has focused on biomacromolecules, in-
cluding proteins and nucleic acids; biological small molecules, including amino acids, metabo-
lites, and ions; and bioparticles, including cells and pathogens. However, several problems re-
main unsolved in the field of microchip electrophoresis. Overall, microchip electrophoresis re-
quires further study to increase its suitability for the separation and analysis of complex biologi-
cal samples.

Key words: microchip electrophoresis; biological samples; separation and analysis; research
progress; review
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Fig. 1 Literature reports for applications of the microchip
electrophoresis ( MCE ) techniques on separation
and analysis of different biological samples in re-
cent 10 years
Source: Web of Science from Jan. 2012 to Oct. 2022; key
words: MCE, DNA, RNA, protein, amino acids, metabolites,
ions, cell, pathogene.
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Table 1 Advantages, disadvantages and processing technologies of different material chips

Chip

R Advantages
material

Disadvantages Processing technologies

Silicon  chemical corrosion resistance, good thermal stability,
excellent strength and dissipation

Glass easy surface modification, good electro permeability,
light transmission and insulation, good biocompatibility

Polymer good chemical inertia, good optical properties, good
thermal properties and electrical insulation, low cost

Paper low cost, good biocompatibility, self-drive ability, able
to fix biomacromolecules

fragile, poor insulation and light trans- lithography, etching
mission, high cost

complex process conditions, high cost, lithography, etching

long cycle, low bonding efficient

low surface hardness, poor heat resist- hot pressing, molding, 3D
ance, hydrophobic surface printing

low surface strength, easy to evaporate, stereo lithography, inkjet
remaining and leaking in the chip channel printing, laser ablation
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Fig. 2 Schematic of the MCE chip and surface modification process on the copolymers of cycloolefin (COC) [*!
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Fig. 3 Schematic of the MCE electrophoresis modes
a. micro-free flow electrophoresis; b. micro-zone electropho-
resis; c. micro-dielectric electrophoresis.

8, A LUK AT R S 4 B AR A R A (G
B T B I 2% MR DE R A A R AL B
JEHFERT . Shebindu % $2& T — 4> Al g B
V-6, TSI R AR AR L A 1 SO0 Ak R 1 S
FLUK , AR FH AT RIS e A i Il 1 i =
Y G i [ 51 21 AR B SO 7 - B, 5 MCE s i o 4%
SRR o i B B 2 - 5 F T B AR VAR, ot
WA ERE R ANE R WAL T AR Y
G PR NS UE AT R AR X R VKA A T H
TR FL K 8 4G H Yk A 3 HH T A S5 B AT
{EARXS 37 B A R AR o F 1 oy o, 1%
235 118 2R TR P e 45 s A5 ek B SR ] (R B B L s i 3T
BRAS B R 2 FREE I PR VKR FH 38 B B
AR AL B B 15 2R G, 4N Pluronic F-127 &
8 NAAT LT AR S 6 o B 30 0T RSB E  HER
N Cornejo %1 fifi i 44 E i 1 Yk 2 = 40 BT 2 4
miRNA i i 76 ¢ 51 L i it 5 4 4> B f5 miRNA
H AT CHRE FLEA Y LA R AR ) G 3, 8
ST RERET B IR G E AR TP T in 288 v i
N, FEIETE L H e BP AT SE P miRNA 1) 78 28 i
HAEMSE, LR R B S R, 2Tk e
7E 5 min NSZI L2 miRNA AY 0BT, 46 FR (limit
of detection, LOD){X % 10" mol/L, 7# 4% ¥ HiJk
A A 55 HRE e FL UK 6 P AR Bt W 4 5 3 5 [ e
AU Wt R oA I o nT SR 1B A )
B R filp DX S 25K B TS 1Y 40 B AR R
(8 43 BT S T, 335 FH - SR R 1 AR AR 1) 47
122 FHH8Yy

