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Abstract: The miniaturization of liquid chromatography equipment is among the most impor-

tant focus areas in chromatographic technology. It involves the miniaturization of the physical
dimensions of the instrument, size of the separation material, and inner diameter of the col-
umn. The advantages of a reduced inner diameter of the column have been investigated for sev-
eral decades, and can be summarized as follows. First, the sample consumption is lower,
which is particularly beneficial when a limited amount of sample is available, as is the case with
natural products, and in biochemistry and biomedicine. Second, the consumption of the mobile
phase is reduced, making the process environmentally friendly and facilitating green chemistry.
This allows the addition of more expensive solvent additives, such as chiral additives or
isotopic reagents, while maintaining a low analysis cost. Moreover, the degree of band dilution
in the column is lower than that with conventional liquid chromatography under the same
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sample injection conditions. Thus, enhanced mass sensitivity is achieved. Other benefits of a
reduced inner diameter of the column include temperature control due to effective heat transfer
through the columns and easier coupling to mass detectors, which is particularly advantageous
for analyzing complex samples. Typically, the term “nano liquid chromatography” is associated
with liquid chromatography, which employs capillary columns of inner diameters less than 100
pm and flow rates in the range of tens to hundreds of nanoliters per minute. Because of the
extremely low flow rates and small column volume, the extra-column effect becomes more
prominent. Thus, the requirements for every component of liquid chromatographs are augmen-
ted toward improving their performance and optimizing the extra-column band broadening of
the entire system. The solvent delivery equipment should be able to pump mobile phases accu-
rately and steadily at nanoliter-level flow rates. A gradient mode is required to achieve this,
which implies that the lowest flow rate for a single pump unit should reach a few nanoliters per
minute. A certain operating pressure is also necessary to employ columns with different inner
diameters and particle sizes. A precise and repeatable sample injection procedure is essential for
nano liquid chromatography. The injection volume and mode should be suitable for capillary
columns, without inducing a significant extra-column effect. A higher-sensitivity detector
should be employed, and sample dispersion should be limited. The improved tubing and con-
nection method in nano liquid chromatography should offer stability, reliability, and ease of
operation. The extra-column volume should also be restricted to suit nanoliter-level flow rates.
Considering that most nano liquid chromatographic instruments have been coupled with a mass
detector, this review mainly focused on nanoliter solvent delivery modules, sample injection
modules, and tubing and connection modules. By searching and summarizing research articles,
technical patents, and brochures of instrument manufacturers, technical routes and research
progress on these modules were described in detail. The pump designs can be classified into
four types. Pneumatic amplifying pumps have been used in ultra-high-pressure applications. The
flow-splitting delivery system, though easy to realize, may lead to a large amount of solvent
wastage. Splitless pumps, which are classified based on two main principles, are widely used.
Some pumps based on other physical phenomena have been suggested; however, they lacked
stability and robustness. Two types of injection modes have been utilized in nano liquid chroma-
tography. The direct nanoliter injection mode typically takes advantage of the groove on the
rotor of a switching valve. The trapping injection mode uses trap columns to enable the intro-
duction of large sample volumes. As for the tubing and connection, a few appropriate designs
can be acquired from commercial suppliers. The robustness has been improved using some
patented technologies. The optimization principles and research progress on optical absorption
detection are briefly introduced. Finally, commercial nano liquid chromatographic systems are
compared by considering the pumps and injectors.

Key words: miniaturization; nano liquid chromatography; extra-column effect; solvent

delivery equipment; injection equipment; tubing and connection
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Fig. 1 Schematics of active flow-splitting systems
a. based on pressure feedback; b. based on flow rate feed-
back; c. electro-magnetic proportional valve ( EMPV) flow-
splitting system based on flow rate feedback.
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Fig. 2 Schematics of splitless nanoliter flow systems
a. continuous flow pump type; b. syringe pump type.
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Table 1 Advantages and disadvantages of the two types of splitless nanoliter pumps

Pump type Advantages

Disadvantages

Syringe pump

Continuous flow pump no limit to delivery time, fast equilibration between

continuous experiments

compact structure, stable during experiment, no
check valve in pump head, convenient maintenance

limited delivery time due to pump cavity, inevitable
system equilibrating procedure before every analysis
complex structure and control algorithm, higher failure
rate caused by multiple check valves
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Fig. 3 Schematic of electroosmotic pump
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Table 2 Specifications of available nanoliter pumps

