
(Study on efficient separation methods for protein aggregates) 

30 3



1 1

2  PEG   3 

2-1. 

2-2.                4 
2-2-1. 
2-2-2.                5 
2-2-3.         6 
2-2-4.  96-well PEG ( )        8 
2-2-5. PEG ( )          9 
2-2-6. PEG ( )         10 
2-2-7. SEC    11 

  2-2-8. 
monomer

  2-2-9. monomer dimer, aggregates

2-3.              12 
2-3-1. A7511 A1900
2-3-2. PEG A7511, A1900        13 
2-3-3. A7511 A1900          14 
2-3-4. SEC PEG         15 

  2-3-5. PEG monomer, dimer, aggregates    17 

2-4.               19 

3 20

3-1. 

3-2.               23 
3-2-1. 
3-2-2.         24 
3-2-3.             25 
3-2-4. (IEC)          28 



3-2-4-1. IEC           29 
3-2-4-2. LGE Linear Gradient Elution        31 
3-2-4-3. IEC PEG          34 

3-2-5. (HAC)
P C            35 

  3-2-6. Taylor                                    36 
    3-2-6-1. 
    3-2-6-2.                             37 
    3-2-6-3.                                                 38 

3-3.              39 
3-3-1. PEG

3-3-1-1. GH-IR
3-3-1-2. B A pH           42 
3-3-1-3. K-I            44
3-3-1-4. R              46
3-3-1-5. R              48 

  3-3-1-6. v              50 
  3-3-1-7. v             51 

3-3-1-8. Rs              52 
3-3-1-9. R Mw             53 

3-3-2.          54 
    3-3-2-1. (pI)       55 

3-3-2-2. (pI) B    56 
3-3-3.            57 

3-3-3-1. Q sepharose HP(QHP) Salt-tolerant 75F(STC)
BSA(A7511)

    3-3-3-2. QHP STC A7511
pH                                          58 

    3-3-3-3. QHP STC A7511 B
pH

  3-3-4. Taylor                                        60 
3-3-4-1. Taylor

    3-3-4-2. 



3-4.               63 

4              65

68

69

74

75     



1

aggregates
[1-3]

 1% [4]
Up-

stream Down-stream
A pH

[5]

Table 1-1
IEC PEG

MMC
STC [10 - 12]

PEG
PEG

PEG
PEG

PEG DNA



Table 1-1 

PEG

[7] 

PEG

IEC

[5,6] 

pH

HIC

[5] 

pH

SEC
[8] 

UF
[9] 



2  PEG

2-1. 
PEG

PEG
85%

PEG 3
PEG [15, 16]

PEG Fig.2-1 PEG
[P.Gagnon, 2007] PEG

PEG PEG

PEG

Fig.2-1 PEG

PEG PEG
[17 - 19]

monomer dimer aggregates

monomer dimer, aggregates
PEG

monomer
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2-2. 

2-2-1. 

Table 2-1 PEG PEG 
Sample Mw

[g/g-moL] 
pI Supplier Cat No. 

Bovine serum 
albumin(BSA) ,monomer 

68000 4.7 4.9 SIGMA A1900 

Bovine serum albumin 68000, 
136000 

4.7 4.9 SIGMA A7511 

Polyethylene Glycol 6000 8300 - Wako 169-09125
Polyethylene Glycol 2000 2000 - Wako 165-09105
Polyethylene Glycol 400 400 - Wako 161-09065

Mw pI

A7511 dimer, aggregates monomer : 75.37%,  
dimer : 18.01%, aggregates : 6.62%[Fig.2-2]

Fig.2-2 BSA A1900 A7511 SEC
Column : TSK-gel G3000SWXL (dc = 0.78 cm, Z = 30 cm), F = 0.5 min/mL, Sample : 1 mg/mL, 0.1 mL, mobile phase : 

0.05 M Sodium phosphate + 0.1 M NaCl pH 7.0 , The y-axis is a normalized concentration with respect to the peak 

height of BSA monomer, Cmax,m
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Table 2-2 PEG
Substance Supplier Cat No. 

Tris [hydroxymetyly] aminomethane, C4H11NO3 SIGMA T1378 

, NaCl Wako 191-01665 

Acetic Acid( ), CH3COOH Wako 017-00256 

2 , NaH2PO4 2H2O Wako 192-02815 

12 , Na2HPO4 12H2O Wako 196-02835 

3 ,CH3COONa 3H2O Wako 198-01055 

1 M Hydrochloric Acid, HCl Wako 083-01095 

1 M Sodium Hydroxide Solution, NaOH Wako 192-02175 

2-2-2. 
SEC (SHIMADZU)

[Fig.2-3]

LC-10ADvp 

SPD-10A 

RID-10A 3.1.1

Fig.2-3 (SEC)

PCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPC



ÄKTA explorer, ÄKTA purifier
GE healthcare [Fig.2-4]

Fig.2-4 (IEC)

2-2-3. 

