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Charge heterogeneity analysis of therapeutic antibody based
on IgG — degrading enzyme of streptococcus pyogenes and cation
exchange chromatography

SU Yang, WANG Yang, HU Ping ~

(Sinocelltech Ltd., Quality Control Department I , Beijing 100176, China)

Abstract Objective: To explore and optimize enzyme digestion pretreatment and high — performance liquid chro-
matography for charge isomer analysis of monoclonal antibody. Methods: An ion — exchange chromatography
method based on Thermo ProPac™ WCX - 10 column was adopted and optimized. The phosphate buffer solution
(pH 6. 3) containing 10 mmol + L. ™" phosphate and 1 mol - L.™" sodium chloride was used as mobile phase for gra-
dient elution. The flow rate was 0.5 mL - min~', and the detection wavelength for protein adsorbance was 280

nm. Charge isomers were detected before and after IdeS cutting, and the specificity, linearity, repeatability and
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precision of the method were investigated. Results: The method was applied to several commercial antibody prod-
ucts as examples of demonstrating the method application based on cation exchange chromatography ( CEX) and
enzyme digestion. Results of comparative analyses of the intact IgG versus F(ab’ ), and Fc sub — domains genera-
ted by IdeS digestion provide more specific information about the location of the charge differences. There was no
interference peak in the blank solvent;the linear relationship between the sample volume and the absorption peak
was good within the range of 10 — 80 g, with R* being 1.0;the RSD of the peak area for six injections was
0.52% ;The daytime precision was 3. 3% ;the assay has good durability ; the sample was stable within 24 h, and
the RSD of the peak was 3.5% ; the RSD of the peak area for the three batches of samples was 2.5% .
Conclusion: The method could be applied to the whole process of antibody drug development, including molecu-
lar screening in the early stage, industrial process development in the middle stage, and product quality standards
and stability studies.

Keywords: cation exchange chromatography; charge heterogeneity; IgG — degrading enzyme of Streptococcuspyo-

genes (IdeS) ; antibody; antibody stability; deamidation; quality control
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L6 S A R B TE FUAT T R & A 78 7 i B AR 7 A
RSN AT B B, A SCHRAGE , 5 L A A DG Y
B BM (N - R A 2R E AL C — R I i 2
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matography, HIC) Ao M T Bt A7 43 B At W
A L P B s B K 1 v A T S AN B A b, B
W EL e 3 AT 2 S B A B S B B8 1 A8 #
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DAL e S b -4 & e R N VAR 41 T A
B, JC R AN SE X (CRD ), U 75 2245 51 5
TE, HOX mAb 545 U PR 093 7552 W0 5 2 AT IR A
WFFE . B SCHR A R 4l SR AR R e
4 mAb i BiALH Fab F1 Fe IR HIIKPE R CEX 7
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YRR E PR A E A

ARTCHER T 1 BRI B AR & T A
BT R Y H fer A8 A TSR T B B A i (3
(CEX) XF5E88 1 1eG 5 1deS BEREARJT 79 9% LLT7
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AR A A R A R ) s MSU623S - 1CE - DI
T3 2 —H F K- (sartorius 2N H])

1.2 ikzy

& 5 SR KR 5. it 5 84354XHO02, 07051XHOI,

80318XHO1,84354XH02, 1102639, ¥4 T 411 4 24

H) ;BB AREE N S H0256 , 1 T Roche /A ) ; 224k
TTRES A5 HO196B04 , I T Roche 23 7 ; R Ik B,
T35 C9584 , Il T Sigma /A #]; FabRICATOR [iff ( EP
IdeS fif}) , 525 AO — FR1 -020, 3 F GENOVIS A ],
10 mmol + L~" B R £ 2% vh K ( NaH, PO, - 2H, O Al
Na,HPO, - 12H, 0, FIBERR FI 2 A AL BV O pH 6. 3
F17.0) ;10 mmol + L' BEFREL/1 mol - L™" S fL 4N
(76 1 L BERER 22 sl A 58. 4 ¢ A4, ik
FER 1 mol -+ L' EALANAN 10 mmol - L' BEEREL , IF
FH#EIR 5 S A LRI W pH 6.3)
2 AEEHER
2.1 (it