Flow rate Maximum Continuous
Type Driving principle range/ pressure/  delivery References
(nL/min) MPa or not
Pneumatic amplifying pump pneumatic with multiple amplification 12-1.7x10° 900 no [18,19]
Active flow splitting systems split ratio is inversely proportional to resistance ratio 50-2.5%10° 40 yes [22-24]
Continuous flow pump high precision motors driving double pistons in 20-1x10° 100 yes [25,26]
series/parallel
Syringe pump high precision motor driving single piston 20-2x10° 120 no [27-29]
Electroosmotic pump electroosmotic phenomenon 0-5x10* 40 no [34,35]
Magnetostriction pump magnetostrictive effect - 130 kN no [36]
Thermal expansion pump thermal expansion of liquid 10-5%10* 10 no [37,38]
Phase transition pump volume change during phase transition of liquid or solid minimum 100 80 no [39]

—: not provided.
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Fig. 4 Schematic of integrated injection valve
a. loading position and withdrawal of solvent from reservoir
to pump; b. injection position and pumping of solvent to
column.
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Fig. 5 Schematic of variable-volume injection valve
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Fig. 6 Illustrations of the two modes of trapping injection
a. trapping on a vented column; b. trapping by column switc-
hing.
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Table 3 Comparison of different injection modes for nano liquid chromatography

Injection mode Advantages

Disadvantages

References

Built-in sample
loop

simple, robust, no sample loss

Variable-volume robust, no sample loss, variable injection

injection valve volume

Timed injection variable injection volume, simple

Trapped on a sample wash,
small dead volumes, protection of the sepa-

ration column

greater injection volume,
vented column

Trapped by sample wash, greater injection volume, ro-
column switching bust, protection of the separation column
TASF greater injection volume, small dead vol-

umes, lower dispersion

limited injection volume and peak capacity, no
protection of the separation column

[47,48,58,59]

higher machining precision, no protection of the [49]
separation column

precision affected by time and flow rate, no pro- [50]
tection of the separation column

interruption of the flow, pressure and spray, lim- [53,60]
ited robustness, possible sample loss on the trap

column

possible sample loss on the trap column, more [54,61,62]
modules

repeatability affected by temperature control, [56,57,63]

baseline disturbance

TASF': temperature-assisted on-column solute focusing.
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HAHFHAME 0. 794 mm (1/32 3E51) PEEK & 5 4h
12360 pm A7 BB ANAE, W7 200 F 245 45 1 ok
WBhESE , N 7a BRI B T R

B ) S 25 ) 7 A AU AR BAR Y 3 2 05
S T IR A T v ) B G0 A i AL LA T
Ui 55 VAL vy B A A o B S BR i FE I A5 B AT
Uity 5 ¥ L JEC i 1Y) 5 %8 R MR 22 e 0 ) R R A
HOURBE L/ v T BN GE  IRBE 2 K, 25 5 (i 134
Xof A8 B i BT R U, AN Fp i) SRR ) 4
BORB o v T B e R O SO I R T Y
T M Sk A5 AR R 22 AR A GE AL,
FEN A8 S T S % A i A2 L %) G i, 5 300 o T 2% 3
555 b 118 R B T DA o e B R 22 (R LR A T AR R, AN
%) A I B, B 7o iR, H AT Thermo
Fisher Scientific /3 & i) Viper % #1)'*7°! A1 IDEX
N MarvelX #4017 ¥R FIX i 5E31, Stank-
ovich 2 Ik B, 3 b 122 7 =X AT DA 3 AT
BB, T X ANERAS T B A R
)4 I T oy, R ARG X8 SR U B 8 i B )4
TCVE MRS S B oK Pl A

Potential dead-volume Nut (PEEK or stainless steel) a

|

nd
/\ 2" seal Capillary tubing
% (PEEK or quartz)
YA
I ]
[ ) T
l ’
15t seal | Ferrule (PEEK) Sleeve
Potential damage point (PEEK or PTFE)
Sealing surface Nut b
l Capillary tubing
% (PEEK or quartz)
I
|
T

Wil
7 EEAR
Fig. 7 Schematics of connection types
a. ferrule seal; b. end face seal.