Table2-3 PEG
Column Z [cm] dc [cm] dp  [-] Supplier 

CIM QA Monolith 0.3 1.2 - 0.62 BIA Separation 

TSKgel G3000SWXL 30 7.8 5 0.35 TOSOH 

Z dc dp

Table2-4 PEG (PEG ) 
Substance Substance 

concentration [M] 

pH NaCl concentration 

[M] 

PEG 

concentration 

[%w/v] 

Sodium acetate 0.01 5.0 0.03 0 - 0.50 

Tris-HCl 0.01 6.0 0.03 0 - 0.50 

Tris-HCl 0.01 7.0 0.03 0 - 0.50 

Tris-HCl 0.01 8.0 0.03 0 - 0.50 

PCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPC



Table2-5 
Substance Substance 

concentration [M] 

pH NaCl concentration [M] 

Tris-HCl 0.01 7.0 0.03 - 1.0 

Sodium phosphate 0.05 7.0 0.1 

0.03 - 1 M NaCl + 0.01 M Tris-HCl (pH 6.0 7.0 8.0) 1 L

1) Tris NaCl 1000 mLBuffer

MilliQ 900 mL

2) 1.0 M HCl pH

3) Buffer 1000 mL 1000 mL MilliQ

0.1 M NaCl + 0.05 M Sodium phosphate (pH 7.0) 1 L

1) NaH2PO4 2H2O, Na2HPO4 12H2O 1000 mL Buffer

MilliQ 900 mL

2) 1.0 M NaOH pH

3) Buffer 1000 mL 1000 mL MilliQ

0.03 - 1 M NaCl + 0.01 M Sodium acetate (pH 5.0) 1 L

1) CH3COONa 3H2O 1 M CH3COOH 1000 mL Buffer

MilliQ 900 mL

2) 1.0 M NaOH pH

3) Buffer 1000 mL 1000 mL MilliQ

PEG

) 0.03 M NaCl + 30%w/v PEG(Mw = 8300) + 0.0 1 M Tris-HCl  pH 7.0 100 mL

1) PEG (0.03 M NaCl) 100 mL

PEG MilliQ

PEG pH

100 mL 100 mL MilliQ 100 

mL 100 mL

2) PEG PEG PEG

Millipore 0.45 



2-2-4. 96-well PEG ( ) 
96-well Cprot BSA

PEG CPEG PEG
690 rpm 5

Power Wave XS, Bio-Tek, VT, USA
30 12 400 nm A400

Fig.2-5

Fig.2-5 96-well PEG
PEG PEG

PEG  : 24%w/v  : 20 mg/mL

19.2%w/v 4 mg/mL

PEG  PEG concentration, CPEG [%w/v]

40 

20 

10 

5 

 Protein 
concentration,C

prot. [m
g/m

L]

0.0 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0  



2-2-5. PEG ( )
PEG 6 PEG

(Fig.2-6) PEG 0.1
PEG PEG

Fig.2-6 PEG PEG

PEG PEG
Fig.2-7 BSA-

A7511  A7511
8 mg/mL × 0.2463 dimer, aggregates , Fig.1  1.97 mg/mL 
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PEG
1 [16]

log S = log S0 - PEG 1

S PEG , CPEG% w/v S0 CPEG = 0
[log (mg/mL)/(% w/v)]

Fig.2-7 

2-2-6. PEG ( ) 
1) 96-well PEG PEG

PEG
PEG

2) Cprot 1 mL PEG CPEG

4 mL 20 6 25 
± 2

3) 96-well 250 400 nm
Durapore Membrane Filter, Millex-GV (0.22 
96-well 250 

280 400 nm
4) 280 nm

A1900 A7511
0.754 75.4% Fig.2-7
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PEG concentration, CPEG [%w/v]
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2-2-7. SEC
A7511 A7511

1 mg/mL PEG SEC
1) CIM QA Monolith disk BIA Separations, Villach, Austria

ÄKTA
0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 10 mL

load volume: 0.5 mL 5 mL
0.01 M Tris-HCl + 1 M NaCl pH 7.0

1 mL 1 mL/min

2) TSK-gel G3000SWXL (Tosoh, Tokyo, Japan)
LC-10ADvp, SPD-10A, RID-10A 3.1.1 Shimazu, Kyoto, Japan
0.05 M + 0.1 M NaCl pH 7.0

load volume: 0.1 mL N = 2
0.5 mL/min 25 ± 2

2-2-8. monomer
2-2-6.

log S0 , 
1 A7511, 1 mg/mL, pH 5.0, 7.0

PEG Sdi,agg A7511
Smo A1900 CPEG

monomer Cal. Ymo % Cal. Pmo %
2 3

Cal. Ymo = 100 Smo/C0,mo 2
Cal. Pmo = 100 Smo/ (Sdi,agg,+ Smo)                  3

C0,mo Smo C0,mo Smo = C0,mo

Sdi,agg C0,di,agg Sdi,agg = C0,di,agg C0,di,agg

2-2-9. monomer dimer, aggregates
  SEC CPEG monomer Ymo % dimer
Ydi % aggregates Yagg % 4 5 6



Ymo  100 Amo/Amo,0 4
Ydi  100 Adi/Adi,0 5
Yagg  100 Aagg/Aagg,0 6

Amo CPEG monomer Adi CPEG dimer Aagg CPEG

aggregates Amo,0 CPEG = 0 monomer Adi,0

CPEG = 0 dimer Aagg, 0 CPEG = 0 aggregates
CPEG monomer Pmo % dimer Pdi % aggregates

Pagg % 7 8 9

Pmo  100 Amo/(Amo + Adi + Aagg) 7
Pdi 100 Adi/(Amo + Adi + Aagg) 8
Pagg 100 Aagg/(Amo + Adi + Aagg) 9

2-3. 