ThermoProPac™ WCX - 10 @1§T£(4 mm x 250
mm) ,Ji s A A 10 mmol - L~ BEFREE 2% v (pH
6.3),73HH B & 10 mmol - L™' B8 4L/1 mol - L™
SAEN (pH 6.3) , HElEN 35 °C, BEREIAR T 40 plL,
WA 0.5 mL « min "' BEIR FEBIEMLYETT R
VRIS BE AN 1 FIER 2 PR,

R1 EEREBREE

Tab. 1 Humira elution gradient

5] ( time ) /min A A (mobile phase) /%

A B(mobile phase)/% W (flow rate)/(mL » min~")

0 100
45.00 84
55.00 0
55.01 100
75.00 100

0 0.5
16 0.5
100 0.5
0 0.5
0 0.5

K2 ETEMRUETHRBGE

Tab. 2 Rituximab, avastin elution gradient

5] ( time ) /min MRSk A (mobile phase)/%

W sIAH B(mobile phase) /% W (flow rate)/(mL + min~")

0 100
45.00 87
55.00 0
55.01 100
75.00 100

0 0.5
13 0.5
100 0.5
0 0.5
0 0.5

2.2 &

2.2.1 BEASER HUBER EP R RHIT, 0
FIINA 10 mmol - L™ BEFRERZE I (pH 7. 0) TR REAL
1 mg - mL ™" W,

2.2.2 FEVNEHESEIAR BUS0 wg MIESERFE M

550 U(2.5 pL) 19 IdeS F§R~5],37 CKIEIEE 1 h;
HU50 pg BB SEIRAESY S5 10 pL R AKEE B 1R 21,37
CARGIEE 2 b, EFYI =4, A 50 U(2.5 pL) i
IdeS FHEA1,37 CAKBIFE 1 h; BL50 pg (173 4
FEM5 50 U(2.5 pl) i IdeS B§IR A ,37 C/KIBHEE
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1 h; BU50 pg BZE4ETTAE M5 50 U(2.5 pL) A 1deS
fii 5] ,37 CHKIBIFE 1 h,
2.2.3 FEXEW® OB 10 pL RAKEE B 5 10
mmol - L’lﬁ%ﬁé{%ﬁ%{ﬁlﬂ{&(pH 7.0)1R%5],37 CIKE
BEF 2 h, FINA 50 U(2.5 pL) ) IdeS BHR A ,37 C
JKIBIFE 1 h; BLS50 U(2.5 pl) 1Y IdeS 5 10 mmol -
L' BERRER 2 b ¥ (pH 7.0) IR 2J, 37 °C K
A 1h,
2.3 4

AR 3 DT L AR YT M B s T
1 TG, W R E MR 25 I & () A A i, LA v
SR H 8.5 ~9. 2,35 FIF Fekete 20" Fififiik 1y
BB CEX MBS, 78 IMGT $54i8 1 rh el
WENE IR P LML AT INAIRLRITY), i TE
i1 CDR X JFFIANTR], o F (ab”), 75 A, H
Fe #5307 5 AT = BE W AH LM, 5832 1Y mAb 8

IdeS BV 5 1Y Fe X (45 s8R ) 76 £ B B |)
10 ~25 minZ [AIPEME, AT F(ab” ), X (55 HL A
FAXT A8 1R ) 2 EAS ] B4 A B k1) PR e e
2.3.1 BEER Sk 2 B & S5 SR Y L far
75 SR H R cIEF 1 CEX J7 AT RAE 04T, 24
JHER KM B( CpB ) AbFRRT , AT LA DX 1) — &8 43 5=
Btk A C - Rt , Bisebiiks+a 14
(K1) A2 AN (K2) #i iR

I 1deS BFUIME 3 AR FE 5 (] 1B) AT 3 W b Ao
JF] F(ab)’, X Fl Fe X, SDS — PAGE 2% 5 .7~
IDES AbFH J5HE i 1) R W55 298 25 F1 100 kDa 2
ANy A2 Fe ML F(ab’ ), CEX AJ LA Fe F1 F
(ab’),2 AT EBIR A0 8 (B 1), Fe K&H
T FE ey SR A T R (ab” ), 0593 55 A 20 R 1 F
SR AR AR XA BT PR A LR A BRAE i CEX B
TR ZER1E B

BEl1 CEX-HPLC(A)RIEZER SDS - PAGE 447 IdeS EgHIRIFHIIE £ R (B)
Fig. 1 Humira analyzed either intact or IdeS digested within identical analytical conditions by CEX — HPLC( A) and non - reductive SDS —

PAGE(B)

SRIG A CpB B, F(ab’ ), XIEARTAEL, Fe X
B IX ) K1 A K2 sy, KO Fhi, B Heolh ¢ - oK
Ui AR AR AR (B 2) .