PEEK: poly-ether-ether-ketone; PTFE . polytetrafluoroethyl-
ene.

4 KWNEE

AN THBOAR (T 21 S8 (o ARG A 2 8 3 A
DA A AR A 0 257 S A I B A
AR Hh U AN 2 R B )iz, S
MR ARG N 5 A L, A 5K o i A 0 45 o A A1 2880 B g
HRA BT XA 7700 g Y 1 15 o3 R )
L Z 8] PR 2 42 B o O S AR R 114 T 22 2 S
ST X R 55 RS R A A I

(electrospray ionization-mass spectrometer, ESI-
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MS) , ¥ B4 AR Il AR B R HEIE , B T H
W5 55 B YR | ke S AT P S ) A I, T DAL
WA R TE TS

2 W SR T 25 2 56 A0 ot VA Aok 3 368 el i 1%
WO ) 2/ AT B, D 30 i A D' R AR B )
S M G U F1 SR8 50 BEE RRE S E b N AT L
TR TS s, TAE Rk RS BAE
FE 0 33 2R 490 U R 1) 3 e TR B T R T T
WHEIERSET® , SEMERIKARS BAEH
ok RGUARL, X T A FHBR (i R Ge ki, HE ML
D B il BT HIOOT T 4 B A 0 485 2R ) S e B K
I3 R B/ N R P SRR P A S 1 TR
W&, FE EAG IR X — 28 R G0 b dei B A 8 i
T, 8 L B A R s i R A R 2
JeLR A o B AN B S B A Y TS
I, 3 ARSI 7 =X Y 2R A B AR, i SE e AN S
BE N Y, 74 R R B A A
TG PEGY EMERN 2 E R B
R Z b T AR S RSt R i 3 b A
FURHTHRE F (<100 nL) , 88 KL, B /NG it A FRL
SERMAEAT S IR A S8 A, 23 R X
I SR BHRE ()52 e, %k T 5 T Bt ) RS Y IR
fth, kTP G i, 0] LU# ] Teflon AF 75 At Y
BERDRL, I AT S 3841 T WA (335 5 F U 3l A 1Y
Bk, 2 3 W R S (liquid-core waveguide,
LCW) 4 IS4, AT sl /)N YAt 388 i P 1R DG et % | B
[N T = U = AL

5 AmitAARERERS

R AL TR (5 R 48 H AT LF- 4380 E 4
S EV T A5 ) R 2 R TR 1
T RIERSEE

e B R A 98 TR VROAE €35 R i T 22 LC
Packings 2\ &) ( 5 #% Dionex Y&, B /)& T Ther-
mo Fisher Scientific 2\ &) ) 7E 1998 4F#f ) 49 Ulti-
Mate NanoLC R4, % & 4t i i i ¢ & 56 T 0 it
14 Ji 2 AR FUIAE 3 U L A A 2 A Tk A 7 I
JEFEIECE (S5 1o JREAHT) o AR I A 3
B PP B AN W], i VS A 50 nL/min ~ 1
pL/min 500 n/min~ 10 pL/min 10~ 160 pL/min
3 AL, 1% ARSI OB i UltiMate 3 000 RSL-
Cnano fiff FBUR: € 52 8k 3% 2 i A =X ( 5 8] 2a Ji
FRAHIE ) , oI S8 TC 43 U 19 4 TS, T T R 20

nL/min~50 pL/min, iif 7] ik 80 MPa, %%k 2%
BRI T —A = oA R BT 22, i F
FEM PR R DL — ek R TN L,
EASY nLC R 544 7 AH (3% £ 4t H ATt /2 Ther-
mo Fisher Scientific 7+ & 97 & (5L )& T JH 2
Proxeon A F]) , 1% Z GOl A A i 2R 52 L
TE— BN BRI/ TACES T G 25 0],
TR Al JC 43 U B R S SR B (5 BT 2b R
FHIE ), B SE R I S B 140 L, Ho 0w A8 5
EASY nLC 1200 f 3 i# i [F] /& 20 ~ 2 000 nL/min,
fif He vl 35 120 MPa, %)™ bt 245 OEM ( origi-
nal equipment manufacturer) H FLAEH A2 7] )44
FHBAH 35 T 6 &2 48, W1 Bruker Al Varian