¥/ |13k ( dielectrophoresis, DEP) J& i i 4
By e g A A Al o B R S B PR A B Y
BRI 551 R R YK R [R], DEP H
FRARE ity T LAAS AT B AT, (H 06 2507 FEL 37 v al i Ak I TE
BRI, 38 2 VR FHAE A 1 (%) DEP J1EshHE
i [ A7 iR ol 59 1 — Jr 8 8, DEP B AT B
Frid P AR AR RS ) N H T A T
B B2 RUER A WIS AR 4 . MCE
H1 DEP 1 B8 85 1 1 32 BRI T s T R A sk
MIEL5F), Muhsin 4503 o 9 4117 5% B2 0 3
PR R = 2 S AR B 37 2 B Y A R A R 7 A
DEP Jy, 30 {40l B[] o 38 38 0 R B8 B, 4 A0 B R
JEAAR B RGN DX I, o g e v, A IR 3 14
WA/ mL, Zhang 55" 53 T — A A Y-Y A
45K MCE 240, F1 T DEP 40 & e 40 i, fiom



. 646 - @

i Fa41E

T 1 RS = AR, > 4 3 o 3 A A7 )
AN[F)5E BE %) DEP /R, % S 40l 7%, a5 B
ST, DT SIS B 98 200 BRI 21 4 6 1) 93 5, 2 5
RFEATIA 99% . DEP H2 AT Ik K F1 A= 4 B2 27 25 3k
RGP AR R S Al S BG [A) — b Al 4 )
AR TR | R AR R A AR A 53 5
1.3 RS HBEXENAER

F T8 38 T RT3 OK Z R R
SENTH BN, S0 R LTI R I 25 1 1 g R
TEORE i 7 RS A ORI R O e B UK R A
W77 ACALFE 2RI | F A ARSI | o 3 A 0 RO
739t (1aser induced fluorescence , LIF) ¥l
Horpr LIF R BAG 5 50058 R EUE =g TAE
R BB REES 5 MCE &5 & Rl )32 b T
o ST U R 22K A ARG T 4 Ak 22 AR
FE LIF Rl v 3bs 308 30 5500 0 4 198 %o o i A Xof
TUOCAF T S R AL RN I R 3 2 ¢ H 22, {1 LIF
I B O RO AT 7 2 BB A LG B B
AR IR MR SR RE S B b, BRI T LIF Ay fiff
M¥%5 ., Scott %Y ¥ & T —F T MCE i [
BNRCHE ) T7 15 i AN T B YR A S M
AN A 35 i B 1) DGR T 2 S35 %) [ S22 R AR B AT 72
A HBERE SO AR & L SRR 5~ 50 pm [
STEGEIE, BRI ATEAR KRB L ORAN T
MCE ML S ez I 2585, #ESh 1AWk
mn AT AR B4 A B Ak, 5 RS 5 2R A 1
MCE 5 5 31 755 38 2 G 300 R J 407 4G - 115 & it
T I H AR B A i )8, J5 & A3 T MCE
PSP el i S A MR R R S )
ARAE T B, OFARICH MCE-1b 2% &t ik fli
A EL KT F Y B R B, ande fa] b Se g i A | 58
PR 2 PRI A MCE 23 M & — P HERE
131 HEERN

RSF /N RLARf MCE 7 fll 5 A1 bR 18 43 15 40 B
T ELA R AEAR N I 25 ) 32 B A i 43 A 3 o 1)
BRI, o HIRAE 22 4% WA I 45 5 T, - S8 R B
PEE OB SR Bk, I 4 i IE 8 IEIEHE E 16
I IR PR AME S MCE il & LA (A f
WO IS5 F) S Aot v MR E B I T T 2 &
Z%, H 2238 38 JF 17 0 23 25 4 DU 8% A 5 ok fal it
AR, — BB E Y = i i MCE R G tH 4k 15 DL
ii , Pendharkar 45" 3R FH 3L 8 B 1004 T A7 A
6 000 MR 51 FL Y PDMS Ot Fr | %085 A 1 45