2.3.2 ¥ X TRILPY @ 1deS F Y
FICEX BYXT LA 58 0T LAAS 215 B A AL PRAE & CEX
FrAF A B M55 2. Wil 3 iz, 1deS i U]
CEX 43 & T LIS RIR4EAY F(ab’ ), XAl Fe X 38 2
B, RAFEIER HERE S Y CEX JEE B RH ¢ oK
Ui i R A A o B R L Bk 5 4 B U
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B, 2R A7 7E 51 R A H A AR S O LR 81 3 8 A
L [deS [ U] 36 2 AL HE i ] A ORI B F(ab” ),
DAY ELA 0 00 R 1 0 % B (AR T ROk E B IR )
M HAF TR, H F(ab” ), X388 3 7 ol 1
(L 3) kg A N - Kim e LM A R 1L,
X5 B Z A SRR A A 58 B R RUE— L
Hh, EBEN Fe IXBRIAA 06 TTHERAN , B X
/N TR U ( Fe DX R0 TG e ) B 08 (€ — S i
HIRIER) .
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B2 CEX-HPLC 2#7 IdeS #1 CpB B85 HIfE £ R

Fig. 2 Humira analyzed either IdeS digested or IdeS and CpB digested within identical analytical conditions by CEX — HPLC

B3 CEX-HPLC(A)X3FEJR SDS - PAGE 5347 IdeS FEYIRI/S (B) £ 5 4
Fig. 3 Rituximab analyzed either intact or IdeS digested within identical analytical conditions by CEX — HPLC(A) and non - reductive SDS —

PAGE(B)

2.3.3 YT RAEITRBIMMR SR S EP L
FKPUCE 4) BT C - R @R re A = o fe v LT
BEE A BT Y], t R R 51 1) H e AR SR A HE ] A
%, IdeS BEVIRG)E A0 222 7T RE LT B0 TR = iR
JIT SO H ey SRR A T L2 2 T i R R R M S
RZHK A4 FH) F(ab’ ), X35,

VB AR 7 iR T BU AR AR 2 PR 5 R 9B 41, ¢
GUEVTHE 45 CINEE 0.1.2 .4 J&J5, 700l idE 17 50 3%
PUR RG] 73 X3k [ F(ab’ ), . Fe ]9 CEX — HPLC

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.
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SERBUARRY s R BRI S,

B L AETTRE S AE 45 °C B IR R 4 i, 22
AEVTHOBRYE X A N 29. 4% a3 49. 1% (% 3) ,
VTR AT A SRS T 3 2 A 7T B4 I 15 O, T HL 22
AFRYEVE A7 AE B 22 W IR 157 557 1) DRk

YUk 4 47T 2 1deS W VI J5 43 K 3 [ Fe A1 F
(ab” ), J T A R s WLIE 6,

BER L2 4ETTRE S TE 45 °C P gCE I ] i34 b, m]
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B4 CEX-HPLC(A)XIEE/R SDS - PAGE 43 #7 IdeS E5HIRI /5 (B) RIR 4T
Fig.4 Avastin analyzed either intact or IdeS digested within identical analytical conditions by CEX — HPLC( A) and non - reductive SDS -

PAGE(B)

BE5 CEX-HPLC &g R 4T
Fig. 5 Analysis of accelerated Avastin by CEX — HPLC

F3 RYITH 45 ‘CHNEM CEX - HPLC %18
Tab.3 CEX -HPLC data of Avastin acceleration at 45 °C

1E 45 °C B ] (storage time at 45 °C )/ JH (week) FREIE (a cidic) /% T (main) /% Bl PEIE (basic) /%
0 29. 4 60. 6 10.0
1 34.5 54.9 10.6
2 39.1 50.5 10. 4
4 49.1 39.2 11.7

