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Summary

Biological therapeutics, such as hormones, enzymes, cytokines, antibodies, blood coagulation factors and vaccines, have
been attracting much attention from the pharmaceutical industry, and the development of such products has been acceler-
ating. Among them, antibody products, used as biological therapeutics, have been growing most rapidly. In this study, the
performance of SDS-PAGE and capillary electrophoresis was investigated using commercially available antibody pharma-
ceuticals (tocilizumab, bevacizumab, rituximab and trastuzumab), in terms of the precision, linearity and the detection
capability of degradation products. Capillary zone electrophoresis (CZE) showed the highest precision for peak areas and
migration times, and analysis could be completed within 10 min, which is much faster than in the cases of SDS-PAGE and
capillary gel electrophoresis (CGE). All the methods examined in this study gave a good linear relationship between sam-
ple concentration (sample dose) and band/peak area. As for detection capability of degradation products, good results
were obtained with CGE. However, pressure injection was found to be problematic; because of the difficulties of sample
injection into a capillary filled with a high-viscosity running buffer, as is often used in CGE, the variability of sample injec-
tion should be evaluated in advance. Furthermore, it is necessary to improve the sample preparation methods and the
estimation methods for molecular weight under non-reducing conditions. Therefore, further investigation is necessary to
develop and extend the versatility of testing methods for biological therapeutics.
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MEDNA T T2 /7 a0 —KiFOERIZEN, KT
v, BER, YA b hA v, fiE LERERT, Vo5
YR EDRABERRRIOMEIZITETERICRD, L
HEaN5 A ARESBEIIEMEZHK T TN 5. BRER
FRINA FBEEGZT K FICEBRIITINERT S L WD FHEt
Db &, FHUKETIE2HE, FEHERETLHE
BRBEN, BHAKRETE BRESNETES 2o
TWa, INHDONAFTERZOFTH, BFEHT%D
MEEZER L TS0 HEERERTHY, 1994 £
B 2008 i THER T 22 BEOMBEERSRTX
nNTHW3Y2, ZhiZidE/ 7 o—F VRSFRERDE
MEROD e BB OERVI A X (FEL, 414
DERDEBRIRINTNEG, ZOEIBNAFTER
mORBBETREL T, BLFEREEE LTSDSRY T2
V7 3 R NVERKIKE (Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; SDS-PAGE), &£B &F
R[KEEE, ¥+ 5 ) —BEKIKkEE (Capillary electro-

11

phoresis; CE), 7 3 /AR, RTFF<v EVIE,

= ABEERE R E D HKIK 3 BEF T ERARRE
V—=7 (PDG) £ L LTRY LTSN, ZORRIEA
FERISERERE L THBENTNDY. bR
BRIEVSEER, O —BAREL LTBEWNIZ, B

T BERRRE, HEMREBAREL L CHRHNERIM,

SEMEREFIFTHEYPESOLNRREE L TLY—
BHEYCER T3 X>5i1272%. —J, SDS-PAGE i3,
Bift, ICH Q4B T3 ER/FHT—BARED 3 WAL
KBIDZAONELE LTET BN, ZOFBIEEI E
HENTND.,

Lidi-T, BANCLERNICL AXERFTSEE
HICNBEN-RREO—FABRBEANOR VI ALIIEE
REETHAHY, FOBC—BRBECHNRTEHS
L, BEBRICEDTBLEL R EKODWTEEIZKBK
THLENRDS. -, BRTHROLEROLS, B

BEBRFICOVWTCHMEL T LEYXDHS. ZDhD,

BHBRII OV TORMHEEARERERRORM &
AWTERHL, 79 ZERLTE ZLRBHTEE
THa.

ZZTERRATE, BEXERFTSEBRIZNKEINT
V% SDS-PAGE R U CE ® 2 DDORBRIKIZDWT, BiZ

EFHENTWS Tocilizumab, Bevacizumab, Rituximab,
Trastuzumab @ 4 BEOHFEEER TR E L, RAE
EORBOENNEESZHOLNMNCT DAL EENEL
T T - 7=

RERTE

(- S

FEHITHIRMAI TH B Tocilizumab (53 FEH 148,000,
B8 : CrosHissNmOwSs, EH 1 CoinHssNszzOsr:S1s), Bev-
acizumab (5 F &4 149,000, B8 : CroeHisanNusOs:sSs,
B8 ComHansNasOesSis), Rituximab (53 F &5 144,500,
CerzaHos00N17000200684), Trastuzumab (4> F &4 148,000,
ﬁéﬁ CI,032H14603N27703SSSG. Eéﬁ . C2,192H3.387N583067ISIG) %}%
Wiz, BEBHIRREIC A TR CEYICERLUER
%, BRERRLABKFHEZRFERENTL G X
Nz, 2B 1ImL ZF/HE, S 3 BUA (BFATRE)
IZ5L OFEEKTENR (128, B0 R FEERL
TbDEBRE L. Z0MOREROCRKILERD S
WEHPLC 7 L—FDbHO%EFER L.

2. kK B

SDS-PAGE ({3 7' VE Xk B E (Mini Protean 3 cell)
BU/RT7—475 4 (POWER PAC 3000) 3tiZ Bio Rad
"HOBbDEHWCERE L Y VERIZZF v+ — (GT-
9300UF, EPSON &) # B\ THEE L, Image Master 2D
Platinum (GE ~VX7 7#®) Z#ANWTCT— 0B L.
CE {3 P/ACE™ MDQ & 7 Proteome Lab™ PA800 (3%
I~ Beckman Coulter 1) Z#EH L7~

3. BEFIE

3.1 SDS-PAGE

311 HEA

3111 IEETTHEM

FEEERL-4BONBERS 1 mg 2 E2NThKIZ
BRLU lmg/mL OKBWRE Uiz, Z0RBER 20 2L
IZ18ul ORISEEEMZ, KVFy 2 23 %9 —%H
WTESKERALE, BEKBTIC100MELE K
N E LT, 250 mmol/L bV 2 ER (pH6.8),
46% KV VB> F ) v A (SDS), 20% 7 )+ v
DEREZMER L. HoMEAsE 1% 7ot 7 /—
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V7 )v— (BPB) KEE® (QuL) #MXiz. RWTRIG
WL 1% BPB KBH% 9 : 1 DHBTRA LLATE
¥ T 003, 006, 013, 025KV 050mg/mL &7 &
SWEHER L. b oRMBRIEISWERNCGR LR
(14,000 rpm, 10 R U, ZOLEFE#% 10pL F 27 Vi
EA LT

3.1.1.2 BRRE

BESER L 4BORAERS 1 mg ZZNENKIZ
BEL 1mg/mL KBKE Uiz, Z OFBHER 20uL T,
RIGEHEE 2-ANVAT by /=) 2ME) %9:10D
HECERS L% 18uL iz, KVF v 7 23I+H
—FAWT X EMUKLE, BEABHFIC105HERL
. LMBIIIER A & FRRIC AR L b ozFARICH
AN

3113 BFEV-H—

4> F8B~ — % —13 Bio Rad ! Precision Plus Protein™
Unstained Standards & B\\/=. £4oFE~<—H—1d 250,
150, 100, 75, 50, 37, 25, 20, 15, 10kDa DFkHf))
aVEFVMEABE»BERINTEY, REBKE
B 10l T2 WIZEBA L.

3.1.2 RUPOUILP I RS ILOIER

RYFZIUNTIFRFVEOEE (TR YVERRE
(L) 7 b i 2T Ek s RERA 7 VERWE.
SEZVIDMREEBIRMOSTEICEDYE, R
TEMETIE 6%, BTHEMBETIR 10%E Lk, BIEI—F

*RE, H+ARXELIFERFPOSEFRSE SDS-
PAGE" IZ# L TfT - .