TSIy Al #2456 000 /> 540 it 5 40 X, 45 1%
R T CT26 FilE B 5 4R 40 i 2 18] 1 L il 65
O AL 22 T 11 il B 3508 55 38 70% (3 000 ~ 3 500
AN . Grist %11 R H] MCE 454 = 4 s 40 i 7
REENIEFEA , 7T P S PR M I i v e R T i 11 1
TALIES I 4 3 RN 4, = HES5 MBI A
PP R AL 51 ) 2 B, DT i oo A D3 o,
Bl L P oY 40 i 2 4 30 e bk e T A3 S 3 —
JieH FEAEBEI AR B R T S e T R Aok
Fd% %R GERA T BCE AL Sl LR R A
62 41 6 1% 240 L 5 A B 1 A, R KGE B> 2. 5 4
/s, HAL G B SRR TR R 70 A5 . B0 43 AT SR i
SR S5 A BRI A @ £, Quan %5
R T FR S 2 e =1 T 25 4 | 4l 7K B G FL Uk 43 B A
[ AR SRS AL B AR L4 B MCE R 4t
KT 10 HER I 22 4 4 86 1 KSR TWO A H Pk 4
AR AKIAFF B | 4 5 (08 45 2R B FIRS 55 28 JR AT 147
SAASERL RT3 08 A% 4 B B33 T X i B
R A BRI T S W R s e, O
Fid I B8 A1 38 T A J of 484 o 3 3 40 1 2 0 —
AR 255 7E | min NSEI T R A
1 MCE 43471, MCE i 38 & /T A A B AR F R 42
R0 2 KA RN Sy B g G 0 7 =X AT B 1) v 3 o
IIFTHE AR REFE
1.3.2 F A4l

MCE RSt fb 4 7t T L #E v  ffi 2 BE
FHTF A RE S B JE ARG I, Mayor 4507 32 0k i Bt
HAYJR &, B T —FE B A MCE 454 LIF 46
RY, HARGHMA A E U ERY E, DIZRRIT
SRR AT R 5 TR B 2 R R K S T
PR AR HR Y 0 S A A B 70% LA L, IF
I FHFWHER AT R BE R 4087, ELAA AR G 1 B A7 A
MG, Guo 7% Il T —Fh HAT Z R 1714
FINRERY AT WL X MCE 2%, % 257 LI H
BT 5 A b FE AR (AR 52 56 1) L S 0 15 Ty
A8, T 38 o S A A SR AS R LS A H L KSR
Uifg, AERBRFRELE D, EiEd T
AN S R 8 PR S R ook AR o T HILS AR
SYPTSEEREE A A8 T SEEAR R B4R . Lin
SEDVIRSE T — AP TAS i L L ( AC electrother-
mal, ACET) %W Rt AR I A8 W A 3 sl 58 56
(1% T 25 B U R K 024 0 e o 2 S A O
SO R RO AR, RSB TR TSR SRR E



55 8 1]

BBIBE A5 OE F HLUKEARTE A= WU 2 25 3 b B S 0 - 647 -

At ) 25 AR ERAE AR 3G T AR LE DR b 0
JEAEAEZE S BT, S B MCE 19 %5 85X 52 2% 70 17 )
& OB AT e

2 SR EKEEYERS BT REIM A

MCE HYRE S AE LD, 3 T I IR] B, 23 B 00
ey, LA i ] 2 RGN A A E SRS A L T DRk
ST ARG I AR A AR B PREE I R B
FPEAEGUAR R T M (R 2), TR A A
MCE TEAEYI R 1 AW/ N 1 AR T35 AR W)
Rl B 0 S BT R T
21 EMKRGF

YR FAE i D B T 0 B o i — ik
T2 A 2L YR I DNA B2 BUmalifh R4 95t
JZ Vi ( polymerase chain reaction, PCR) 4 1% ik
Sy BRI A  MCE 7] DAE—Buis i B 58 iULT- e
AR AR S TR R 15 B
20 42 90 4FEAt, Woolley 457! R F MCE 4 A 5K
BLT 55 5l i A9 DNA I ¥, Z )5, Anazawa
SELLRG] T ST R A SO 5 Y £ 3 i DNA
({75 R A MCE &, il 5 A il it LIk &5 5 240
LIF F6:0] i [ iy 4600 8 438 3 v 1Y) DNA B i B, 78