A ASSORGE I0 38) 22 A YT IR A DX R (R G M UK - 3
w), HUBGmE e & A= AE Fe IX (B 6, B IX & 2
9.9% INF 22.4% ,F 4) F F(ab’ ), X (& 6, WM
X 20. 6% B INE] 35.1% , % 5) , [HE}F, 5256
BB Fe XA F (ab’ ), X Bk B A7 78 X FR A7
S WAEEZ AN,
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3 AEFEWIE
3.1 BEMEMARSGE S

a9 B A R RO WL 1B € R (S
07051XHO1 ) IdeS PP 5 L it 5 W 45 40 pL, iEA
AR IR DR g R, S5 5 W IE 7, B R
mESE IR Fe X3 20O B B[R] 16. 21 min , HHEHE

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



- 2084 - Y S M EE ChinJ Pharm Anal 2021, 41(12) CfPJA

B 6 CEX-HPLC 4347 IdeS EEYI/SHIINE R 45T
Fig. 6 Analysis for accelerated Avastin of IdeS digestion by CEX - HPLC

F4 FeRPRBFTRRAMER

Tab.4 Charge heterogeneity results in Fc region

TE 45 CHilE BT [E] ( storage time at 45 °C) /& (week ) g1 (peak 1)/% I 2 (peak 2)/% I 3 (peak 3)/%
0 9.9 69.0 21.1
1 12.8 65.3 21.9
15.0 63.2 21.8
4 22.4 55.9 21.8

#5 F(ab’),RHBHARRELER
Tab.5 Charge heterogeneity results in F(ab’ ), region

1E 45 °C T E 1] (storage time at 45 °C )/ (week) % 4 (peak 4)/% % 5 (peak 5)/% % 6 (peak 6)/%
0 20.6 74.1 5.3
1 24.0 70.8 5.2
2 26.7 67.5 5.8
4 35.1 58.6 6.3

B 7 CEX-HPLC 4% IdeS B8] FHIE £ R i E
Fig. 7 Chromatogram for IdeS digested Humira by CEX — HPLC

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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M Eh 36752 5 BV JE HEIR B 2 SR 1) F(ab) , X
F AR BRI E] 39. 13 min, FEES R AL 71058 525 1%
TEERITC T B, &5 SR R IA vk & Ja 1
ARG M R AT,
3.2 ZMERR

VA b 0B 25 2R 1deS V) S B S IR TR 10
20 .40 .60 80 pL(HJF 1 mg - mL™")  fE“2. 17 (43
FAFT B IRBED) 5 3 8 oy R S BT,
VTR Y X EAE B () SEAT IR1ET, 2l Bnafe i 26, 11
BRI R
Y=2.713X +1.008 #* =1.000

R HEFERTE 10 ~ 80 pg YT I SR R
TP IR ARG ZR | e dnc A S S DU R ) — 50k
3.3 WEEAE
3.3.1 HWNKHEE oI E LR 1deS B
JE AR S A 40 WLOHREE 1 mg » mL™")  FE“2. 17 T
RSP R LR 6 UK, 10 57 (00 3% 1A e i L, e Thi
FREH RSD M 0. 52% A4 BB IFHE] 4 RSD 4 0. 040% , 3¢
A 5 1 () S A R 3 B LA
3.3.2 HIEPKES R RSB M HRUIE 36 2K 1deS i)
JEBER AR 40 pLOWRIE 1 mg - mL7") 7“2, 178
TSR 2L 3 d WUV G B s i, B K 43 it
FE3 R, Il sk % &1 0 AR, W AR RSD R
3.31% , BRI RSD R 0. 19% , R BAA T 1)
(K %% B LA
3.4 PR

K0 H WL S 35 TR TdeS W) 5 A 5 1 Wi 40
ML(%?g 1 mg - ml, ! ), FE“2. 1”Iﬁﬁiﬁaﬁ%{¢T,&
EAEEA 33,35 .37 C, 25 E U 4R 0T i ARG T
T R MR, A0 SR €0 1 P10 1 B, 0 TR RSD S
1. 4% B IHEH RSD N 0. 21% ,3 > [6) i B8 4%
SRTCH I 22 5], FBAA 7 VLB XTI R B R R
3.5 Rt