2-3-1. A7511 A1900
A7511 A1900 PEG

Fig.2-8

Fig.2-8 A7511 A1900
Sample : 1 - 8 mg/mL BSA -A7511, A1900 

Buffer : 0 - 24%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate 0.03 M NaCl pH 5.0,  

       0 - 24%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl  0.03 M NaCl pH 6.0, 7.0, 8.0 
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pH8   

PEG concentration, CPEG [%w/v]

Mw,PEG = 8300 



A7511 A1900 A1900
A7511 A7511

PEG
pH A7511, A1900

BSA pH

2-3-2. PEG A7511, A1900
PEG A7511 A1900 PEG

Fig.2-9

Fig.2-9 PEG A7511, A1900
Sample : 1 - 8 mg/mL BSA -A7511, A1900 

Buffer : 0 - 30%w/v PEG(Mw = 8300, 2000, 400) + 0.01 M Sodium acetate + 0.03 M NaCl pH 5.0 

A7511, A1900 PEG
PEG PEG

pH PEG

PEG

PEG400 PEG

0 10 20 30
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pH5   
PEG (Mw,PEG)   A1900  A7511
     8300                
     2000                
       400                

PEG concentration, CPEG [%w/v]



2-3-3. A7511 A1900
A7511 A1900 PEG

Fig.2-10

Fig.2-10 A7511 A1900
Sample : 1 - 8 mg/mL BSA -A7511, A1900 

Buffer : 0 - 32%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate 0.03 M NaCl pH 5.0,  

       0 - 32%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl  0.03 M NaCl pH 6.0, 7.0, 8.0 

A7511 A1900
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pH7   
pH8   

PEG concentration, CPEG [%w/v]

Mw,PEG = 8300 



2-3-4. SEC PEG
PEG SEC

Fig.2-11 PEG (A7511, pH 5.0) SEC
Column: TSK-gel G3000SWXL (dc = 0.78 cm, Z = 30 cm), F = 0.5 min/mL, sample: PEG sample: A7511, 5 

mg/mL, 1 mL 0.01 M Sodium acetate + 0.03 M NaCl + 0-40%w/v PEG pH 5.0, 4 mL 6

QA Monolith PEG , 0.05 mL, mobile phase: 0.05 M Sodium phosphate + 0.1 M NaCl 

pH 7.0 
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Fig.2-12 PEG (A7511, pH 7.0) SEC
Column: TSK-gel G3000SWXL (dc = 0.78 cm, Z = 30 cm), F = 0.5 min/mL, sample: PEG sample: A7511, 5 

mg/mL, 1 mL 0.01 M Tris-HCl + 0.03 M NaCl + 0 - 40%w/v PEG pH 7.0, 4 mL 6

QA Monolith PEG , 0.05 mL, mobile phase: 0.05 M Sodium phosphate + 0.1 M NaCl pH 7.0
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PEG aggregates, dimer, 
monomer Fig.2-11, 12 Fig.2-8

2-3-5. PEG monomer, dimer, aggregates
1 3 monomer Fig.2-13, 14

Calculated Value SEC 4 9
monomer, dimer, aggregates

Fig. 2-13, 14 Expriment Values

Fig.2-13 PEG (A7511, pH 5.0) monomer, dimer, aggregates

PEG sample: A7511, 5 mg/mL, 1 mL 0.01 M Sodium acetate + 0.03 M NaCl + 0-40% PEG (w/v) pH 

5, 4 mL 6 QA Monolith PEG

SEC Column: TSK-gel G3000SWXL (dc = 0.78 cm, Z = 30 cm). F = 0.5 mL/min, 0.05 mL, mobile phase: 

0.05 M Sodium phosphate + 0.1 M NaCl pH 7.0 

A 

B 



Fig.2-14 PEG (A7511, pH 7.0) monomer, dimer, aggregates

PEG sample: A7511, 5 mg/mL, 1 mL 0.01 M Tris-HCl + 0.03 M NaCl + 0-40% PEG (w/v) pH 7, 4 mL

6 QA Monolith PEG SEC

Column: TSK-gel G3000SWXL (dc = 0.78 cm, Z = 30 cm). F = 0.5 mL/min,  0.05 mL, mobile phase: 0.05 M 

Sodium phosphate + 0.1 M NaCl pH 7.0

pH 5 monomer Fig.2-13 
A, B monomer CPEG = 10%

CPEG = 12%

pH 7 monomer
Fig.2-14

monomer dimer, aggregates pH 7, CPEG

19.2% Fig.2-14 A monomer
Fig.2-14 B A7511
A1900

pH 5 A7511 A1900
Fig.2-8

A 

B 



pH 5, 7 dimer PEG PEG
monmer Fig.2-13, 

14 pH PEG
BSA monomer 100%

monomer dimer

[Cohn
;1943] PEG monomer 100%

PEG

2-4. 
 PEG monomer dimer, aggregates

pH, PEG
aggregates, dimer, monomer

monomer pH 5 pH 7

pH 5, 7 dimer, aggregates PEG
PEG monomer

pH PEG
A7511 monomer 100%



3

3-1. 
Fig.3-1

Protein A PAC

IEC HIC

IEC PEG
MMC STC

[10]

Protein A

( ) 

Fig.3-1 

PEG (PEG
IEC) (HAC)

(STC)
PEG IEC PEG

(PEG )



PEG
Fig.3-2 3 PEG

[P.Gagnon, 2007] PEG
PEG PEG

PEG

Fig.3-2 PEG

IEC pH
PEG

PEG
[10]

PEG ( )

MMC MMC IEC
MMC

[13, 20, 21] MMC IEC

MMC HAC STC

Ca10(PO4)6(OH)2



[29]

PEG DNA

10000 100000

PEG DNA

Taylor [33 - 35] Taylor



3-2. 