31.21 RS NVORE

BRRE GERTEMHTIE 6% BETEHTIE 10%)
D8 VR TRBT B7-%, Table 1 KEWEH D% £
— MV ISZATERMLE. ERSEH0CHRINT
— 2727 — ME (A& : 045um) THMBL7. B
FYEZT L (APS) RUUNN,N,N-FhIAF VT
F L v 7 3 v (TEMED) MR 5 S HEBEFRLE
LTBS L, APS BU' TEMED #inx TESE L&,
E L2 Bio Rad 8 Mini Protean 3 cell D% WA HE A7
52RO 48 mL ZEWVE. ZOED LI 0.1mL D
KEEFIT ¥ /) —VEBREEBRTI0 SEBELSVEE
&L

3.1.22 ERYILORE

DSBS VOBEESNET Ltk AREHWTKENT
g - VEBERVUERZ, Yo EHEK G0uL) T2HE
®E LT, WT, Table 1 IZREWVIBREY VORBIZH
ERERSEES L. B VORBRERRIC, &
Bt a—2 77— ME (FLZE : 045um) ZHWN
THHEMEH, BB LTHNWE APS R TEMED &
Bz 5 oEBETBRABIC L VBK L, APS XU TEMED
Mz CRALEE Bhit X VERBROSHES VE
PENE. BbiCH I av AEKEMABALRNX
3B S VEBIRPICE LA, BRTH 0 2RBE

Table 1 Preparation of Polyacrylamide Gels

Composition of solution

Volume of each solution (mL)

5mL 10 mL 15 mL 20 mL
Water 2.6 53 79 10.6
Acrylamide solution © 1 2 3 4
. 1.5 mol/L Tris solution (pH 8.8) ® 1.3 2.5 3.8 5
. 6% Acrylamide gel 100 &/L SDS @ 0.05 0.1 0.15 02
100 g/L APS @ 0.05 0.1 0.15 0.2
TEMED © 0.004 0.008 0.012 0.016
‘Water 19 4 59 79
Acrylamide solution ® 1.7 33 5 6.7
. 1.5 moV/L Tris solution (pH 8.8) ® 13 2.5 3.8 5
10% Acrylamide gel 100 g/L SDS © 0.05 0.1 0.15 02
100 g/L APS @ 0.05 0.1 0.15 0.2
TEMED © 0.002 0.004 0.006 0.008
‘Water 0.68 2.1 34 6.8
Acrylamide solution © 0.17 0.5 0.83 1.7
Concentrating gel 1.0 mol/L Tris solution (pH 6.8) © 0.13 0.38 0.63 1.25
100 g/L SDS @ 0.01 0.03 0.05 0.1
100 g/L APS @ 0.01 0.03 0.05 0.1
TEMED © 0.001 0.003 0.005 0.01

(8  Acrylamide solution: 30% acrylamide/bisacrylamide (29:1) solution
(b} 1.5 mol/L Tris solution (pH 8.8): 1.5 mmol/L Tris-hydrochloric acid buffer (pH 8.8)

(c) 100 g/L SDS: 100 g/L Sodium dodecyl sulfate solution
(d) 100 g/L APS: 100 g/L. Ammonium persulfate solution
(&) TEMED: N, N, N’, N'-Tetramethyl-ethylenediamine

(® 1.0 mol/L Tris solution (pH 6.8): 1.0 mmol/L Tris-hydrochloric acid buffer (pH 6.8)
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WS (i, HBUSY » S AR, v
SN LS S TR S IR T OfHEZ KT
E FLIATERWTCHEESGT 7 INTINEREL
. ZOB FVOBIFEETIZUNTIFAADRA
&, RBEAROTCZBEZ =T HEND D0, H
WEHREREZTAVWTERERELE. Z20%, k$HE
BB FTHEBRICER L

31.3 DFREG

PRENEREIR & LT 3.0% M) 2, 144% 27 ) v v, 1.0%
SDS KB % AV, KENMEER ZBEMIC 135 mL,
AN 250 mL HEE AN, #9925 BREIXKE L. w8
DOy 1 BKefElY 5 mA/gel THXEIL, EAL-FHE % iBHE
TIVATRME L. RV BES NV EDBES VDER%
WAL Z LR L%, HMERE 10 mA/gel IKE
FLiz. KENIRAKORERSY IV OMEBZ 2B
IRERI TR T L=

314 cAEBOFERUNRE

KEVEE B ICKEEB, 65 VIRETRDAL, KTY

IR F NV DOEE LT3, KBEEREEWTHEL .

ANRN—=FNVERWTREZ 2KROTZVIEDI L DR F%
BRONL, BESNVESEBIAVIOEVE L. S0
LIz BEr VEL IR FOFVENOEELTY v /37 =
TiZBL, 30mL OFEKE (0.2% Coomassie Brilliant
Blue R250, 40% A % /—JU, 10%BEEE) *iE X, #n
KRVEBELVBLZERT IKMREELE:. Z0%, L6
BEET, 40mL OFRER (40%2 5/ —, 10%HHE)
ZEE, ZRTEHOCRVET NS 1 BREE L.
1 B, BB ANEX, B30 oS VERE
L. ZO®B7 NVEKTHEERL, YVERERE L.

315 HBR

FRTEERUVBRTEEDENENIZONT, BER
BELTHFIVADRG2EIZ1IK, A IVEOKRETIZ 3K
DT NVEER L CERKB%ZT-7-. BEREIZ-O VT
SHOTZNVICS REDHABEZEAL CRREZEMR L /-

3.2 CE

SDS-PAGE & F#RiZ, FERTLRUVBTLEHICONT,
FrEZ )7 NVERKKENHE (CGE) L*¥+ET Y —
V—VBRXEE (CZE) o2 BEORBREIZ L VKRS
Llz. CGE i DWTHIERTRUETTEM & &I Beck-
man Coulter 4 [gG Purity/Heterogeneity Assay Kit
FHWE., CZEZOWTCRANMEZETCHEL -0
59 & -,

3.21 B

3.21.1 3EETTHRME, CGE

REZRLI-4BONBEER 2mg 2 FNFNKIC

ML 5 mg/mL QKBS L, FO—E (20 uL) 12 IgG
Purity/Heterogeneity Assay Kit £1/&® SDS # > 7 )Vig
R (100 mmolV/L ') 2-18#, pH9.0, 1% SDS &%)
& 75uLl, 250mmol/L 3— K7+ +r73I F&5uL, 10
kDa PEREEEERE Z 2uL Nz, RNVF v 72 ZIFH—
TRAWTXELSERLL. 2D, 14,000rpm T 1 9/
BEODBELI-HD%E 70CT 10 9MEABEREL, 349
LA BRc&R, 14,000 rpm CHEE 10 SBEOLHOE L%,
+#E 100l % CEICB W=,

3.21.2 =THM. CGE
BRTZRL-4ABONKREER 2mg 2 2TNFNKT
5mg/mL DBEHE Lz, ZOBEHW20pL i SDS 47
WABEH % 75 4L, 2-ME % 5uL, 10kDa NEFEEHEER
Z2uL Mz, ARNVTF v 7 A3FY—%HANWTELEM
U7, DIRIZIERTTEME & ABRIZ CE T Lz,

3213 3BBuTHRHE, CZE

REGLRE LI ABONGEEES | mg ZhZhukiz
B U Img/mL BREL, Z0 10pL 2 CZE ARIGE
% (250mmol/L + 1) 2358, pH6.8, 4.6% SDS &7H)
Z10puL nZ, RVT v 2 AIFH—2HNTLEM
Lo, ZhZEikiic 109/ L, K& 14,000 rpm
T EELSBEL-. ZDLEFE 0L %, KT2
ARUCIE ARBR TR L CERORRE I
A LHBBERE L.

3.21.4 JwHft CZE

RREZR L 4ABONGERES 1 mg #ZNEKIZ
BREL lmg/mL BWE Lis. ZOBERK 10l ic, CZER
RSB E9IuL, 22ME# Lyl Mz KV Fr v 7 A3 %
PRV TEIKEML, ERTEEFLRBFICMEL T
CEZft L7

3.22 DiREM

3.2.21 CGE

B RKE FHREEWRIZIE IgG Purity/Heterogeneity As-
say Kit fH/E D SDS 7 ViEE# (Beckman Coulter £
R 2 —2ELBEK T pH8.0, 0.2%0 SDS &%)
TRV, HMEEZ-15kV (REEAQHRE, BER
RHBE), DPBRE® 25C& L T 220 nm DA TR
IR ToHT L, BRI —5kV T 20 DHESHCE
AL ¥+ EF V-2 5LR3E%0K GEHEARRA
POBRHEBETOEX) 20cm, £% 30cm, I 50um
D7 2—IX RN hFr SN DT &
0.1 mmol/L Kt 7 b U 7 L KEE®K (70psi, 34,
0.1 mmol/L 3% (70psi, 14, & (70psi, 14D
DIETHMBEARGHUI X+ T ) —%%HEL, BAL
KIEETSDS ¥ VgEREZX + ¥ ) —-KETA
(T0psi, 1043 U THWICEWE
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3.2.22 CZE

CZE Ff2E#3 0.1% SDS % &7 25 mmol/L ) »Hi%
% (pH5.8) ZHAW=. ENMEEIX 25kV FREA
fL R, BERAZER), SHIRE 25°CT 200 nm O
LB T Lz, 3kHE 1 psi T 5 BEMNE
TARIEIEIVEALE. FrET)—FTLIEDE
40cm, £E50cm, AEESOum D7 a—XF¥)hF
PP —HEZANVRFIUNETBHLIEZFYES
— (FunCap CE TypeC, GL Sciences #) &R\ 7z,
ST E 1mol/L HafkF b)Y AKEEK (20 psi, 143
30 #RE), 7k (20psi, 149[E) DIETHIEEIC X VN
HEAKRBEIOF v ET ) —%BEL, BUIERERC
XV CZE BiE®R ¥t (20psi, 4 9R) L&y
HriZEER L.