Eksigent 2~ @] ( #LJ& T AB Sciex A F)) I gh T
AR 1% 7= 52 NanoLC FR41, %77 & 5 i e B
[FIAETCE 1 I Ui 0 XU 59 25, L F —Fh it Ak
M 4R (microfluidic flow control, MFC) X}
b AT 45 ] BB Y Ekspert nanoLC 400
A o R i A | SEP 3 AT Ve A R, 3K
R 2 Y8 Bl 4 100 nL/min ~ 50 pL/min, i} JE 69
MPa,

Waters 2\ f) f) Acquity M-Class & 4t /& H
nanoAcquity Z 4t T 910K (1) 28 FHR A B R4
12 22 B0 0 TR % B e RURE ZE A1 & S TR
5 W I R R 1Y P PR RO A AT SE B 200
nL/min~6 pL/min B4R  FFER 4 flAR iRk
AFSEEE 100 wL/min PYUEE . 5 G000 B K M i
100 MPa, n] ] T-PRi# 73 Hr. Acquity M-Class R 5¢
TR T A 98 ke R A R A e
Hh i B AT T RE AR I B R ik e B A
SRR HIAE B, LA S e KT 2598 7 296 A i (A
i EEAY

Agilent 23 F] BN THEAR (1% R Se 06T 1100 F
A1), LA e B B ZE FR R R G M N, TE R B
TR G i e MR % 2 PR 0 LU A9 ) R e AR i (5
Bl 1 JEBAHIT ) , 94 Ui i %) 45 i b P, -t o 425 ol
(electronic flow control, EFC) &4 ¥, HTi%
R BRI i R B H i R AR TR S IR & 2
J& , IR E AR T AE R, Z RSN T i,
1200 Infinity 51 (4944 T4 R B AR IR R AR LAY
TAEBHR, B ARV T PR M 1100 RFNH 1 pl/min
F#AIKZE 100 nL/min , {BRIRAFTE I S AR T #E R
AL, 120 U e B T LA o B o s | S 2
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TAERR I,

157 /\ H) nano Prominence 44 Ff ¥ #H {4, 2
SRR AR R T A W BT R (H
T AR R AR AR R TR A 2 A, PR BT DAY 48 T B
FHATH #E, 8 2 [0 30 8 3 2 ] (reflux flow con-
trol, RFC) &%, FIl 94 T it 2 A% s W 45 4 i e

R b Sl AR s R DR, RS R A AL S 5 e
TN AT A TR IR IR R 8 T LA
7£ 40 MPa 75 B A 328 1 nL/min~5 wL/min §)
i MR A

e 4 XA B AL AN TR (5 RS HE bRtk
I T XL,

x4 BOBRULATRERIERFHIERSH

Table 4 Specifications of some commercial nano liquid chromatography systems

Pump

Autosampler

Flow rate maximum
range/  pressure/

Manufacturer Model

Flow precision

Delay Lowest

Injection repeatability
volume/

injection

(wL/min) MPa (RSD/%) nL volume/ pL (RSD)
Thermo Fisher Ultimate 3000 RSLCnano 0.02-50 80 0.2 (300 nL/min) 25 0.01 0.4% (full loop, 1 pL)
Scientific
Thermo Fisher EASY-nano LC 1200 0.02-2 120 0.4 1000 0.1 0.2% ( pick-up, 5 pL),
Scientific 3.0% ( pick-up, 0.1 pL)
AB Sciex Ekspert nanoLC 400 0.1-50 69 0.35 (500 nL/min) 25 0.1 0.5% (full loop ),
1% (pick-up, >1 pL)
Waters ACQUITY UPLC M-Class 0.2-100 100 - 1000 0.1 1% (0.2-1.9 pL),
0.5% (2-10 pL)
Agilent 1200 Infinity nano 0.01-4 40 0.7 300 - -
Shimadzu Nano Prominence 0.001-5 40 - - - -
—: not provided.
6 it BEWR:

AR /D A it T FE S 9 270 B Ak ) 60 B g 119
RAUEZ 7T N 2R BOREfl R 3AEE 25 (25
BFFE SR M AR AR . AN THRCRH i (8
PR A AR G A HL 5 T 45 ik (OB, E A5 21
MR IZ BN PERE R4 HLARE B B0 &
GERAAF ARG R FEARE R Z — SR THE
FETER B RS A Z Rl T 2 R
77 A GEFTT U B, TR SR BB T
— LSRG ABIE SN v, JE 1 5 R v OB (1
AR HIFE A LG o 3X 32 2R f T — S g TR (1%
ASCE ARyt R 7 T ) PR R R i — 2D
Thalcfip ok, AngA T+ B RAR TGS (TR E AR 2 PR R
UES S B2 BT A AR A I e TR I 2E | R GEE
SO FE | S T EL AT 5 B4 0 4 T SR AR
(R ARELBARIE RN R NE o3 (e N 1 5 W s I S
PEAT T —SeBS kg Ak, fEUP e 5 0 G A A
A% SHESP AR o TR AR AR R G A
JR R —~ B B, DR o R O ) ) e a4
PR HEARAE NIV I R GEBETT A E PR AR
S MR IR AN IO (3 14 32 ZEF 5 07 1)

[1] Horvath C G, Preiss B A, Lipsky S R. Anal Chem, 1967, 39
(12): 1422
[2] Ishii D, Asai K, Hibi K, et al. J Chromatogr, 1977, 144. 157
[3] Scott R P W, Kucera P. J Chromatogr, 1979, 169 51
[4] Jorgenson J W. Annu Rev Anal Chem, 2010, 3: 129
[5] Fekete S, Murisier A, Losacco G L, et al. J Chromatogr A,
2021, 1650; 462258
[6] Blue L E, Franklin E G, Godinho J M, et al. J Chromatogr
A, 2017, 1523. 17
[7] Chen L X, Guan Y F, Ma J P. Progress in Chemistry, 2003,
15(2) . 107
WRAHT, RIER, D4R fhazikig, 2003, 15(2): 107
[8] Gritti F, McDonald T, Gilar M. J Chromatogr A, 2016,
1451, 107
[9] Stoll D R, Broeckhoven K. LC GC N Am, 2021, 39(4) : 159
[10] Sestak J, Moravcova D, Kahle V. J Chromatogr A, 2015,
1421: 2
[11] Scollo E, Neville D, Oruna-Concha M J, et al. Proteomics,
2018, 18(3/4). 3
[12] Nakatani K, Izumi Y, Hata K, et al. Mass Spectrom, 2020,
9(1): A0080
[13] Park S M, Byeon S K, Lee H, et al. Sci Rep, 2017, 7(1):
3302
[14] Aydogan C. Trends Analyt Chem, 2019, 121. 115693
[15] D’Orazio G, Fanali C, Gentili A, et al. J Chromatogr A,
2019, 1605: 360358
[16] Moreno-Gonzdlez D, Alcantara-Durén J, Gilbert-Lopez B,



510 1

W =R, 55 AN TR S X RO BT 7S HE Je

- 1075 -

[20]

[21]

[22]

[23]

[26]

(28]

[29]

et al. J Chromatogr A, 2017, 1519. 110

Nazario C E, Silva M R, Franco M S, et al. J Chromatogr
A, 2015, 1421; 18

MacNair J E, Lewis K C, Jorgenson J W. Anal Chem,
1997, 69(6) : 983

MacNair J E, Patel K D, Jorgenson J W. Anal Chem, 1999,
71(3) . 700

Shishkova E, Hebert A S, Westphall M S, et al. Anal
Chem, 2018, 90(19) : 11503

Kucera L, Fanali S, Aturki Z, et al. J Chromatogr A, 2016,
1428 126

Analytical Scientific Instruments. Automated Flow Splitter
AS650. (2014-02-27) [ 2021-06-04 |. https:”/www. hplc-asi.
con/ content/ files/ AS650%20Flyer%2011x17%202014%20new.
pdf