3-2-1. 

Table 3-1 
Sample Mw [g/g-moL] pI Supplier Cat No. 

-Lactoalbumin (LA) 14000 4.2 - 4.5 SIGMA L-6010 

Ovalbumin(OA) 44000 4.7 SIGMA A-5378 

Bovine serum 

albumin(BSA) ,monomer 

68000 4.7 - 4.9 SIGMA A-1900 

Bovine serum albumin 68000, 136000 4.7 - 4.9 SIGMA A-7511 

-lactoglobulin(LG) 35000 5.1 - 5.3 SIGMA L-0130 

Myoglobin(Mb) 17800 7.2 SIGMA M-0630 

Immunoglobulin G(IgG) polyclonal 150000 5 - 8 Octapharma - 

Immunoglobulin G(IgG) monoclonal 150000 - Mab  M-L001 

Latoferrin(LF) 83000 8.7  - 

Ribonuclease A(RNase) 13700 9.5 - 9.6 SIGMA R-4875 

Cytochrome C(Cyt C) 12400 10 SIGMA C-2506 

Lysozyme(Lys) 14300 11.0 - 

11.4 

Seikagaku 

co. 

100940 

3T 851 - TOS - 

6T 1763 - TOS - 

9T 2757 - TOS - 

12T 3588 - TOS - 

20T 6022 - TOS - 

50T 15148 - TOS - 

Caffein 194.19 - Wako LDG1707 

Mw pI TOS



Table2-2 Table3-2

Table 3-2 
Substance Supplier Cat No. 

( ) CaCl2 2H2O      067-30 

10  Na2SO4 10H2O    Wako  196-03315 

 H3BO3    Wako  10043-35-3  

HEPES C8H18N2O4S    Wako   7365-45-9 

L-  C6H14N4O2 HCl  AJINOMOTO   1192-34-2 

 NH2CONH2    Wako  219-00175 

3-2-2. 
IEC HAC STC 2 2-2-2. 

(Fig.2-4) Taylor
(Fig.3-3)

HPLC PU-2085
V-450 IDEX

UV UV UV-2075

( : 1 L ) 

UV Monitor UV-900 amersham pharmacia biotech

RI RI-Ditector L-2490

PEEK

Fig.3-3 Taylor



3-2-3. 

Table3-2 
Column Z [cm] dc [cm] dp [ ] Supplier 

SP Sepharose HP 5 0.9 34 0.39 GE Health Care 

Q Sepharose HP 5 0.9 34 0.36 GE Health Care 

CIM QA Monolith 0.3 1.2 - 0.62 BIA Separation 

CIM DEAE Monolith 0.3 1.2 - 0.62 BIA Separation 

CIM SO3 Monolith 0.3 1.2 - 0.62 BIA Separation 

CHT-Type  10 0.4 40 0.33 BioRad 

Toyopearl NH2 750F 

(Salt-tolerant 75F NH2) 

5.7 0.5 45 0.36 TOSOH 

TSKgel G3000SWXL 30 7.8 5 0.35 TOSOH 

Polyetheretherketone

PEEK
246.5   GE Health Care 

Z dc dp

Fig.3-4 

 SP Sepharose HP  
porous gel

 6  Agarose 
SP sulfopropyl group [-O-CH2-CHOH-CH2-O-(CH2)3-SO3 ] 

 Q Sepharose HP  
porous gel

6 Agarose 
Q quaternary ammonium group 4
[-O-CH2-CHOH-CH2-O-CH2-CHOH-CH2-N+H(C2H3)3] 

monolith

diffusion

porous gel monolithmonolith

diffusion

porous gel

diffusion

porous gel(A) (B) monolith

diffusion

porous gel monolithmonolith

diffusion

porous gel

diffusion

porous gel(A) (B)



 CIM SO3 Monolith  

poly(glycidy methacrylate -co-ethylene glycol-dimethacrylate) 
SP sulfopropyl group [-O-CH2-CHOH-CH2-O-(CH2)3-SO3

 CIM QA Monolith  

poly(glycidy methacrylate -co-ethylene glycol-dimethacrylate) 
Q quaternary ammonium group 4
[-O-CH2-CHOH-CH2-O-CH2-CHOH-CH2-N+H(C2H3)3] 

 CHT-Type
porous gel

Ca2+ PO4
3

pH 5.5
(P ) Ca

(C ) (Fig.3-5)

Fig.3-5 HA

9.43a-Axis

c-Axis

Ca  P  O  H

Ca10(PO4)6(OH)2

9.43a-Axis

c-Axis

Ca  P  O  H

Ca10(PO4)6(OH)2



 Toyopearl NH2 750F(Salt-tolerant 75F NH2)  
Toyopearl NH2 750F 1 (-NH2) (Fig.3-6)

[28]