RERIGR

1. SDS-PAGE

11 BE

0.25 mg/mL 2 FA% L - ARBEREZE V- 10l &
BAIIICT VIZEALTCESKE LizE 25, FEETT
&{ET Fig. 1-a, BITEMHT Fig. I'b KRTHERIVED
Ni-. EBTEETIE, FHLLTXTORRLH 150
kDa OB IgG XDV N E L X 2. £/, BT
&HTIE, #50kDa DABIZESH (He) BHRONYEF
2, ZFLTH 25kDa fHEICES (Le) ERD/NNYVER
BN Fim, INBHONY RESACEADE NN
vV REAEEIN. IgG, He R L @R/ FizD
WT, NV FEBRUCENBEE ZRD, ThEZNoOMH
WEEFZE (RSDE) ZEH Lz (Table 2). A—7
VEDZINBDONY FONY FEBRCHENBEE D
RSD f (n=6) 1% <42% KRV <15%THY, 7IVEIZ

175 RSDE (n=3) ¥ <151% K <3.9% THh- Iz

1.2 ERME

EBTROBTTAMLRT 003, 006, 013, 025KV
0.50 mg/mL @ Tocilizumab ## (10 xL/lane) %#ZN %
N3IKDT VIZEA LD LiziER% Fig. 2-a RU Fig.
2-b Iz77 3. Tocilizumab IZ ¥ T 5/N Y FDFHN v
FE#E h=3) #BEHL. YV \OREARICHLT
Foy hLiz& 25, Table 3ITRT &2 I RIFRERMR
# (R=>0.9966) 2BEINi-.

1.3 OB
EBTROBITTEHED SDS-PAGE DERLD, H&F
Ev—d—0HABEELY—I—TABBEDDFED

W EREL (logw Mr) A BIERL L7 RER % AW TRRHE
BRCBEINENAY FOSTFEEZEH L (Table 4).
BRERIS VELENTNER LIz DAV RE
BEERT 2K REBI~—V-—TABEDES TE
fITHTNIZ S FHEERH Nz, TDD, ERBD
THFEOERZTOLENDS. Fig. SIETHEET
T SDS-PAGE IZ K DIER LI-RER TH DA, ¥ —7
— 7= ABEBD loge Mr 23 2.0 Ll Lo TEREZ K -

TWAZ AR5 (B, Z0lzd, FFEEHRICE
REBE L — Y TREENZ2N\Y FOSFEREHNT
75 logio Mr 28 2.0 A F OEEORERZEAITNET
»B. FIZT, logoMr DEN 20U LD 2D Ty b

rRW-6ENT oy b (ER) EAVWTRERZIFR
Lz & = HHEBEREN 0.9615 225 0.9916 N HEEN,

BIFEEESERIN:. FRUCKRERZEALT
Tocilizumab, Bevacizumab, Rituximab, Trastuzumab
DEHEFRVBEICHEETINY FONFEEZEHLE
Z5, B—7VARFEHE @0=6), 7FIVEFE =3 &
+ 5 & He 2% 53~54kDa, Lc A%24~25kDa Th - /z.
BUE&HTRIgGDYANT 1 FEEFHRELTY X
V74 RigESERHE-EWHe & Lek/e-THEY, #5F
BEHEERIERELZFELWVEERRLE. —7, F
BILEMETIE, IV ETHREES W2 F& 250, 150, 10
0, 75 BV 50kDa D7 —# — - ABE TN TERERIF
BRIZEW, BEH U9 FE% Tocilizumab, Bevacizumab,
Rituximab, Trastuzumab ZNZNOERDTIFETDHD
148, 149, 145 R 1" 148kDa & & L= & Z 5, &KT
27kDa DE/EIE U TWBZ LRI NI

F7-, ERSUSCBEINZAY FONL D2,

FERL-AGERRE TR L TREIND LG
&7 -7-. Fig.4 ®Band 2, Band 4, Band 5 M 3D
D/NY FRU'Band 3, Band 7 D2 2DV FiE, £
ZFND1gG EOMABHENZIFIR L THHZ LMD,
W - =D FRABRERETER LMD FTHAHI L
BRBENT. 2, INBONY FRIETEHETIIE
BIXNEI-1END, gGFDY N7 1+ FREEGD—
AP L 1= FICHRT SRS RRE NI,

2. CGE

21 HBE

FE L 7= 0.25 mg/mL OFRRBEEEZNEN 3ET D
@R LA LR, FERTLMHTFig lc, Bk
#TC Fig. 1d CRTEENB LN, FERTEHTIEN
30 52 IgG HED K — 7 BBEI N, BLEHTIEN
15 312 Le 2%, #9920 92 He ¥ — 27 B EEI .
CGE TR IKBBERLE WVHEZFLIMEERIC X HR
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¥ P 1
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€. 7 Tocilizumab f.
a=26)

n=6}
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w
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g
E
g
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Fig.1 Analysis of Four Antibody Therapeutics for Precision
a) gel images of antibodies by SDS-PAGE at non-reducing conditions, b) analyzed by
SDS-PAGE at reducing conditions. c) electropherograms analyzed by CGE at non-reducing
conditions and d) CGE at reducing conditions. e) electropherograms analyzed by CZE
at non-reducing conditions and f) CZE at reducing condition.

Hc: heavy chain
Lc: light chain
2H: molecule of two heavy chains

2HIL: molecule of two heavy chains and one light chain

NGIgG: non-glycosylated IgG
NGHc: non-glycosylated Hc

KEEAXRETHH7-HDBIEAEICIORABZ+ v
ES)—HICEALTNWS., ZORHHHTE DFRRE
AEBNZELRRWENGKHS. % Z T 10kDa FIERELLE
FRAWCY—7EEE®ELCRSDEX*EH LD
%, SDS-PAGE TH LNy NEBERUHENBEE
D7 IVEIBELARED <I85% KTV <6.0%& W\ E
e 57z (Table 2).

22 Bl

Tocilizumab % 0.03, 0.06, 0.13, 0.25 & 7" 0.50 mg/mL
DEEIZHAIL, FBETIEEVELTZITWN, JE
BITE&MT T Fig. 2-¢ 7 U GRILEH T T Fig. 2-d IR
TRRENRB SN, Toclizumab HE ¥ — 7 EHE% 10
kDa HEERIZLEVBEL, TOREEZZRARE
ZRLTCTuy bLicE ZABoNEHRERITEVEE
¥R LR RERMEEZR LU (Table 3).