Thermo Fisher Scientific. UltiMate 3000 Series Flow Man-
agers FLM-3x00 Operating Instructions. [ 2021-06-04 ]. ht-
tp: // tools. thermofisher. com/ content/sfs/manuals/40878-
UltiMate3000_FLM-3x00_OperatingInstructions_V1_2.pdf
Agilent Technologies. Agilent 1260 Infinity Capillary Pump.
[ 2021-06-04 |. https./www. agilent. com/cs/library/user-
manuals/Public/G1376-90014_CapillaryPump_USR_EN.pdf
Wateres Corporation. ACQUITY UPLC M-Class System.
[2021-06-04 ]. https:/www. waters. com/waters/en _ US/
Best-UPLC-UHPLC-system-for-nano-to-microscale-separa-
tions/nav.htm? locale =en_US&cid = 134776759

Thermo Fisher Scientific. UltiMate 3000 RSLCnano System.
[2021-06-04 . https:/www. thermofisher. com/global/en/
home/industrial/ chromatography/liquid-chromatography-
lc/hplc-uhple-systems/ultimate-3000-rslcnano-system. html
Thermo Fisher Scientific. EASY-nLC 1200 System. [ 2021-
06-04 ]. https:/www. thermofisher. com/global/en/home/
industrial/ chromatography/liquid-chromatography-lc/hplc-
uhplc-systems/ easy-nlc-1200-system. html

Sharma S, Plistil A, Barnett H E, et al. Anal Chem, 2015,
87(20) ; 10457

Yang S D, Dong Z Y, Han X, et al. Chinese Journal of
Chromatography, 2019, 37(5) : 558

W=, EEE, BE, & @ik, 2019, 37(5) : 558

LiL, Wang X Y, Pu Q S, et al. Anal Chim Acta, 2019,
1060 1

Gao M, Gui L. Micromachines, 2016, 7(9): 165

Chen L X, Ma J P, Guan Y F. Microchem J, 2003, 75(1) :
15

Lynch K B, Chen A, Yang Y, et al. J Sep Sci, 2017, 40
(13): 2752

Mathi S, Nagarale R K. J Electrochem Soc, 2016, 163(8) :
H657

Zhou L, LuJJ, GuCY, et al. Anal Chem, 2014, 86(24) .
12214

Zhang C G, Huang W P. China Patent, 201120071423. 4.
2011-11-30

KRSt FOCF. B EE R, 201120071423, 4. 2011-11-30
Ericson C, Hjertén S. Anal Chem, 1998, 70(2) : 366

Tao Q, Wu Q, Zhang X M. Anal Chem, 2010, 82(3) . 842
Li T, Zhang W B, Tang T. China Patent, 201120338111. 5.
2012-06-06

[40]

[41]

[42]

[52]

[53]

[54]

[55]

[56]

[61]

[62]

[63]

[64]

FIY, skdeok, B P EGH, 201120338111, 5. 2012-06-
06

Schultze-Jena A, Boon M A, Bussmann P J T, et al. J
Chromatogr A, 2017, 1493. 49

Gilar M, McDonald T S, Johnson J S, et al. J Chromatogr
A, 2015, 1390 86

Grinias J, Bunner B, Gilar M, et al. Chromatography,
2015, 2(4) ; 669

Werres T, Schmidt T C, Teutenberg T. J Chromatogr A,
2021, 1641: 461965

McGuffin V L, NovoTny M. Anal Chem, 1983, 55(3): 580
Alexander J N, Poli J B, Markides K E. Anal Chem, 1999,
71(13): 2398

Mills M J, Maltas J, Lough W J. J Chromatogr A, 1997,
759 1

Ling BZ, Xu Y, Yao D, et al. Chromatographia, 2015, 78
(7/8) : 543

Sharma S, Plistil A, Simpson R S, et al. J Chromatogr A,
2014, 1327. 80

Gerhardt G C, Fadgen K. US Patent, 20130206240A1. 2013-
08-15

PriiB A, Kempter C, Gysler J, et al. J Chromatogr A,
2003, 1016(2) . 129

Rogeberg M, Malerod H, Roberg-Larsen H, et al. J Pharm
Biomed Anal, 2014, 87 120

Leonhardt J, Hetzel T, Teutenberg T, et al. Chroma-
tographia, 2015, 78(1/2) . 31