K 1 A 25 0K TdeS W) )5 [A]— ik ial i 1
WA AE 0 4 8 .12 24 h FEFE 40 wL(HE 1 mg -
mL ™) FE“20 17 A SR T I E BV S RE i Y 0
[ RSD 4 3. 5% , & WIHia it VR TE 24 h YA
FE .
3.6 FEANIE

B3 ARG b BB 98 R TdeS TV 5 (I
W, AR 2. 1 AR S5 R 43 A 40 L (WREE 1
mg -* mL ™' ), Bt AE S EE AR 2 KSR
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80318 XHO1 , 84354XHO02 , 1102639 it #F i s 18 FH 1)
RSD 4 2.4% ,
4 g

SEHEN mAb 28 1deS BV 5 #E4T CEX 230 B il 3R
PR TR Y OC T L fop S A R 285 0 N s 1R R, AR 3¢
JETR TR W] A B AT SE b ES Bh BTk 25 W E o A oy
SRDT Fe B F(ab” ), 45 F DR DG 1 R 1 R 14 Fe
far SRR R 1 AR AL, JEE Fe XA R M X AT
D2 I R A% T g 5t I Jig 1) D ik, Fe DX 3% i e X
AIRESE T C — R i 2B 1 A58 4 5 B, 5l Ik
HE R AR A G (PAM) HEAL Y C - 2R o i
FIRBENALFY (- PCONH,) ™) F(ab’), XK
BlMEX T RER T N S A e ™ S8, nT R
MR AW T H AR F (ab” ), X3 B0RR 1 IX K
O3, % s | RS E R, BIVRE 2 N7 sl Al ) 43 B
Tt — 25 A R U AT 254 G 92 T A 1 S
77 il JOT R S

AT Ty i 2r AR A R R, KB Bk &
PR RS %R it RO I R AT, BT S T
BT Fe F1 F(ab’ ), 45 DX IR S 1A i P AN P Ha e
SRR RAE S E 850 HT

AT JEIR CEX & 1 B | Al 4 1Y i ff S 4
RRAETHTHOR 255 7 50 T 58 (FIRE 57 19 1deS i
VIR T H AL T 8 2 RN 2 BT AR 254 B2
RLZGARMRIPE |7 b AL [R]— S0Pk | Bl s ) S A it 55 A
AR T H, B BT Ak 4 A B i R
RRAE S SO LA 0 I A R el P A S A %) o A U
Z AT DU R v 28 T ISR A DGR €2
T 43, SR 05 R BT 4 A L s i Bk 1B 6T b | B
TR SCAE W s A 43 A, X AR TR 2 A A T R ORG ff
HFRAEF A W) D e sz ma Pk o #r . UG, i ik B A
R, A B T SRR A B BE bR 25 1 o
R IR B A

% 3k

[ 1] BECK A, WAGNER - ROUSSET E, AYOUB D, et al, Charac-
terization of therapeutic antibodies and related products[ J ]. Anal
Chem, 2013, 85(2) .715

[2] 5k, P, Jrers, %S4 R E BTN SCY) BURIAR &
ZRBUOBTTESITO ()] R 2248, 2014, 23(8) @ 906
WEI W, LUO JH, YIN HZ, et al, Comments on the development
and assessment of the drug impurities and substances related to re-

combinant monoclonal antibodies [ J]. Chin J New Drugs, 2014,



Y S M EE ChinJ Pharm Anal 2021, 41(12) @

- 2086 -
23(8) :906 [14] PRISTATSKY R, COHEN SL, KRANTZ D, et al. Evidence for
[ 3] GERVAIS D. Protein deamidation in hiopharmaceutical manufac- trisulfide bonds in a) recombinant variant of a human 1IgG2 mono-

[4]

[5]

[6]

[8]

[9]

[10]

(1]

[12]

[13]

ture; understanding, control and impact[ J].J Chem Technol Bio-
technol, 2016, 91(3) : 569

HARRIS RJ, KABAKOFF B, MACCHI FD, et al. Identification
of multiple sources of charge heterogeneity in a recombinant anti-
body [J].J Chromatogr B, 2001,752(2) ; 233

VLASAK J, BUSSAT M C, WANGS, et al. Ildentification and
characterization of asparagines deamidationin the light chain CDR1
of a humanized IgGl antibody[ J]. Anal Biochem, 2009,392(2) .
145. PH