2.3 DR
CGE TREEZF¥—7 (gG, HcRULcpDE—7)

DI FEEERFOTES FARMA L LI-EEZ BN
D TREHEEFI- WIS FICHETHEEZION
HY—sBEIN: (Fig 1< kU'd). EBTELRET
X, BSEERFRWHESF (NGIgG), He XU Le, X
7z, 1gG B B8E 2 DN F (2H), 1gG » bR
Bl o0 oTF CHIL) IKHkTHEEXHNBE
—I7RBEIN. ZhbDE—2R3EVWERETHEL
KERERHICHEIND, F—2EBIZONTIZ<89.3
BEFEFIINTVERKREDP o2, 1B, LEOHREKE
ERIZOWT, NGIgG IZH¥%T 5 E— 27 DEIIKENR
i RSD (n=3) 1% <5.8%, fE®RDE—27EED RSD
(n=3) BR<157%THh-7=. FIZ, NGIgG D IgG izt
THEEGHEHL-ER% Table 51ZR7. Wiho
FABHZBWT D, NGIgG 3L S IgGiox LTH 2
~3UBEFELTWD I EEAENE o7 BRI,
BILEEHECEBVWTHEEREY -2 Hc AU LcDE—72)
DIz DhDE— BBEINK (Fig.1-d). HEH
% iz 72\ He (NGHe) 1349209 (RSD fE : <1.0%)
KEEXh, MIEY—27HEEDRSD EIZ<34.7%Th -
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. b. e i
Marker Tocilizumab (ug ) Marker " ;I‘ ocdlznm;b 7(1:_9,1 0
®Dm § 03 06 1325 s0 @w) | 03 06 1325 5
‘ — 50 M -
150 25 § b Le
C. A d. i A
l\}\ L N
~J N\ J A
25 30 33 13 20 25
Migration fime{min} Migration time (mnin)
e. f.
vtnommesp— o——t ———
e —_— A
,____J‘
T — e y————
0.2 4. 6 3 i 6 7.8 9
Migration tine (min} Migration Hie (min)

Fig.2 Analysis of Tocilizumab for Linearity
a) gel image of Tocilizmab by SDS-PAGE at non-reducing condition, b) analyzed
by SDS-PAGE at reducing condition. c) electropherogram analyzed by CGE at
non-reducing condition and d) CGE at reducing condition. e) electropherogram
analyzed by CZE at non-reducing condition and f) CZE at reducing condition.

Hc: heavy chain
Lc: light chain

(log;pMr)
25
B oy=.1.1938x+2.278
\-\ R= 0.9615
2.0 3

s 1y=-09514x+2119
R=0.9916

1.0

T

0.4

0 0.2 0.6 038 1 (Rf)

Fig.3 Comparison of Two Calibration Curves for SDS-
PAGE at Reducing Condition

The dotted line indicates the calibration curves using
all data, but the solid line was prepared with the data
obtained from two standard protein bands having low
molecular masses.
Rf: relative front
logiwMr: common logarithm of molecular weight

7z. NGHc & He & OFELERZHEH LI-& Z 5, NGHc
DEELRDRSD X <38.8% & 72V, FEBTTEAM CGE
EARRIZ NGHe DEEIZRETH 54, b+ D NGHe
DEEZERTHIEETERTHHZ LRSI

3. CZE

31 RE

FR L7z 0.25 mg/mL DEFHFHZ DWW TEVE LS
(n=6) %{T-l-kER% Fig.1-e GEBTSLHE) RV Fig.
1-f (B&H) WRT. FEBTEHETIIHN 6 912 IgG
HEDE—272, BRNEEHETIRHE6DICHcE Ll
— I B¥ZENTNEBEINE. CGERBRIZEhZhot
—JEBERVOERKEFREO RSDEXBEHL-EZ A
ZNTh <3.1%, <17% &Y, 3BEORBREFT
EbRIFREZRLE.

3.2 [EiRiE

Tocilizumab % 0.03, 0.06, 0.13, 0.25 % 7* 0.50 mg/mL
DOREICHEL, ZBEC O VWTIEEVRLDHL,
FERITTL&M T C Fig. 2-e I, BILS&MT T Fig. 21 IZR
TRERIE SNz, Tocilizumab B3k V¥ — 7 EEZ &R
FREICHLTSoy b LIzEZ 5, SDS-PAGE KU}
CGE At RIF R ER#MEZR L7z (Table 3).

3.3 TEDiE

FEETEM CZE TETHMERIET B 23T 2
o7z, BILEBHTIECGE R UL NGHc ¥ —2
NEZE XN, Tocilizumab, Bevacizumab, Rituximab,
Trastuzumab ZNZNIZDWT 6 EEVR LS LI
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Marker a b c d
(kDa) - Bad.1 s e a: Tocilizomab (2.5 pg)
- 5 b: Bevacizumab (2.5 pg)
250 ¢ ¢ Rituximab Q.35 g
‘ d: Trastuzumadb (2.5 pg)
150
100 ¢ and. 7
Band.6
Fig.4 Gel Images of Nonreducing SDS-PAGE
Table 4 Calculated Molecular Weight and Component Ratio in SDS-PAGE
Conitons Samgle Band Molecular weight Component ratio
Mw (kDa) RSD (%) Percentage RSD (%)
Non-reducing Intra gel  Tocilizumab IgG 167 0.2 100.0 0.0
(@=6) Band. 1 262 1.1 6.7 8.3
Band. 2 142 0.6 126 29.7
Bevacizumab IeG 175 0.8 100.0 0.0
Band. 3 160 1.2 8.5 9.6
Band. 4 146 0.6 8.7 17.2
Rituximab 1gG 166 0.4 100.0 0.0
Band. 5 155 0.5 53 179
Band. 6 139 0.4 5.0 274
Trastuzumab IgG 154 0.3 100.0 0.0
Band. 7 140 0.5 3.7 12.3
Inter gel  Tocilizumab IgG 158 1.6 100.0 0.0
(0=3) Band. 1 241 0.7 5.0 439
Band. 2 136 1.5 6.2 4.7
Bevacizumab IgG 159 2.1 100.0 0.0
Band. 3 146 1.8 55 173
Band. 4 137 1.8 53 6.3
Rituximab IgG 153 2.6 100.0 0.0
Band. 5 131 3.6 5.0 2.6
Band. 6 113 31 42 54
Trastuzumab 1gG 149 34 100.0 0.0
Band. 7 135 3.0 4.0 9.7
Reducing Intra gel ~ Tocilizumab Hc 53 0.5 - -
(0=6) Le 25 0.6 - -
Bevacizumab Hc 54 0.2 - -
Lc 25 0.8 - -
Rituximab He 53 0.6 - -
Lc 25 1.3 - -
Trastuzumab He 54 0.5 - -
Lc 25 0.8 - -
Inter gel  Tocilizumab Hc 53 0.3 - -
(n=3) Le 25 0.9 - .
Bevacizumab Hc 54 0.5 - -
Lc 25 0.8 - -
Rituximab He 54 0.5 - -
Lc 24 13 - -
Trastuzumab He 54 0.7 - -
Lc 25 0.9 - -

Mw: molecular weight, RSD: relative standard deviation

B NGHc DY —2713# 6% (RSD : <1.6%) IZBE 7=kt D NGHe DRESREA He KAt 3 2 LR %
xni- (Fig.1-0). F7, NGHc D ¥— 7 EE®D RSD & Table 5 DEHICEHLI-EZ D, FERERIZNTNH
1 Tocilizumab, Bevacizumab, Rituximab, Trastuzumab 3.1%, 4.0%, 2.9%, 3.2%& 72V, RSD EIXZNZN 2.5
ZFNEFNT4.0%, 4.1%, 116%BRV65%ThH-o7z. % %, 4.0%, 12.0%K105.2%& 7% -7z (Table 5).
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Table 5 Component Ratio of Non-glycosylated IgG and Non-glycosylated Heavy Chain

Percentage of NGIgG/IgG or NGHc/He

Testing methods Conditions

Tocilizumab Bevacizumab Rituximab Trastuzumab
CGE (0=3) Non-reducing 2.2 (RSD: 8.2%) 3.3 (RSD: 2.0%) 2.5 (RSD: 6.7%) 3.1 (RSD: 1.6%)
Reducing 0.6 (RSD: 38.8%) 3.1 (RSD: 13.6%) 0.87 (RSD: 4.1%) 1.0 (RSD: 11.7%)
CZE (n=6) Non-reducing - - - -
Reducing 3.1 (RSD: 2.5%) 4.0 (RSD: 4.0%) 2.9 (RSD: 12.0%) 3.2 (RSD: 5.2%)

CGE: capillary gel electrophoresis, CZE: capillary zone electrophoresis, He: heavy chain, NGIgG: non-glycosylated IgG NGHc: non-glycosylated He

B

FHMETHRF L HEXERFSEBRICNBE I L TH
% SDS-PAGE, # v Y5 ) —E&Kik#ik (CGE, CZE)
{22\ T Table 6 i 83 L7,

BEC DWW CZE X ERKBBRHR Y — 7 EHE
DEBBIZODNWTLREROFHERETRL, BHRMEOS WS
WHETHBZEMRENSE. T4 208y P EENT
"SEwEAT B SDS-PAGE RESWICRE Y EAT S
CGE L &4V, CIE TRMERIIVAMEZBATE
Sk, RIE—EROBEESENRTHNS, Fi-,
SDS-PAGE iZHBW T, B—¥NVARIZEXTHS VET
NYFEBONT Y FR/KRELL k7208 chidy v
FEECLIOERLTRRIZBVWTNWAZ EAAXLE
B EXTWAEEZONDZ LD, TROY VEE
R332 L&D IVREONT Y F%ME 52 &0
Eha.

