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Figure 6. [42]

2.3

2.3.1

AC Merck KGaA, Darmstad, Germany, Millistak +® CR40

[33] OmniFit® Diba Industries Inc.,

Danbury, CT, USA 10 mm ×13 mmH

CEX1

[29] S-

m

Merck KGaA, Darmstadt, Germany 0.2mL MediaScout® MiniChrom

5 mm × 10 mmH AEX Eshmuno® 

Q 1mL MiniChrom Merck KGaA, Darmstadt, Germany 1250650001

CEX Tricon®™ 0.4 mL

5 mm × 20 mmH SP Sepharose® Fast Flow CEX2 GE Healthcare,

Buckinghamshire, UK 96 AcroPrep™ Advance 96 

Filter Plate, Pall, Cat. No. PN8184
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2.3.2 96

(Cat. No. 1.37012.5000, Merck KGaA, Darmstadt, Germany)

(Cat. No. 016–17453, Wako, Osaka, Japan) (Cat. No. 17114–08,

Kanto Chemical, Tokyo, Japan) (Cat. No.41101–08, Kanto Chemical)

(Cat. No. 38129–08, Kanto Chemical)

(10M, Cat. No. 37901–08, Kanto Chemical) pH

pH 5 pH 6 1 M pH

2.5 2 M pH 11 pH 5 pH 6

25 mM pH

7 pH 7 25 mM

2.3.3 HPLC

(Cat. No. 197–02865, Wako)

(Cat. No. 28721–55, Nacalai Tesque, Kyoto, Japan) (1 M, Cat. No. 083–

01095, Wako) (Cat. No. 166–04831, Wako) 2-

-2- -1,3- (Cat. No. 207–06275, Wako)

(Cat. No. 167–02166, Wako) HPLC IgG

(Cat. No. 37239–00, Kanto Chemical) (Cat. No. 

167–02166, Wako) (Cat. No. 37240–00, 

Kanto Chemical) HPLC SEC

(Cat. No. 191–

01665, Wako) (Cat. No. 25183–3B, Kanto Chemical)

2.3.4

mAb-A mAb-B

Table 2 CHO

A

pH
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Table 2.

Protein Subtype pI*

mAb-A IgG1 7.66

mAb-B IgG1 8.16

*pI (Isoelectric point) as calculated from the primary amino acid sequence (Genetyx,

Tokyo, Japan).

pH

3 mS / cm

1 M pH 2.5

2 M pH 11 AC

AEX pH 7 CEX

pH 5 pH 0.2 mm 

Millex® Merck KGaA, Darmstadt, Germany

2.3.5

ÄKTA® Avant 25 GE 

Healthcare, Buckinghamshire, UK Figure 7

4

(Figure 7 #1 - #4)

pH 1 2 2 AC

AEX CEX

2

1 3 AEX 2

4 CEX

Table 3
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Figure 7.
(*) Sample conditions were adjusted by buffer dilution and/or pH adjustment.

Table 3. 96

Study Protein
Concentration

(mg/mL)

DNA

(pg/mg)

HCP

(ng/mg)

HMW1

( %)

HMW2

( %)

Monomer

( %)

LMW1

( %)

LMW2

( %)

Flow-through 
study

mAb-A 8.32 17117 782 0.95 1.42 96.1 1.49 0.00

mAb-B 10.9 3985 1888 2.47 1.72 94.2 1.57 0.03

96-well plate
study

mAb-A 9.33 8552 885 1.44 1.35 95.9 1.23 0.09

mAb-B 10.94 4047 2191 1.22 1.86 95.4 1.44 0.11

1 25

mM pH 7

3 2, 4 0.33 mL / min 1, 3 0.66 mL /

min AC 600 mg mAb / mL media

100 mg mAb / mL media

AEX 200 mg mAb / mL resin 40 mg mAb / mL 

resin CEX1 pH 5

= 3min 1, 3 0.07 mL / min 2, 4

0.14 mL / min = 3 min

pH 5 3 mS / cm 1000 mg mAb / mL resin
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200 mg mAb / mL resin

1900 mg mAb / mL resin

CEX1 CEX2

2.3.6 96

DOE AC

CEX1 AC

CEX1 L 96

500 L

1 500 × g 5 Himac Compact Centrifuges,

CF16RXII, HITACHI 3

mAb Table 7

800 L/ well 20

96

3 pH pH5 pH6 pH7

3 500 mg mAb / mL resin 1000 mg mAb / mL resin

1500 mg mAb / mL resin

DNA HCP

JMP®11 SAS 

Institute Inc.,

pH

2.3.7 HPLC

HPLC- A

POROS® A/20 (Life Technologies Japan Ltd, 

Tokyo, Cat. No. 1-5024-12) Shimadzu Prominence

280 nm 9.4 mM

0.6 mM 150 mM
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5 % IPA pH 7.9 12 mM 125 mM