YAN B, STEEN S, HAMBLY D, et al. Succinimide formation at
Asn 55 in the complementarity determining region of a recombinant
monoclonal antibody IgGl heavy chain[ J].J Pharm Sci, 2009, 98
(10) ;3509

ZHANG YT, HU J, PACE AL, et al. Characterization of aspara-
gines 330 deamidation in an Fc — fragment of IgGl using cation ex-
change chromatography and peptide mapping [ J]. J Chromatogr B,
2014, 965 .65PH

GOETZE AM, LIU YD, ARROLL T, et al. Rates and impact of
human antibody) glycation in wvivo [ J]. Glycobiology, 2012, 22
(2):221

MILLER AK, HAMBLY DM, KERWIN BA, et al. Characteriza-
tion of site — specific glycation during process development of a hu-
man therapeutic monoclonal antibody|[ J].J Pharm Sci, 2011, 100
(7). 2543

QUAN C, ALCALA E, PETKOVSKA I, et al. A study in glyca-
tion of a therapeutic recombinant humanized monoclonal antibody :
Where it is, how it got there, and how it affects charge — based be-
havior[ J]. Anal Biochem, 2008, 373 (2) :179

DILLON TM, RICCI MS, VEZINA C, et al. Structural and func-
tional characterization of disulfide isoforms of the human IgG2 sub-
class[ J].J Biol Chem, 2008, 283 (23) :16206

WANG X, KUMAR S, SINGH SK. Disulfide scrambling in IgG2
monoclonal antibodies: insights from molecular dynamics simula-
tions[ J]. Pharml Res, 2011, 28 (12): 3128

WYPYCH J, LI M, GUO A, et al. Human IgG2 antibodies dis-
play disulfide — mediated structural isoforms [ J]. J Biol Chem,
2008, 283 (23):16194

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

clonal antibody [ J]. Anal Chem, 2009, 81 (15) :6148
KHAWLI LA, GOSWAMI S, HUTCHINSON R, et al. Charge va-
riants in IgGl: isolation, characterization, in vitro binding proper-
ties and pharmacokinetics in rats [ J]. MAbs, 2010, 2 (6) ;613
ANTES B, AMON S, RIZZI A, et al. Analysis of lysine clipping of
a humanized Lewis — Y specific IgG antibody and its relation to
Fc — mediate defector function[J]. J Chromatogr B, 2007, 852
(1-2):250
DICK LW, KIM C, QIU D, et al. Determination of the origin of
the N — terminal pyro — glutamate variation in monoclonal antibod-
ies using model peptides [ J]. Biotechnol Bioeng, 2007, 97 (3):
544
JOHNSON KA, PAISLEY - FLANGO K, TANGARONE BS, et
al. Cation exchange — HPLC and mass spectrometry reveal C — ter-
minal amidation of an IgGl heavy chain[ J]. Anal Biochem, 2007,
360 (1):75
ISHII Y, TSUKAHARA M, WAKAMATSU K. A rapid method for
simultaneous evaluation of free light chain content and aggregate
content in culture media of Chinese hamster ovary cells expressing
monoclonal antibodies for cell line screening [ J]. J Biosci Bioeng,
2016, 121 (4) .464
FEKETE S, BECK A, FEKETE J, et al. Method development for
the separation of monoclonal antibody charge variants in cation ex-
change chromatography, Part Il . pH gradient approach [ J]. J
Pharm Biomed Anal, 2015, 102 282
FEKETE S, BECK A, GUILLARME D. Characterization of cation
exchanger stationary phases applied for the separations of therapeutic
monoclonal antibodies[ J].J Pharm Biomed Anal, 2015, 111,169
DU Y, WALSH A,EHRICK R, et al. Chromatographic analysis of
the acidic and basic species of recombinant monoclonal antibodies
[J].MAbs, 2012, 4 (5).578
KT xCHO 40 15 77 32 3K (Y B 5 BB K vl 4 e B P 5
[D]. b AR T R ,2017
ZHANG XT. Study on Charge Heterogeneity of Monoclonal Anti-
body Produced in Rcho Cell Cultures[ D]. Shanghai: East China
University of Science and Technology, 2017

(AR3CF 2021 ££ 10 H 15 HABEN)

WWW. YWfrzz.cn