Fig.3-6 

Table3-3 IEC SEC
Substance Substance 

concentration [M] 

pH NaCl concentration 

[M] 

PEG concentration 

[%w/v] 

Sodium acetate 0.01 5.0 0.03 1.0 0 5 

Tris-HCl 0.01 6.0 0.03 1.0 0 5 

Tris-HCl 0.01 7.0 0.03 1.0 0 5 

Tris-HCl 0.01 8.0 0.03 1.0 0 5 

Sodium phosphate 0.01 7.0 0.03 1.0 0 5 

Sodium phosphate 0.05 7.0 0.1 0 

2 2-2-3.
PEG

PEG

5%w/v PEG  0.03 M NaCl + 0.01 M Tris-HCl pH 7.0 1 L 

1) Tris NaCl 1000 mL Buffer

MilliQ 500 mL

2) 100 mL PEG 50 g MilliQ 70 mL

PEG PEG 1000 mL Buffer MilliQ

PEG Buffer

3) 1.0 M HCl pH

4) 1000 mL Buffer 1000 mL 1000 mL



Table3-4 HAC
Buffer Gradient 

A 10 mM Sodium phosphate + 0.1 mM 

CaCl2 (pH 6.0, 6.8, 8.0, 9.0) 

Sodium phosphate gradient from 

0.01 - 0.4 M 

B 10 mM Sodium phosphate + 0.1 mM 

CaCl2(pH 6.8) 

NaCl gradient from 0.03 - 1.0 M 

C 10 mM HEPES + 3 mM CaCl2 

(pH 6.8) 

Sodium sulfate gradient 

0.01 - 0.6 M 

D 10 mM Sodium phosphate + 0.1 mM 

CaCl2(pH 6.8) + 1.0 M boric acid 

Sodium phosphate gradient 

0.01 - 0.4 M 

A : HAC B : NaCl C : P

D : C

Table3-5 STC
Buffer Gradient 

E 10 mM Sodium Acetate (pH 4.4, 4.6, 

5.0, 5.5) 

NaCl gradient 0.03 - 2.0 M 

F 10 mM Tris-HCl (pH 7.0) NaCl gradient 0.03 - 2.0 M 

G 10 mM Tris-HCl (pH 7.0) Arginine gradient 0 - 1.0 M 

H 10 mM Tris-HCl + 1 M Urea (pH 7.0) NaCl gradient 0.03 - 2.0 M 

E F : G H : 

Millipore 0.45 

3-2-4. (IEC) 
pH (NaCl )

(Linear Gradient Elution)
1) Q SP Sepharose HP 

plastic column (dc = 0.9 cm, Z = 3.0 cm, Vt = 1.91 mL or dc = 0.9 cm, Z = 5.0 cm, Vt = 
3.18 mL) CIM QA SO3 Monolith disk (dc = 1.2 cm, Z = 0.3 cm, Vt =  
0.34 mL) 

2) ÄKTA

5



3) (0.1 1 mL)

4) ( )
( 2 ) 25±1

3-2-4-1. IEC

([I L] = ) L
K

(10) 

                      (11) 

               (12) 

I Zp 1
(Fig.3-7) K

I Zp Zp
2 I K

pH
pH pH



Fig.3-7 B

B



3-2-4-2. LGE Linear Gradient Elution
pH

Fig.3-8 

B
Fig.3-9 (g)

VR IR
IR

(Fig.3-10)
g GH

g = 
IF I0

Vg
= 

IF I0
F tg

[M/mL] (13)

GH = g(Vt V0) = g(Vt V0)    [M] (14)

g : [M/mL] I0 : [M] IF : [M] Vg : 
[mL] F : [mL/min] tg : [min] Vt : [mL] V0 : 
[mL]  : [-]

GH IR Fig.3-11
(15) A B [29] A B

A B C

salt concentration

Time or Volume

impurities Target

A B C

salt concentration

Time or Volume

impurities Target



InGH = (B + 1)lnIR -ln[A(B +1)]                  
GH = IR B +1/ [A(B + 1)]                             (15) 

 = B + 1 
 = - ln[A(B + 1)] 

Fig.3-9 

Fig.3-10 

0 10 20 100 10 mL
( 2 ) IR

(Fig.3-10)
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VR
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IRCmax
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0.2
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1



Fig.3-11 GH-IR

GH IR Fitting
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3-2-4-3. IEC PEG
IEC PEG PEG
PEG R

dimer monomer R

Fig.3-13 PEG

R
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3-2-5. HAC P C
HA P

(Fig. 3-15) P
CaCl2 Ca2 P

C
(Fig. 3-16) C

BO33- C

Fig. 3-15 P

Fig. 3-16 C



3-2-6. Taylor
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3-2-6-3. 
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3-3. 