5 % IPA(pH 2.0

< 1 mg mAb / mL 15 L 1 mg mAb / mL

3 L 1.5 mL/ min

0.05 1 mg / mL 1 20 mg / mL

2.3.8 HPLC

TOSOH TSKgel®G3000SWXL m, 7.8 mm ID 

x 300 mm, Tosoh Corp., Cat. No. 08541) Shimadzu Prominence / Nexera 

X2 280nm mAb-A

0.3 M NaCl 50 mM pH 6.8

mAb-B 1 M NaCl 20 mM pH 6.5

0.5 mL/ min 10 L

2.3.9 HCP-ELISA

ELISA (Cygnus Technologies, CHO HCP 

ELISA kit, 3G, Cat. No. F550) (HCP)

(Cygnus Technologies, Cat. No. 1028)

Perkin Elmer Japan, Wallac, EnVision™, 2104 Multilabel 

Reader

2.3.10 DNA

QIAamp DNA Mini Kit 250 (QIAGEN, Cat. No. 51306) DNA

PCR qPCR DNA

7500 PCR Applied Biosystems

DNA(resDNASEQ Quantitative CHO DNA 

Kits, Life Technologies Japan, Cat. No. 4403965)

3 300000 pg / mL
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2.4

2.4.1

HCP

DNA HMW LMW

4

A Figure 

8 HMW

CEX1

98 % AEX

mAb-A LMW

HMW2

CEX1 mAb-B

HMW1 pH AC

AEX

mAb-B pH mAb-A

HCP DNA

Figure 9 AC DNA

HCP DNA

HCP AC

mAb-B Figure 9 pH DNA

HCP pH

0.2

AC 3 mS / cm

A pH

VIA pH7 DNA 99.3 99.4% HCP 72 73%

HMW1 90 95%

Table 4
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Figure 8. %

LMW1 LMW2 HMW1 HMW2

HMW1 HMW2
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Figure 9. mAb-A mAb-B HCP

DNA
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Table 4.
Protein Process step Concentration

(mg/mL)

DNA

(pg/mg)

HCP

(ng/mg)

HMW1

( %)

HMW2

( %)

Monomer

( %)

LMW1

( %)

LMW2

( %)

mAb-A

#1 AC-AEX-CEX1 2.55 < 11.8 < 0.4 0.02 0.49 98.4 1.08 0.01

#2 AC-CEX1-AEX 2.67 < 11.2 31.0 0.00 0.31 98.6 1.04 0.01

#3 AEX-CEX1 2.43 < 12.3 < 0.4 0.00 0.07 98.8 1.13 0.02

#4 CEX1-AEX 1.78 < 16.8 < 0.6 0.00 0.36 98.6 0.94 0.06

mAb-B

#1 AC-AEX-CEX1 3.95 < 0.76 < 0.25 0.00 0.07 98.2 1.68 0.03

#2 AC-CEX1-AEX 3.06 < 0.98 < 0.33 0.00 0.57 98.2 1.16 0.03

#3 AEX-CEX1 3.11 1.10 2.00 0.00 0.06 98.5 1.44 0.04

#4 CEX1-AEX 3.60 0.70 < 0.28 0.00 0.29 98.2 1.44 0.04

2.4.2

4 mAb-A mAb-B

Figure 10 (a) 80 86%

AC

mAb-A mAb-B

Figure 10 (b)

AC AEX 94 97 %

CEX1

88 91%
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Figure 10.

(a) Total mAb yield for the various flow-through downstream purification trains. (b) 

MAb step recovery as a function of the different unit operations applied, where the 

previous steps are shown in the left of bar. See text for a complete description of the 

different technologies evaluated.
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2.4.3

AC HCP DNA dynamic 

breakthrough curves Figure 11 (a) 620 mg mAb / mL media

1.9 % HCP

DNA

AC

311 mg mAb / mL media 90 %

Figure 11 (b) AEX

DNA AC

HCP

AC AEX

HCP

CEX HMW

Figure 11 (C) HMW

400 mg /

mLresin

HMW1

HMW2 HMW1

2 CEX

CEX1 HMW2 CEX2

CEX1 10 HMW2
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Figure 11.

(a) DNA and HCP effluent from AC (#1 and #2) as a function of mAb-B loading. DNA 

feed = 28 pg / mg, HCP feed = 512 ng / mg. (b) DNA and HCP effluent from AEX (#3) 

as a function of mAb-B loading. DNA feed = 23 pg / mg, HCP feed = 537 ng / mg. (c) 

Breakthrough concentrations of mAb concentration, Monomer, HMW1 and HMW2 

species from CEX1 (CEX prototype) and CEX2 (SP Sepharose® Fast Flow) as a 

function of mAb-B loading.
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2.4.4