AEHEABEBONEZ VAR VI EDEBREIZONT
iX SDS-PAGE, CGE R CZE O\vihd SWEEESK
(>09%) #&Ex7-. ZDZE»D, SERELERE
BREVRBREERTNIE, 003~050mg/mL DA
HEREEARDDIIEHNTES., Ll BESHEAE
ZHAWS CGE T, BVWEREZE IS FALVEL
FrESV-AIEAINTLUETEEESEZ OGN D
7=, BERRHOREDFELRE ERICKIRTE 2
BNDHDEY Z b, BENFHEZT D 2HIZIREA
EORECLRE DWW IR RSB LETH 5.
—7, SDS-PAGE iZ oW TRERE 7 ViZBEAT HE

ROFEETHHI LR, RERVHEROSBOEL,

BRI ARERBEORER I ABENKEL ST
EMNEZBNDS. LA ->T, ThHDERTHRT
ESXDLHBEOSWRRETEET ILENDHD.
FAEERBEROTHY S FORBIZOW L,
¥ 72 NGIgG ®° NGHe, #its9F OB A1t F T
H52H 2HIL #RHT&E 35 CGE X R IENTH S
EEZBNDD, BRTIIERT 3 IKEEE R SR
THH-HBINLRANEAETANS %8k, £
Dl=oFH Uiz X 5 i T tid e ERVFMi% CGE TX

BT ABRICIIERTALERDHD. ZTOAICONTIE,
FEEOVENWTAMWIZ T TRLFEEEDS WV IgG T
HoTHE—HEBEONS Y XMRRKRT 185U EAZH
SIZENBLWELITHD. ZhETIZ, ¥ 775X
DES [gG ¥ AMERIZHNDZET, ¥Y—/EBOE
BMLAREBEINAZENFEINTVE”. ZORTI,
Boni G, DE— 7 HREXNREETH S IgG
DE—2HEBEETHET 52 & T, REEBRS ASEE
Ll 2 BN —rEEOBERKE (7.5~9.3%)
Z1SULTIETHETAIEIIRTILTED, R
THRREENRROMREICEL VBT E X A7 &0
PohieXNTWD, CZE TEBETEGTOLEMEY
Bl FROBRENTETSHY, FERETEETIIE
BHERL WS TFERETE o, ZhiIFERALE
FrES)-DBIBERI/BDTRKENT &, Fi-
SDS-PAGE ® CGE D & 5 a3 F 52 W E* DEERE
ZHRALTW WD FED R BESHERTZ T
WZEIRERTAEEZDBDNDD, 418, CIEXER
HRIN, TP — 2 OSEEREATTEI ks
TRUBTEUHELHIIENWTHERRRREE 5T
fEEEE LT3, —%, SDS-PAGE BT #MMsF%
TP ECBRBTEZRSEFLTWAESY, YIVETOHE
EXFRREBTOEENKENEEZDND. TNE#
BRI D8, RHBREFRU -BEBEREER—O7 IV
FCHELTEBONENY FEREZRET AR OTE
BBLELIRDR, CRVEEENTHY, BEMARRL
~OFIASEE LWEEZBNS.

i, SEAVWEIBEORREICET 2RASEE
bW O BELRERS T, EBTLEETIIRN
FIEENIABBEDDTEXERIZRDENIZNA
Thd. AWFETH, SDS-PAGE IHWT IgG DT
ENERAEEERES OB TRA27kDa H OBREE T
LU, EHEFEREICERAE L R2EEL1RGNI-.
ZhiE, FBAEKGE TR -ABBNEREEYR 1%
ETHYD SDS kL & - TELIZBERI NIz, SDS
E—EDOHEEHK (14g SDS/1 g 7-AHEY) THESLE
WZEIZERLTWSY, 20, RE~v—h—71A
HEELDOHET SDS \D/BEFEMBIZENRETL, Zh
FRTEMETONFESWEZREZ LTINS, H5—&
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i, EBRTEGORKMBREAR T B, REEHA
FIEENTHROWTHIPER L TLESBNL DS
HTH3. TNETE, IgGFDI2NV7 4 NERE,
BIOEENBRPTCHAELS VAo FA—VvEE
FlciaP AN T « FREBEHBRT 52 M HHHEX
NTNWD™? InZzE#ETHHIC, ABBERD pH
FBERICHEROZEY, FI-FTRMNTPINRED
TNVEMEBERM L TF I - NVEERETLIZEY 2
EHREINTWS. LrLads, F4—NVENRDX
N7 4 FEEZHRTARGOERER, THFRIVERE
FVLEL, BREOTNVFVEFZRAVWEELTHR
IERECHEHT A EEEETHD. LT, K
W38 T SDS-PAGE, CGE, XU CZE A ORKIFBRRZ
BRI THRER L T BTN E X B, KROR

AR O & AR U 7T & 2 KB TE Tz,

4%, PR ERSCERL, MR b2 FOREER
NRIZEZ SN EFRMAMEORRILETHS.
S ET 2EMoBEA»r b RN SE#E L3
BRORBEDD D, CZER 10 9UATHOWMERTT
B ENTRETHSH. —F, SDS-PAGE OF41E 300 4
BE, ZUTCGE TE60pBEFNELINS. Lk
MRoT, CZE X HTREOBEA»r bRLENTNWEZ &
BREN 7272 L, SDS-PAGE 37V EIZEREHE
ATBZENTE, B/ NVEEEKE W CRERICRR
TEHRFEHETS.

ZDXIEEBREFINETNRE L 2B EEEFLT
B0, BBEETE FABREXETNZhoOBEBKR >R
BLHRETZBRIRTAZIENNETHS. -, BHAOD
BEERICCRIN SDS-PAGERUF + S5 ) —B
[EKEEONBEZZDE E—RABRENBTLTHH
%, SDS-PAGE B L T 3 R 77 ERAFK%Z H KRk
FHEHLUBBZITANI EW BB L TEEE b X
D RERN BB WEEXLNS. UL, BxD
RBOREIZH- > TOENTNOHECRA, Eilidy
BEAREEZSWTR, TBERERAEMER] 2L
HUREBRTOILENDHDIZENHLN kT
iz, EEr>RELEREIMNOLDICD, 4%
INnb03IBHEORREORA LR >TAKOEN
RO RDENS.

W

FHETE, 4BEOTRACERSZEHHELT
SDS-PAGE BT CE ##i&1T\y, ZNETNORBREOH

ORI BITABESRTHLNMNI L, BERUFTE
R DWTIL CZE BRROBRE 52, ERMEICE
LT 3BEOARELARIFeERE 547, CGEX
THAICB N TE—BRE D S 2F N HBRET
HEN, FREAETETHRTCZLI0MROBENHET
HHZEBEENE I ST —F, ERITEHIIBITS
AR RO TFESTICET 2EERLHLAIC -
7o, FERTEMGEORBRTIE, RBFARCBERT 2Ty
PEBELEBNWZ E, Fiz, 2TESTCERTLII—F
—HEHRLDTHAI 2 HOI UHRFLTHEL L
ErbHD SEORHOBER BRiTOSEBRICERS
N7z SDS-PAGE RU'¥ + ¥7 ) —BERKBEOHEF
ZFDFEEF—RAREABITL T HFS, SDS-PAGE
B L C 3/ HERTNREZ B XKBRE R LRI Z T
ANBENIHEIZELTHRE 5 XD RERRRIE
BianweExonlk 2086, ERREIFO>TNE
NORBEEEDIZ, HETREZHELNWLOrEL,ER
sfe. BiZ, RBREWIZHI > TOFMIEMNEES
HPELIPIZ L. INBOARERE X, N FTEESR
DD X VRAEOEWRBRELZBETL-DICER
BRETERIT TN LENDH B,

X 73
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Time-Dependent Changes of Oxytocin Using '"H-NMR Coupled with
Multivariate Analysis: a New Approach for Quality Evaluation of
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A new method that combines "TH-NMR and principal component analysis (PCA) was employed to obtain the
quality evaluation of biopharmaceuticals, with regard to their quality, consistency, and differences in protein
modification patterns. To assess the feasibility of the method, three "H-NMR spectra of oxytocin (OXT) were col-
lected every 7 d (at Day 0, 7 and 14), and time-dependent changes in the spectra were found by PCA of the 'H-
NMR signals from 0.5—9.0 ppm, excluding the region around the water signal (4.6—5.0 ppm). Although the
three OXT spectra seemed similar by simple visual inspection, time-dependent differences among the three spec-
tra were clearly distinguished by a PCA scores plot. Peak changes indicating both OXT decomposition and the
emergence of new OXT decomposition products within the timeframe of the experiment were also observed by a
PCA loading plot. The results demonstrate that this method can evaluate the consistency of biopharmaceutical

quality.