3-3-1. PEG

3-3-1-1. GH-IR
PEG GH-IR

Fig.3-17 PEG A1900 GH-IR (pH 7.0)
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 7.0 

Sample : BSA(A1900) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

A1900(monomer, rich) IEC PEG
PEG IR (Fig.3-17)

B IR
PEG

Without PEG
monomer(B = 6.3)

With 2%w/v PEG
monomer(B = 4.6)

With 5%w/v PEG
monomer(B = 4.3)

Peak salt concentration, IR [M]



Fig.3-18 PEG A7511 GH-IR (pH 5.0)
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 1 M NaCl pH 5.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

Fig.3-19 PEG A7511 GH-IR (pH 6.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 6.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 6.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

Without PEG
monomer(B = 2.4)
dimer(B = 3.3)

With 3%w/v PEG
monomer(B = 2.6)
dimer(B = 3.8)

With 5%w/v PEG
monomer(B = 2.6)
dimer(B = 3.0)

Peak salt concentration, IR [M]

pH 5

Without PEG
monomer(B = 5.5)
dimer(B = 7.5)

With 3%w/v PEG
monomer(B = 5.3)
dimer(B = 6.3)

With 5%w/v PEG
monomer(B = 4.5)
dimer(B = 5.7)

Peak salt concentration, IR [M]

pH 6



Fig.3-20 PEG A7511 GH-IR (pH 7.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 7.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

Fig.3-21 PEG A7511 GH-IR (pH 8.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 8.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 8.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

Without PEG
monomer(B = 6.3)
dimer(B = 11.6)

With 3%w/v PEG
monomer(B = 5.9)
dimer(B = 6.9)

With 5%w/v PEG
monomer(B = 7.1)
dimer(B = 7.8)

Peak salt concentration, IR [M]

pH 7

Peak salt concentration, IR [M]

Without PEG
monomer(B = 8.5)
dimer(B = 12.6)

With 3%w/v PEG
monomer(B = 5.7)
dimer(B = 7.4)

With 5%w/v PEG
monomer(B = 5.5)
dimer(B = 6.5)

pH 8



A7511(dimer, aggregates ) Fig.3-17
IEC PEG PEG IR

(Fig.3-18 21) monomer dimer IR
PEG monomer dimer

3-3-1-2. B A pH

Fig.3-22 pH A7511 monomer dimer B
PEG

Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36),  

Vg = 40, 70, 100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

pH monomer, dimer B
PEG B

Fig.3-22 monomer dimer PEG
PEG

Sample:A7511              
                                    monomer   dimer 
Without PEG                   
With 3%w/v PEG            
With 5%w/v PEG            



Fig.3-23 pH A7511 monomer dimer A PEG
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL,  

Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M,  

F = 0.5 mL/min 

pH monomer, dimer A
PEG A

Fig.3-23 monomer dimer PEG
B

A [29] PEG

pH 5
PEG A B pH 8

PEG

10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103

Sample:A7511              
                                    monomer   dimer 
Without PEG                  
With 3%w/v PEG           
With 5%w/v PEG           



3-3-1-3. K-I

Fig.3-24 PEG A7511 K-I (pH 5.0)
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 1 M NaCl pH 5.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

Fig.3-25 PEG A7511 K-I (pH 6.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 6.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 6.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 

100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

NaCl concentration, IR [M]

Without PEG
monomer
dimer

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer

pH 5

NaCl concentration, IR [M]

Without PEG
monomer
dimer

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer

pH 6



Fig.3-26 PEG A7511 K-I (pH 7.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 7.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL,  

Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M,  

F = 0.5 mL/min 

Fig.3-27 PEG A7511 K-I (pH 8.0) 
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 8.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 8.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL,  

Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40, 70, 100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M,  

F = 0.5 mL/min 

NaCl concentration, IR [M]

Without PEG
monomer
dimer

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer

pH 7

NaCl concentration, IR [M]

Without PEG
monomer
dimer

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer

pH 8



pH IR monomer, dimer K
Fig.3-24 27 BSA

PEG
K PEG

BSA

3-3-1-4. R

Fig.3-28 PEG A7511 R pH GH = 0.04945
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36),  

Vg = 40, 70, 100, 150 mL, GH = 0.0495, 0.0283, 0.0198, 0.0132 M, F = 0.5 mL/min 

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer



Fig.3-29 PEG A7511 monomer, dimer R PEG
pH 7.0

Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 7.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40 mL, 

GH = 0.0495 M, F = 0.5 mL/min 

pH PEG 3, 5%w/vPEG monomer, dimer R

PEG R Fig.3-28
PEG 0.1%w/v monomer, dimer R

Fig.3-29 PEG 1%w/v monomer, 
dimer R PEG R

PEG
PEG

PEG dimer
monomer dimer R

0

0.1

0.2

PEG concentration, CPEG [%w/v]

pH 7
monomer
dimer

0.01%w/v PEG 

0.1%w/v PEG 



3-3-1-5. R

Fig.3-30 PEG A7511 R pH GH = 0.04945
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,   = 0.36), 

Vg = 40 mL, GH = 0.0495, F = 0.5 mL/min 

Without PEG
With 3%w/v PEG
With 5%w/v PEG



Fig.3-31 PEG A7511 monomer, dimer R PEG
pH 7.0

Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 M NaCl pH 7.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 1 M NaCl pH 7.0 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40 mL, 

GH = 0.0495 M, F = 0.5 mL/min 

monomer, dimer R PEG R

Fig.3-31 PEG monomer dimer
pH PEG

R Fig.3-30 PEG

PEG concentration, CPEG [%w/v]

pH 7



3-3-1-6. v

Fig.3-32 PEG A7511 v pH GH = 0.04945
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), 