AC CEX1

pH

HCP

DNA pH

DOE

AC DOE Figure 12

mAb-A mAb-B 98%

1000 mg mAb / mL resin

AC [33] pH

pH

mAb-A HCP pH

DNA mAb-B

HCP DNA pH

HCP

mAb-A

mAb-B HCP

AC 1500 mg mAb /

mL media

CEX1 DOE

Figure 13 AC

HCP DNA

1500 mg mAb / mL resin 95 %

4 mS / cm

HCP DNA

pH mAb-A

pH5.5 pH6.0 mAb-B pH6.5 pH7.0
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Figure 12. AC DOE

The effect of three input parameters (pH, conductivity, mAb loading) was evaluated for 

four response parameters: monomer yield, DNA, HCP, % monomer. Both response 

contour plots for pH and conductivity (a) and (c) were plotted at the loading of 1000 mg 

mAb / mL resin.
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Figure 13. (CEX1) DOE

The effect of three input parameters (pH, conductivity, mAb loading) was evaluated for 

four response parameters: monomer yield, DNA, HCP, % monomer. Both response 

contour plots for pH and conductivity (a) and (c) were plotted at the loading of 1000 mg 

mAb / mL resin.
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2.5

2 AC

AEX CEX

2

[34]

1 DNA

HCP AEX

3 log10

DNA AC

HCP 2

HCP 2 AC

HCP AC

HCP DNA

Figure 11 (a) HCP

pH

HCP [26]

[35, 36] pH

HCP

DOE AC

pH6 pH7 4mS / cm

AEX HCP

DNA AC

AEX Figure 10(b) AC

AEX

HCP Figure 11(b)
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HCP DNA AC

AEX

AEX AC

Figure 9 AC

AEX mAb-A

HCP

CEX1

Figure 11

CEX1 CEX1

DOE

Figure 13

/

CEX1 CEX2 Figure 11

/

10 HMW2

DOE 30

100 mg mAb / mL resin /

[37] 15 50

[38] HMW

[39 ] Figure 11

CEX2 HMW1

HMW2

HMW1

3 AEX

HMW2
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CEX1

CEX1

pI

Figure 13 pH

pI pI mAb-A

CEX1 pH

pH5 pH6

pH7 VIA

pH5 pH7 pH

2 3 pH 1 3%

DOE pH7

mAb-B

mAb-A pH6 VIA

pH

CEX

[31]

1
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3.1

DOE

AC

CEX AEX

pH 

HCP DNA

[43]

3.2

3.2.1

AC CEX GE Healthcare,

Buckinghamshire, UK Tricon® 5 mm 2.5 cmH 0.5 mL

AEX 1 mL

ÄKTA®

Avant 25 GE Healthcare, Buckinghamshire, UK

AC-AEX-CEX AEX-CEX 2

3.2.2

25 mM 15 mL

pH 6 1.87 mS / cm

DOE [40]

0.2 mL/ min 20 mL
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200 mL 1500 mg

pH pH 6 4 mS / cm

AC = 2.5 min AEX = 5 min CEX = 2.5 min

60 mL 120 mL 180 mL 3

25 mM pH 6,

1.87 mS / cm 10 CV 1 M NaCl 25 mM

pH 6, 83.9 mS / cm 10 CV

3.2.3

HMW LMW DNA

HCP Shimadzu Prominence

Shimadzu Corp., Kyoto, Japan POROS ® A/20

Life Technologies Japan Ltd, Tokyo HPLC-

A HMW

LMW SEC Shimadzu Prominence / Nexera X2

TOSOH TSKgel® G3000SWXL

ELISA CHO HCP ELISA Cygnus 

Technologies HCP

DNA PCR 7500 PCR Applied 

Biosystems

3.3

AEX-CEX AC-AEX-CEX

Figure 14

2

AEX-CEX = 23 min AC-AEX-CEX = 29 min 0.2 mL / min
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Figure 15 AEX-CEX

HCP

< 328 mg HCP

AEX [40]

DNA 656 mg

AC HCP

DNA

HCP 70 ng / mg IgG DNA 1306 mg

CEX

[41] 1 CEX

2 328 mg

Figure 16 AC AEX CEX 2 mL

1469 mg HCP 14 ng / mg

DNA 0.18 pg / mg monomer 97.2 % HCP < 100 ng

/ mg DNA < 10 pg / mg monomer > 95 %

96 % AC

HCP DNA

AC

CEX AEX

/

CEX AEX

1 / 75 1 / 15

CEX 40 g IgG / L resin AEX 100 g IgG / L resin

95 %
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Figure 14.

(A) AEX-CEX, (B) AC-AEX-CEX.
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Figure 15.

Feed condition is; mAb concentration = 8.2 mg / mL, HCP = 567 ng / mg IgG, DNA 

= 7276 pg / mg IgG, HMW1 = 0.78 %, HMW2 = 1.65 %, Monomer = 96.53 %,

LMW1 = 0.93 %, LMW2 = 0.1 %.
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Figure 16.

(A) Yield, (B) HCP, (C) DNA, (D) Monomer, (E) HMW, (F) LMW. 

Bold dot line is target bulk drug specification.
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3.4

DOE

pH

AC HCP

DNA LMW AEX

HCP

DNA CEX
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