Key words quality evaluation; biologic drug; principal component analysis; 'H-NMR; oxytocin

The biotechnology industry has grown significantly in the
past decade and continues to grow at a rapid rate. Biophar-
maceuticals such as oxytocin (OXT), insulin, and somatropin
are large, complex molecules that are receiving increased at-
tention as therapeutics in humans, particularly since this
class of molecules can potentially exert pharmacological ef-
fects that are unattainable by synthetic chemical products.
However, while biologics show great potential value in medi-
cine, many technical hurdles must be overcome before such
treatments are made practical. In particular, since biologic
drugs are typically derived from living sources such as mi-
croorganisms, plants, or human or animal cells, the produc-
tion and use of such material introduces certain hazards that
are not presented by small molecule drugs manufactured
through chemical synthesis.” In addition, to fully understand
the mechanism of action of a protein/peptide drug, not only
the primary amino acid sequence but also the folding, post-
translational processing, and multimerization properties of
the biologic within the cell must be considered. Moreover,
different cell types or cell growth conditions may yield dif-
ferent protein modification patterns, as well as different im-
purities, into the desired product.>® Therefore, all of these
complications may potentiaily influence the intended phar-
macological effect of biologic drugs. With respect to safety
and efficacy concerns surrounding biologics, the consistency
of biologics between production lots, including maintenance
of tight quality control specifications, is an important consid-
eration for manufacturing biologic drugs.

To date, many analysis methods, such as sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),*”
capillary electrophoresis (CE),” mass spectrometry (MS),
tandem MS (MS/MS),” liquid chromatography-mass spec-
trometry (LC-MS), high-performance liquid chromatography
(HPLC)? and nuclear magnetic resonance (NMR), are em-
ployed to evaluate physicochemical characteristics and pu-
rity, and thus determine the quality of biopharmaceuti-
cals.>**'% However, characterizing the full complexity of bi-

* To whom correspondence should be addressed.

e-mail: ako-ohno@nihs.go.jp

ologics by present examination methods is still currently dif-
ficult. Therefore, new analytical techniques that provide more
detailed evaluation of biologic quality are necessary. Among
the various analytical techniques, we focused on NMR profil-
ing as the most suitable tool for rigorous quality evaluation
because this approach can provide structural information on
all compounds contained in product lots, and can distinguish
structural differences. Principal component analysis (PCA) is
often useful for profiling and classifying sample groups, and
to characterize the most effective valuables in separation
compounds.'? Therefore, small differences in product
quality, e.g. a structural change or the appearance of a de-
composition product, are thought to be appropriately evalu-
ated by the combination of PCA using multivariate statistics
and '"H-NMR.

Herein, we demonstrate that '"H-NMR spectroscopy cou-
pled with PCA can provide a molecular fingerprint to pre-
cisely characterize a specific protein/peptide, using the deter-
mination of time-dependent changes of OXT as an example
of this method. The resuits suggest that this new methodol-
ogy can be useful for the quality evaluation of a manufac-
tured protein/peptide biologic drug.

Experimental

Chemicals and Reagents Al reagents used for '"H-NMR experiments
were purchased from Wako Chemicals, were of analytical grade (purity
>99%), and were used without further purification. Deuterium oxide (D,0,
isotopic purity 99.9%) containing 0.75% 3-(trimethylsilyl)propionic-2,2,3,3-
d, acid, sodium salt (TSP) was purchased from Aldrich (St. Louis, MO,
U.S.A.). TSP was used as an internal standard at a chemical shift (8) of
0.0ppm for 'H-NMR measurements.

Sample Preparation and 'H-NMR Spectroscopic Analysis OXT
(5 mg) was dissolved in 60 ul of D,O containing 0.75% TSP, 30 ul of 0.2M
phosphate buffer (pH 6.2), and 510 ul of ultrapure water to produce a 600 1
solution for NMR measurements. The sample was introduced into an NMR
test tube, and nuclear Overhauser effect spectroscopy ("H-NOESY) spectra
were recorded every 7d at 25 °C using a Varian 600 MHz NMR spectrome-
ter equipped with a coldprobe. Thirty-two free induction decays (FIDs) with
77K data points per FID were collected using a spectral width of 9615.4 Hz,
an acquisition time of 4.00's, and a total pulse recycle delay of 2.02s. The
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water resonance was suppressed using by presaturation during the first incre-
ment of the NOESY pulse sequence, with irradiation occurring during the
2.0s relaxation delay and also during the 100ms mixing time. Prior to
Fourier transformation (FT), the FIDs were zero-filled to 128 K and an expo-
nential line broadening factor of 0.5 Hz was applied.!*'>> All peak intensity
values (in arbitrary units) were expressed as the means of three separate ex-
periments (n=3). Following each spectrum acquisition, the sample was
stored at 4 °C and protected from light.

NMR Data Reduction and Preprocessing All '"H-NMR spectra were
phased and baseline corrected by Chenomx NMR Suite 5.0 software, profes-
sional edition (Chenomx Inc., Canada). Each '"H-NMR spectrum was subdi-
vided into regions having an equal bin size of 0.04 ppm over a chemical shift
range of 0.5—9.0 ppm {excluding the region around the water signal; 4.6—
5.0 ppm), and the regions within each bin were integrated. The integrated in-
tensities were then normalized to the total spectra area, and the data was
converted from the Chenomx software format into Microsoft Excel format
(*. xIs). The resultant data sets were then imported into SIMCA-P version
12.0 (Umetrics AB, Ume4, Sweden) for multivariate statistical analysis.

Muitivariate Data Analysis PCA was performed to examine the intrin-
sic variation in the data set,'*'> The quality of the models was described by
R’ and Q? parameters, which indicate the proportion of variance in the data
explained by models and goodness of fit. R%x represents the goodness of fit
of the PCA model, and (? reveals the predictability of the PCA model.'®

Results and Discussion

'H-NMR spectra of OXT obtained at Days 0, 7 and 14 are
shown in Fig. 1. While a simple visual inspection suggests
that the analysis of a qualitative and quantitative changes
might be difficult in three spectra, real spectral differences
may be detected if changes can be represented as points in a
multidimensional space and examined using PCA. As such,
PCA of each OXT spectrum was performed. As a result, dis-
tinct differences among the three 'H-NMR spectra were read-
ily detected by both the scores of principal component 1
(PC1) and principal component 2 (PC2), and can be clearly
depicted as three separate points as shown in Fig. 2. The
PCA modeling revealed R and Q? values of 0.80 and 0.49
for PC1, indicating 80% of variance and 49% predictability
in the multidimensional space, respectively (Fig. 2). On the
other hand, PC2 was explained with a low contribution ratio
of 20%. This result suggests a high contribution rate for PC1,
indicating that each of the two spectra collected at 7 and 14d
are considerably different from the spectrum collected at Day
0. The differences of the data points on PC1 likely reflect the
progress of time-dependent changes of the OXT sample.

The loading plot of all 'H-NMR signals evaluated is

0 day

Lak o M.l Aﬂr)l .AﬂL
7 days

Lt o iy %AAMLMMA
14 days

Ll u“,i ki bl p s

ppm 8.0 7.0 6.0 50 4.0 3.0 20 1.0 00

Fig. 1. 'H-NMR Spectra of OXT in 10 mum Phosphate Buffer (pH 6.2) at
25°C, Collected Every 7d
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shown in Fig. 3. This loading plot reveals the contributions
of particular variables (integral regions, in this study) to-
wards either an increase or a decrease in integrated intensi-
ties over time. In this case, each variable represents a peak at
a particular chemical shift in the '"H-NMR spectral region
shown in Fig. 1. From the score and loading plots, the com-
ponents responsible for increasing or decreasing time-de-
pendent changes can be identified. In addition, the variables
at the chemical shifts associated with the largest changes in
integrated intensity can be found farther away (to either the
left or to the right) from the center of the PC1 coordinate
axis.