Licklider L J, Thoreen C C, Peng J M, et al. Anal Chem,
2002, 74(13) . 3076

Kocher T, Pichler P, De Pra M, et al. Proteomics, 2014,
14(17/18) : 1999

Collins D, Nesterenko E, Connolly D, et al. Anal Chem,
2011, 83(11) . 4307

Groskreutz S R, Weber S G. J Chromatogr A, 2014, 1354.
65

Groskreutz S R, Horner A R, Weber S G. J Chromatogr A,
2015, 1405. 133

Zhao X F, Xie X F, Sharma S, et al. Anal Chem, 2017, 89
(1): 807

Aggarwal P, Liu K, Sharma S, et al. J Chromatogr A,
2015, 1380 38

Cristobal A, Hennrich M L, Giansanti P, et al. Analyst,
2012, 137(15) . 3541

Yang J S, Qiao J, Kim J Y, et al. Anal Chem, 2018, 90
(5): 3124

Lee J H, Hyung S-W, Mun D-G, et al. J Proteome Res,
2012, 11(8) . 4373

Wilson R E, Groskreutz S R, Weber S G. Anal Chem,
2016, 88(10): 5112

Gritti F, McDonald T, Gilar M. J Chromatogr A, 2015,
1410, 118

Stankovich J J, Gritti F, Stevenson P G, et al. J Sep Sci,
2013, 36(17) . 2709

Gunnarson C, Lauer T, Willenbring H, et al. J Chromatogr
A, 2021, 1639: 461893

Molex. Polymicro Capillary Tubing. [ 2021-06-04]. https:/
www.molex.com/molex/products/family/polymicro_capil-



- 1076 - Ll

73 5539 4

[79]

lary_tubing? parentKey = polymicro

Majors R E. LC GC N Am, 2014, 32. 840

Buerger D, Schadl M, Richardsen T. US Patent,
20190176054A1. 2019-06-13

Hochgraeber H, Satzinger A, Buerger D, et al. US Patent,
20200116679A1. 2020-04-16

Graham V, Beemer E, Ellis S,
20200292108A1. 2020-09-17

Sharma S, Tolley D, Farnsworth P B, et al. Anal Chem,
2015, 87(2) . 1381

Prikryl J, Foret F. Anal Chem, 2014, 86; 11951

Scollo E, Neville D, Oruna-Concha M J, et al. Proteomics,
2018, 18(3/4) . 1700339

Spaggiari D, Fekete S, Eugster P J, et al. J Chromatogr A,
2013, 1310. 45

Buckenmaier S, Miller C A, Van De Goor T, et al. J Chro-
matogr A, 2015, 1377. 64

Stoll D R, Broeckhoven K. LC GC N Am, 2021, 39(6) ; 252
Tan F, Chen S, Zhang Y J, et al. Proteomics, 2010, 10
(8): 1724

Zhu X D, Liang Y, Weng Y J, et al. Anal Chem, 2016, 88
(23). 11347

et al. US Patent,

Yang SD, Tang T, Li T, et al. Chinese Journal of Chroma-
tography, 2016, 34(2) . 130

M=%, Bk, B, % @ik, 2016, 34(2): 130
Swinney K, Bornhop D. Crit Rev Anal Chem, 2000, 30(1) :
1

Liggert J A, Xin B M, Wu N J, et al. J Microcolumn Sep,
1999, 11. 631

Enami T, Nagae N. Am Lab, 1998, 24. 29

Heiger D N, Kaltenbach P, Sievert H-J P. Electrophoresis,
1994, 15. 1234

Xue Y J, Yeung E S. Anal Chem, 1994, 66(21) ;: 3575
Wang T S, Aiken J H, Huie C W, et al. Anal Chem, 1991,
63(14): 1372

Mrestani Y, Neubert R. Electrophoresis, 1998, 19. 3022
Kahle V. Biomed Chromatogr, 1999, 13. 93

Du W B, Fang Q, He Q H, et al. Anal Chem, 2005, 77(5) :
1330

Munk M N. US Patent, 5608517A1. 1997-03-04

Jeannotte A, Leveille M J, Denecke F. WO Patent,
2009143217A1. 2009-11-26

Beno M. WO Patent, 2010133252A1. 2010-11-25