Vg = 40 mL, GH = 0.0495, F = 0.5 mL/min 

pH monomer dimer v

Fig.3-32 PEG v

PEG

Without PEG
monomer
dimer

With 3%w/v PEG
monomer
dimer

With 5%w/v PEG
monomer
dimer



3-3-1-7. v

PEG v Fig.3-33
[30] PEG

Fig.3-33 PEG A7511 v GH = 0.04945
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36),  

Vg = 40 mL, GH = 0.0495, F = 0.5 mL/min 

PEG v

Fig.3-33

Viscosity,  [mPa s]

         monomer  dimer
pH 5     
pH 6     
pH 7     
pH 8     

Without 
PEG

With 
3%w/v
PEG

With 
5%w/v
PEG



3-3-1-8. Rs

Fig.3-34 PEG A7511 RS pH GH = 0.04945
Buffer A : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 - 1 M NaCl pH 5.0 

Buffer B : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 -1 M NaCl pH 6.0, 7.0, 8.0 

Sample : BSA(A7511) 0.5, 5 mg/mL, Injection volume : 1.0, 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), 

Vg = 40 mL, GH = 0.0495, F = 0.5 mL/min 

pH PEG Rs

Fig.3-34 pH Rs Rs

>1.2 Rs Rs

monomer dimer PEG

Without PEG
With 3%w/v PEG
With 5%w/v PEG



3-3-1-9. R Mw

Fig.3-35 PEG R Mw 5%w/v PEG
Buffer (AIEC) : 0  5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 - 1 M NaCl pH 7.0 

Buffer (CIEC) : 0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 -1 M NaCl pH 5.2,  

0  5%w/v PEG(Mw = 8300) + 0.01 M Sodium acetate + 0.03 -1 M NaCl pH 7.0, 8.5 

Sample : BSA(A7511) 5 mg/mL, Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Vg = 40 mL, 

GH = 0.0125 0.0495, F = 0.5 mL/min 

IR Mw (Fig.3-35)
PEG Lysozyme

PEG
BSA monomer, dimer IR

(Fig.3-29) Lysozyme

Molecular weight, Mw [g/g-mol]

BSA monomer
BSA dimer
Ovalbumin

-lactoglobulin A
-lactoglobulin B

Cytochrome C
Ribonuclease A
Lysozyme
IgG(monomer)
IgG(dimer)
Mab(M-L001)
Lactoferrin



3-3-2. 

3-3-2-1. (pI)

Fig.3-36 pI
Buffer(Mobile phase A) : 0.01 - 0.4 M Sodium phosphate + 0.1 mM CaCl2 (pH 6.0, 6.8, 8.0, 9.0) 

Column : CHT-Type , Injection volume : 0.1 mL, GH = 0.0082 M, F = 1 mL/min, N.E. = not eluted 

pH (Table3-4, a) (LGE)
(Fig.3-36) HAC

[31] LG LF Cyt C
(Fig.3-36, b) pH pH

(Fig.3-36, a - d) pH C
P



3-3-2-2. (pI) B

Fig.3-37 (pI) B  pH 6.8
Buffer(Mobile phase A) : 0.01 - 0.4 M Sodium phosphate + 0.1 mM CaCl2 pH 6.8 

Buffer(Mobile phase B) : 0.03 - 1 M NaCl + 0.01 M Sodium phosphate + 0.1 mM CaCl2 pH 6.8 

Buffer(Mobile phase C) : 0.01 - 0.6 M Sodium Sulfate + 0.01 M HEPES + 3 mM CaCl2 pH 6.8 

Column : CHT-Type , Injection volume : 0.1 mL, GH = ca.0.004 - 0.05 M, F=1mL/min, N.E. = not eluted

B NaCl P
C Ca2+ P

C
BSA B C

P
BSA C

LG BSA
Lys A B C P

Lys P



LF B C LF P C

B A
C B B RNase Cyt C Lys

LF B
HAC IEC IEC

HAC P C

IEC
HAC



3-3-3. 

3-3-3-1. Q sepharose HP(QHP) Salt-tolerant 75F(STC) BSA(A7511)

Fig.3-38 Q sepharose HP Salt-tolerant 75F A7511
Buffer : 0.01 M Tris-HCl + 0.03 - 1 M NaCl pH 7.0  

Buffer : 5%w/v PEG(Mw = 8300) + 0.01 M Tris-HCl + 0.03 - 1 M NaCl pH 7.0 

Buffer : 0.01 M Tris-HCl + 0.03 - 2 M NaCl pH 7.0 

Sample : BSA(A7511) 5 mg/mL Injection volume : 0.1 mL, Column : Q Sepharose HP(0.9×5 cm,  = 0.36), Salt-tolerant 

75F NH2 (0.5 5.7 cm,  = 0.36), GH = 0.0283 M, F = 1 mL/min 



3-3-3-2. QHP STC A7511 pH

Fig.3-39 QHP STC A7511 pH

3-3-3-3. QHP STC A7511 B pH

Fig.3-40 QHP STC A7511 B pH

pI 4.8 



BSA monomer dimer IEC Q sepharose HP
STC Salt-tolerant 75F (Fig.3-38) PEG IEC

IEC STC BSA
monomer dimer

pH BSA (Fig.3-39) IEC
pH BSA

pH IEC
IEC

monomer dimer
STC BSA

(Fig.3-39)
[32] STC

BSA monomer B IEC STC
(Fig.3-40) BSA dimer B STC IEC

STC



3-3-4. Taylor

3-3-4-1. Taylor
Tube dc = 0.05 cm L = 246.5 cm dcoil = 7.0 cm

Dm = 7.8 × 10-10 m2/s [33] 

Fig.3-41 Dm = 7.3 × 10-10 m2/s
Dm = 7.8 × 10-10 m2/s

Fig.3-41 Response curves of caffeine at various flow velocities. 
Sample v

3-3-4-2. 
BSA PEG BSA DNA

constant
T
Dm

T [K]

Wilke-Chang (19) [36]

6.05.08 )(104.7 AB
m VM
T
D

where  is the association parameter, MB is the molecular weight of the solvent, and 
VA is the molar volume of the solute at the normal boiling point. 