Eight variables showing typical fluctuations in Fig. 3 were
identified, and time-dependent changes of the integrated in-
tensities associated with these variables are shown in Fig. 4.
The tendency of the intensity of each of these variables to ei-
ther increase or decrease is evident, and suggests the forma-
tion of new degradation products (Fig. 4A) or the decompo-
sition of the original OXT sample (Fig. 4B).

An increase of the negative value along the PC1 axis in
Fig. 3 of four variables (5 0.82, 2.34, 6.82 and 7.06 ppm) is
associated with larger increases in integrated intensity over
time (Fig. 4A), and an increase of the positive value along
the PC1 axis in Fig. 3 of four variables (§ 0.90, 7.22, 2.06

2.0
1.0
14 days Oday
S 00 A L
o .
4 7 days
1.0
20 T U
-1.0 05 0.0 0.5 1.0
PC1
Fig. 2. The PCA Scores Plot Derived from the '"H-NMR Spectra Data of
OXT
0.4+

46.86

4094
348 433 4402

409

PC1

Fig. 3. The PCA Loading Plot Derived from the '"H-NMR Spectra Data of
OXT

The variables are shown in chemical shifts, ppm.
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Fig. 4. Time-Dependent Changes in the OXT JH-NMR Spectrum Showing the Formation of New Decomposition Products (A) and the Decomposition of

OXT (B)

and 4.14ppm) is associated with larger decreases in inte-
grated intensity over time (Fig. 4B). In addition, while the
time-dependent increases in intensity for each variable in
Fig. 4A are surmised to be due to new peaks from OXT de-
composition products of OXT, identifying individual peaks
in Fig. 1 associated with these decomposition products is dif-
ficult, as these peaks are minor signals. The peaks correspond-
ing to these particular variables were too small to analyze
further. On the other hand, peaks for each variable in Fig. 4B
could be identified: the variable at 0.90 ppm was attributed to
both the §H (8 0.88) and y'H (& 0.89) of lle and to the §'H
(8 0.90) of Leu; the variable at 7.22 ppm to the 2', 6'H (é
7.22) of Tyr; the variable at 2.06 ppm to the yH (6 2.05) of
Pro and to the SH (& 2.08) of Gln; and the variable at
4.14ppm to the aH (8 4.14) of Gln and to the aH (6 4.16)
of lle. Therefore, some amino acids for each variable in Fig.
4B are inferred to be associated with OXT decomposition,
although proposing a specific decomposition mechanism for
OXT is difficult owing to the complexity of protein/peptide
systems.

Recently biotechnology-derived drugs for medical treat-
ment are increasingly receiving attention, but many problems
associated with the quality, efficacy, and safety of biologics
persist. Almost all biologics are designed to mimic human
proteins to better predict pharmacological effects, and are
thus produced from recombinant or non-recombinant cell-
culture expression systems. Preserving the consistency of
these complex products during the production is important,
as well as reducing or eliminating molecular heterogeneity
and higher-order structural aggregates. In addition, since raw
materials derived from animals or humans may be used dur-
ing production,” consideration of possible viral contamina-
tion is also crucial. To date, the quality of manufactured bio-
logics is evaluated by measuring biological activity of the bi-
ologics, rather than through analysis of physicochemical in-
formation. In fact, the product complexity and purity for
quality control of biologics are quite difficult to evaluate by
current physicochemical methodologies, such as SDS-PAGE,
CE, MS, and HPLC .2 1?

As a new approach for assessing the quality of biopharma-
ceuticals, we examined a method to distinguish time-depend-

ent changes of OXT 'H-NMR spectra by introducing PCA of
NMR signals. We initially found that simple visual inspec-
tion was insufficient to distinguish whether the three 'H-
NMR spectra of OXT, gathered every 7d for 14 d, showed
time-dependent changes. However, the PCA scores plot of
these same spectra clearly revealed time-dependent changes.
In addition, peak changes associated with both new decom-
position products and the decomposition of OXT were also
observed by the PCA loading plot. Therefore, a combination
of '"H-NMR and PCA techniques can provide a molecular
fingerprint capable of precisely identifying a protein/peptide
biologic, and can represent a powerful new approach for as-
sessing the quality of protein/peptide biologic drugs. The
study concerning the feasibility and the limitation of this
method in terms of the molecular size is currently under way.
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ABSTRACT: The purpose of this study was to elucidate the effect of solute miscibility in frozen
solutions on their micro- and macroscopic structural integrity during freeze-drying. Thermal
analysis of frozen solutions containing poly(vinylpyrrolidone) (PVP) and dextran showed single
or multiple thermal transitions (T: glass transition temperature of maximally freeze-concen-
trated solutes) depending on then' composition, which indicated varied miscibility of the
concentrated noncrystalline polymers. Freeze-drying of the miscible solute systems (e.g.,
PVP 10,000 and dextran 1060, single T7) induced physical collapse during primary drying
above the transition temperatures (>T’) Phase-separating PVP 29,000 and dextran 35,000
mixtures (two Ts) maintained their cyhndnca.l structure following freeze-drying below both of
the Ts (<—24°C). Primary drying of the dextran-rich systems at temperatures between the two
T's ( 20 to —14°C) resulted in microscopically disordered “microcollapsed” cake-structure
solids. Freeze-drying microscopy (FDM) analysis of the microcollapsing polymer system showed
locally disordered solid region at temperatures between the collapse onset (T.;) and severe
structural change (7.2). The rigid dextran-rich matrix phase should allow microscopic structural
change of the higher fluidity PVP-rich phase without loss of the macroscopic cake structure at
the temperature range. The results indicated the relevance of physical characterization and
process control for appropriate freeze-drying of multicomponent formulations. © 2010 Wiley-Liss,
Inc. and the American Pharmacists Association J Pharm Sci 99:4710-4719, 2010

Keywords: freeze-drying/lyophilization; formulation; thermal analysis; calorimetry (DSC);

amorphous; glass transition

INTRODUCTION

Increased clinical relevance of various parenteral
biopharmaceuticals and drug delivery system for-
mulations emphasize the advantage of freeze-drying
for ensuring long-term stability due to reduced
molecular mobility.’™ The freeze-drying, however,
exposes the compounds to freezing and dehydration
stresses that often damage their higher order
structure, which is essential for the biological activity
and other pharmaceutical functions. Optimizing the
excipient compositions (e.g., stabilizer, pH-adjusting
salt, tonicity modifier) and process parameters for the
particular active ingredients or delivery system are
inevitable to achieve desirable formulation quality
and an efficient drying cycle.>” Controlling the
shelf temperature and chamber pressure during the
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primary drying segment for ice sublimation is of
particular importance because of its energy-intensive
nature and the large effects on the physical (e.g., solid
structure, residual water content, component crystal-
linity) and functional (e.g., protein activity, drug
delivery) properties of the formulations.?™

The rationale for the freeze-drying process optimi-
zation has been established primarily for low-
molecular-weight pharmaceutically active ingredi-
ents and mixtures of the APIs with excipients (e.g.,
antibiotics and tonicity modifier).5%!2 Freezing of
aqueous solutions concentrates solutes into the
nonice-phase until high viscosity of the supercooled
solution (70-80%, w/w) Kkinetically prevents further
ice growth. Each solute has a different propensity to
crystallize or remain amorphous in the freeze con-
centrate. A higher product temperature during
the primary drying usually allows faster ice sub-
limation;'? however, a significant increase in the
mobility of hydrated molecules above certain highest
allowable product temperatures often alters the
structure of solute systems in the process (meltback

@ WILEY
_InterScience*

., £
X DISCOVER SOMETHING GREAT




EFFECT OF SOLUTE MISCIBILITY IN FROZEN SOLUTIONS 4711

and collapse).®'? Primary drying of the crystallizing
(e.g., NaCl, mannitol, poly(ethylene glycol) (PEG))
and noncrystallizing (e.g., saccharides) single-solute
frozen solutions is performed at product tempera-
tures slightly lower than their eutectic crystal
melting temperature (T,,) and collapse temperature
(T,), respectively, to satisfy reasonable ice sublima-
tion speed and to avoid pharmaceutically unaccep-
table changes (e.g., inelegant appearance, higher
residual water, reduced dissolution rate). Recent
improvements in freeze-drying microscopy (FDM)
have enabled collapse temperature measurements to
be carried out in a reasonable operation time.'?"!6
The glass transition temperature of maximally
freeze-concentrated solutes (T",) obtained by thermal
analysis is often used as a surrogate of the T',. Various
solute combinations (e.g., oligosaccharides) miscible
in a freeze-concentrated nonice-phase show single T,
which is necessary for determining the primary
drying temperatures.’”