10 min PN HLGRIE S HER IR F] 300, LI T 17 M8
MR B A TP AN BRI A AL, W&l 4 TR, Yang
AU KRG AR H ARSI B AR T
SEESE G, T ik A SRAT 5 R I N, IF 255 1R
ST A T 3 BOR R B A SO AR e 1Y B A
DNA 5B, €57 H7#9 MCE-fh24 & Y Jy i, S2 8t
T AR MR AEA A - TP 3R A8 S Ak, 46 i PR
BALH MCE-fb 2% & AR 7 49, MCE 7&
RNA [P | 55 R R I bt A5 88 2 WF 58, Wed
ZEE 0L SR A B il B XUAIE A 5 R SR I 2 T —
T 5T AR S L DK 17%) 40 2R i R P i miRNA 1)
8 R A MCE-LIF 0 75325, 24 AN JB% i 40 it 234 fi
W PR miRNA-141 SR BT e, A BR 7T
{K % 8.0x107" mol/L, ¥ MCE 5#4 st K9 18 H;
RIGWEEA BT AR ST, ol R S
FRARTE 168 rRNA 5 [H] 0 A6 0 22 4508, A6 s BRAIG
% 3.0x10™" mol/L, 7E8 H i/ HrA i 77 f , Hen-
nig %7 & T I T ROEACR KA MCE R48 K
VK AR RO 35 4 B0 Rl 28] B R 21 4k 2 v L A T 2 %
PEAES T, TE 15 min N0 T 4r o 15~ 120
kDa 2t hn ic 8 1, FE b I FE S T 100 1%,
Ouimet 5™ FI| I H b5 5 5% v ik (1] 110 25 22 5 51

%* 2 MCE EEAMERS B HRERA
Table 2 Applications of MCE in the separation and analysis of biological samples

Samples Analytes Material Mode Detection method LOD Ref.
Cell lysate miRNA-141 glass uniform LIF 0.8%x107"° mol/L [60]
Model mixture fructose glass uniform CD 1.5x10™* mol/L [61]
galactose 1.8x107* mol/L
glucose 3.0x107* mol/L
lactose 2.2%10™* mol/L
sucrose 7.4%10™* mol/L
Antiepileptic drug vigabatrin, pregabalin, glass uniform LIF 0.6x107'2 mol/L [62]
gabapentin
Human urine dopamine glass uniform LIF 1.7x107° mol/L [63]
norepinephrine 2.4x107° mol/L
serotonin 2.7x10™° mol/L
Single-cell lysate animal proteome glass uniform CD / [64]
Cell lines mitochondria PDMS non-uniform CD / [65]
Blood serum sample preterm birth biomarkers COoC uniform LIF 1.2x10™° mol/L [66]
Human urine sialylated, N-glycan CcOC uniform MS / [67]
Foodstuffs carminic acid PMMA uniform FL 6.9x107'° mol/L [68]
Human urine a-fetoprotein PDMS uniform FL 7.2%x107° g/mL [69]
Drinking water, milk  E. coli PDMS uniform LIF 3.7x10* CFU/mL [70]
Glycan, glycopeptide glycoprotein PMMA uniform MS / [71]
Food E. coli PC non-uniform AD 1.0x10? CFU/mL [72]

S. enteritidis

1.0 CFU/mL

E. coli. escherichia coli O157:H7; S. enteritidis. Salmonella enteritidis; PDMS: polydimethylsiloxane; PMMA : polymethyl meth-
acrylate; PC. polycarbonate; LIF; laser induced fluorescence; CD: conductivity detector; FL: fluorescence; AD: amperometric de-

tection; /. not detected; CFU: colony forming units.
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Fig. 4 Schematic of the MCE-chemiluminescence ( MCE-CL) method based on cascade signal amplification!”®)
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