VA

20 [37, 38]

6.0141098.4 W
m M
T
D

Young 21 [39]

333.015108.34 W
m M
T
D

Table3-7 BSA PEG BSA Young

Protein Mw [g/g-mol] 
Dm×1010 [m2/s] 

Measured 21

Native BSA 68000 0.68 0.68 

PEGylated-BSA 88000 0.44 0.63 

Young 21 BSA Dm Table3-7
PEG BSA

PEG BSA

PEG BSA , MW, effictive 22 Dm

0.4 10-10 m2/s
23 PEG

MW,effctive = (Rh, PEGprot/0.082)3                    (22) 

 PEGh, PEGh,
2

 PEGproth, 3
2

3
2

6
1.0 R

A
R
A

AR                (23)

333.00.5
21 12AAA

8108 3
 PEGh,

3
proth,1 RRA



1281 3
 PEGh,

3
proth,

6
proth,2 RRRA

3/1
protr,proth, 082.0 MR

559.0
 PEGr, PEGh, 01912.0 MR

Mr, prot Mr, PEG PEG

DNA Dm Young 21
Table3-8 21 DNA 4000

6000
DNA Dm Young 21

-0.333

Table3-8 DNA

DNA Mw [g/g-mol] 
Dm×1010 [m2/s] 

Measured 21 24

3T 851 3.8 2.9 4.0 

6T 1763 2.6 2.3 2.7 

9T 2757 2.1 2 2.1 

12T 3588 1.8 1.8 1.8 

20T 6022 1.3 1.5 1.3 

50T 15148 0.79 1.1 0.80 

95T 28837 0.55 0.91 0.56 

24

56.012101.3 Wm MD (24)

Young 21 -0.333
24 -0.56 DNA



3-4. 
IEC PEG GH-IR PEG

IR pH
monomer, dimer B PEG

B
monomer dimer PEG

PEG K, IR
PEG BSA

monomer, dimer R PEG R

monomer, dimer R PEG

R

monomer dimer v

PEG v

PEG
PEG

v

PEG Rs pH
Rs Rs > 1.2

Rs Rs monomer dimer
PEG

IR Mw

PEG
PEG

PEG monomer dimer
monomer dimer

HAC IEC HAC P
C

IEC
HAC

STC IEC BSA



monomer dimer pH
IEC

IEC monomer dimer
B dimer

STC
STC

Taylor PEG DNA Dm PEG

Dm Dm Young

PEG PEG
Dm DNA Dm

DNA Dm

Young

DNA DNA Dm 24



4
PEG

2 PEG

PEG
[ ] 

PEG monomer dimer, aggregates
pH, PEG

aggregates, dimer, monomer
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Symbol Description Unit
A0 Intercept of van Deemter plot cm
A Parameter including the equilibrium coefficient, the 

binding site and the ion-exchange capacity 

-

A Peak area mAU min
B number of binding sites(charges) involved in electrostatic 

interaction 

-

C Sample concentration mg/mL
C0 Inclination of van Deemter plot s
C0 Initial sample concentration mg/mL

CPEG PEG concentration %w/v
dc Tube or column diameter cm

dcoil Coil diameter cm
dp Particle diameter
De Dean number -
Dm Diffusion coefficient m2/s
Ds Diffusion coefficient inside porous particle m2/s
F Volumetric flow velosity mL/s
g Gradient of salt concentration M/mL
H Volumetric phase ratio = (1- -

Column void fraction = Vo/Vt -
HETP Height equivalent of one theoretical plate cm

K Distribution coefficient -
L ion exchanger M
L Tube length cm

LLGE Zone spreading factor -
Mw Molecular weight  g/g-mol
Sc Schmidt number -
Rh Hydrate radius nm
Rs Resolution -
t Time s
tR Peak retention time s
VF Injection volume mL
Vg Gradient volume mL
Vo Void volume mL
VR Retention volume mL
Vt Total tube or column volume mL
W Peak width mL
Z Column height cm

Porosity -
u Linear velocity cm/s

Viscosity kg/cm s
Density kg/cm3

Standard deviation s
V Volumetric Standard deviation mL

GH Slope of salt concentration gradient normalized by solid 
phase volume 

M

IF Final salt concentration M
I0 Initial salt concentration M
IR Elution salt concentration M



Abbreviations and symbols Description
AIEC Anion exchange chromatography
CIEC Cation exchange chromatography
HAC Hydroxyapatite Chromatography
HIC Hidrophobic interaction chromatography
LGE Linear gradient elution
MMC Mixed mode chromatography
PAC ProteinA affinity chromatography
PEG Polyethylene Glycol
SEC Size exclusion chromatography
STC Salt tolerant chromatography
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