Setting appropriate freeze-drying process para-
meters for frozen solutions and/or suspensions con-
taining heterogeneous freeze-concentrated phases is
often more challenging because the varied physical
properties (e.g., crystallinity, viscosity) of the indivi-
dual phases have profound impacts on the occurrence
of collapse phenomena. Some polymers (e.g., large
poly(vinyl pyrrolidone) (PVP) and dextran) that are
miscible in their lower concentration aqueous solu-
tions separate into multiple freeze-concentrated
phases predominant in one of the polymers, showing
different transitions (77 s) for the individual phases in
the thermal analysis.’® 22 Thermodynamically unfa-
vorable interactions between the polymer molecules
that cause aqueous two-layer formation in their
higher concentration solutions, as well as the excess
concentrations caused by ice growth, induce the
multiple freeze-concentrated phases.®*32* The poly-
mer miscibilities also depend on various factors
including monomer structure, molecular size, con-
centration ratio, and cosolute compositions. A variety
of polymer combinations, including some proteins and
polysaccharides, are considered to be immiscible in
their frozen solutions.?*2" Crystallization of some
component solutes also induces the heterogeneous
concentrated phases in a frozen solution.?® Colyophi-
lization of a crystallizing (e.g., glycine, mannitol) and
a noncrystallizing (e.g., sucrose) solutes above T", of
the amorphous phase results in microcollapsed cake-
structure solids consisting of a crystalline matrix and
a locally disordered amorphous phase that protects
embedded proteins from dehydration stress.?® Var-
ious suspension formulations containing particles
and/or molecular assemblies (e.g., drug delivery
system carrier, microorganisms) should form concen-
trated medium and particle phases surrounding ice
crystals. Inclusion of some solutes into small ice
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crystal also induces microscopic component and
physical state heterogeneity in a frozen aqueous
solution.?®

The purpose of this study was to elucidate the
relationship between the miscibility of amorphous
solutes in frozen solutions and their structural
integrity during primary drying. The individual
concentrated solute mixture and their unmixed phases
in a frozen solution should possess different viscosities
dependent on both composition and temperature. The
effects of the varied physical properties on the micro-
and macroscopic structural integrity during primary
drying remain to be elucidated. Some observations
regarding unusual collapse phenomena during lyo-
philization of microorganism suspensions indicate
the requirement for a strategic approach in setting
the process parameters based on the physical proper-
ties.%® Varied molecular weights of PVP and dextran
were used as model systems that show different
miscibilities in frozen solutions. Methods for char-
acterizing the multiphase frozen solutions and their
application to formulation and process optimization
are discussed herein.

MATERIALS AND METHODS

Materials

Chemicals used in this study were purchased from
Wako Pure Chemical Co. (NaSCN and dehydrated
methanol, Osaka, Japan), Sigma-Aldrich Chemical
Co. (PVP 29,000, PVP 10,000, dextran 35,000, aver-
age molecular weights, St. Louis, MO), and Serva
Electrophoresis GmbH (dextran 1060, Heidelberg,
Germany).

Thermal Analysis

Thermal analysis of frozen solutions was conducted
using a differential scanning calorimeter (DSC Q-10,
TA Instruments, New Castle, DE) with Universal
Analysis 2000 software (TA Instruments). An aliquot
(10 pL) of agueous solution in an aluminum cell was
cooled to —70°C at 10°C/min and then scanned at 5°C/
min. The T|, was determined from the maximum
inflection point of the discontinuities in the heat flow
curves.

Freeze-Drying Microscopy

We observed the behavior of frozen aqueous polymer
solutions under vacuum using a freeze-drying micro-
scope system (Lyostat 2, Biopharma Technology Lid,
Winchester, UK) with an optical microscope (Model
BX51, Olympus Co., Tokyo, Japan). The sample
temperature sensor was calibrated using the melting
temperatures of ice, naphthalene crystal, and eutectic
Na(Cl crystal as standards. Aqueous solutions (2 pL)
sandwiched between cover slips (70 pm apart) were
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frozen at —30°C and then maintained at that
temperature for 5min. Each sample was heated
under a vacuum (0.097Torr) at 5°C/min to a
temperature approximately 5°C below its T, and
then scanned at 0.5°C/min. The observation ﬁeﬁd was
moved during the scan to follow the ice sublimation
front. Collapse onset temperature (T, T.1) of the
frozen solution was determined from the appearance
of translueent dots behind the ice sublimation inter-
face (n = 3). The initial temperature of severe collapse
growth observed in some phase-separating polymer
systems was temporarily termed the second collapse
temperature (T;z).

Freeze-Drying

A freeze-drier (Freezone-6, Labconco, Kansas City,
MO) equipped with temperature-controlling trays
was used for lyophilization. Aquecus solutions
(800 pL) containing the solutes in flat-bottomed
‘borosilicate glass vials (13-mm diameter, SVF-3,
Nichiden-rika Glass Co., Kobe, Japan) were placed
on the freeze-drier shelves at room temperature.
The shelves were cooled to —32°C at 0.5°C/min and
then maintained at that temperature for 2 h to freeze
the aqueous solutions. The shelves were maintained
at —32°C for an additional 2h or heated to different
temperatures (—28, —24, —20, —16, or —12°C) at
0.2°C/min and then maintained at the temperatures
for 2 h before the vacuum drying. Primary drying of
the frozen solutions was performed at varied shelf
temperatures by maintaining the chamber pressures
slightly (0.1-0.2 Torr) lower than the vapor pressures
of ice at the designated shelf temperatures to avoid
large temperature drop by rapid ice sublimation.
After the primary drying at —-32°C (0.120 Torr),
—928°C  (0.231Torr), —-26°C (0.315Torr), -24°C
(0.390 Torr), —22°C (0.471 Torr), —20°C (0.636 Torr),
~18°C (0.771Torr), -16°C (0.936Torr), -14°C
(1.236 Torr), and —12°C (1.236 Torr) for 20h, the
samples were further dried at these temperatures for
an additional 4 h under reduced pressure (0.03 Torr).
The shelves were heated to 35°C at 0.2°C/min and
then dried at that temperature for 4 h (0.03 Torr) for
the secondary drying. The vials were closed with
rubber stoppers under vacuum. Thermocouples were
immersed in three polymer solutions to record the
product temperature profiles during the drying
process. The structural integrity of the freeze-dried
solids was judged from their volume and surface
texture (e.g., roughness, bubbles).

Scanning Electron Microscopy Measurements

Morphological study of a roughly crushed freeze-dried
solid surface was performed using scanning electron
microscopy (SEM) (VE-7800, Keyence Co., Osaka,
Japan). Prior to imaging, mounted samples were
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sputter-coated with gold. The samples were exposed
to a 20-kV acceleration voltage at 10 Pa.

Measurement of Residual Water Content

An AQV-7 volumetric titrator (Hiranuma Sangyo,
Ibaraki, Japan) was used to determine the amount of
water in the freeze-dried solids suspended in dehy-
drated methanol. The amount of residual water
obtained in three experiments (Karl-Fischer method)
was shown as the ratio (%, w/w) to the solid content.

RESULTS

Thermal Analysis of Frozen Solutions

Figure 1 shows the Ts of frozen solutions containing
various molecular weights of PVP and dextran at
different concentration ratios (total 100 mg/mL). The
transitions of single-solute frozen solutions were
observed at —26.8°C (PVP 10,000), —23.3°C (PVP
29,000), —238.3°C (dextran 1060), and —12.1°C (dex-
tran 35,000). The frozen polymer mixture solutions
showed single or double T transitions that indicated
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Higher T, solute weight fraction

Figure 1. T, values of frozen solutions containing PVP
and dextran at various concentration ratios (total: 100 mg/
mL). The transition temperatures are plotted against the
weight concentration ratio of the higher T, solute (H) in
each combination (average T} + SD, n = 3). The two transi-
tions in a thermal scan are shown as lower (T%,;) and higher
(T},) temperature transitions.
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