
Analysis of Chromatographic Separation Behavior and Development of 
Efficient Purification Process for Large Biomolecules 
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u dc dcoil

dc 0.05 cm L 246.5 cm dcoil 7.0 cm
Bovineserum albumin, BSA Dm 0.67 10-10 m2 s-1 [20 25

Stokes-Einstein (2-10) ] (2-5) u
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Dm 0.30 10-10 m2 s-1 u 7.35 cm/min Fv 0.0144 mL/min 
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2.2.3 Ds
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Fig.2-3  HETP-u (Vam Deemter plot) 

2.2.4 B
pH



Fig.2-4

[21] B

A B C

salt concentration

Time or Volume

impurities Target

Buffer

solid phase
A+B+Csample

C B A

porous particle

ion-exchange
group

Target

interaction

A B C

salt concentration

Time or Volume

impurities Target

A B C

salt concentration

Time or Volume

impurities Target

Buffer

solid phase
A+B+Csample

Buffer

solid phase
A+B+Csample

C B A

porous particle

ion-exchange
group

Target

interaction

porous particle

ion-exchange
group

Target

interaction



Fig.2-5
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2.3
2.3.1 

Table 2- 1 

sample 
MW 

[g/g-mol] 
p.I Supplier Cat No 

Bovine Serum Albumin (BSA) 
monomer 

66000 4.9 SIGMA A1900 

Table 2-2 

sample MW [g/mol] Supplier 

9T 2757 18.0 Tsukuba Oligo Service 
20T 6022 47.8 Tsukuba Oligo Service 
50T 15148 68.0 Tsukuba Oligo Service 
95T 28837 74.4 Tsukuba Oligo Service 

1) DNA ( ) 1 mL
2) 1) DNA 150 L
3) 2) 150 L DNA 600 L

( 5 ) 
4) 3) DNA

5) 
6) 4) 5 5



Table 2-3 

sample MW

[g/mol]
Supplier (cat#) 

PEGylated BSA 12000 Linear - - 
PEGylated BSA 20000 Linear - - 

PEGylated BSA 20000 Branched - - 
PEGylated BSA 30000 Linear - - 

PEG BSA [20]

BSA 35 SH 1
SH PEG monoPEG

BSA
PEG NOF(Tokyo, Japan)

ME-120MA(MW = 12000) ME-200MA0B(MW = 20000) GL2-200MA(MW = 20000)
ME-300MA(MW = 30000) PEG 30 mM NaCl 10 mM Tris-HCl (pH 
7.0) BSA (5 mg/mL) PEG 277K  24 

PEG-BSA 1

2.3.2 
Table 2-4 

sample Supplier Cat No 

Tris(hydroxymethyl)aminomethane Wako 
NaCl Wako 191-01665 

1 mol/L-HCl Wako 083-01095 

10 mM Tris-HCl, 30 mM NaCl, pH7.0 
Tris (hydroxymethyl) aminomethane 1.21 g NaCl 1.75 g 900 mL 1 mol/L 
HCl pH7.0 1L 

10 mM Tris-HCl, 1 M NaCl, pH7.0 
Tris (hydroxymethyl) aminomethane 1.21 g NaCl 58.44 g 900 mL 1 mol/L 
HCl pH7.0 1L 



2.3.3 

Fig.2-8 HPLC JASCO, 
PU-2085 Injection valve IDEX, V-450 UV-detector JASCO, UV-2075
UV (JASCO , : 1 L)

PEEK 298 1K
5 L 

Fig.2-8 

Table 2-5 

dc 

[cm] 
L 

[cm] 
Vt  

[ L] 
d 

[cm] 

0.05 246.5 0.486 7 
Polyetheretherketone 

(PEEK) 

Dynamic Light Scattering, DLS
 DelsaMax Pro (BECKMAN COULTER)

Semi micro disposable cuvettes, 1.5mL, polystyrene 
(Sigma, cat no:Z692298)



PCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPCPC

ÄKTA explorer GE Healthcare
Uppsala, Sweden AKTA pure (GE Healthcare Uppsala, Sweden)

PC

Fig.2-9 

2.3.4 
Table.2-6 ( ) 

column 
Z  

[cm] 

dc

[cm] 

dp

[-] 

Vt

[mL] 
Supplier 

Q sepharose HP 15.0 0.9 34 0.32 9.5 GE Healthcare 

SP sepharose FF 14.2 1.1 90 0.34 13.5 GE Healthcare 

TSKgel G3000PWXL 30 0.75 10 0.4 14.3 Tosoh 

Z dc dp Vt

2.3.5 Taylor Dm

14 mM Tris-HCl, 100 mM NaCl, pH 7.7
PolyT 5mg/mL 5 uL

0.005, 0.010, 0.015, 0.020, 0.025 mL/min DNA(260nm)
(280nm)



2.3.6 Dm Rh

1 nm 15 1 45 L 
0 50 mS/cm 1 mg/mL 

2.3.7 Ds

(LGE) Table.2-6 Q sepharose HP (Vt = 
9.5 mL) 10 mM Tris-HCl+30 mM NaCl,pH7.0 (bufferA) 10 mM Tris-HCl+1 M 
NaCl,pH7.0 (bufferB)

bufferB 0.1  2.0 mL/min tR



2.4 
2.4.1 PEG

Table 2-7 TDA DLS 25 Dm

PEG native BSA 
0.67 10-10 m2 s-1 PEG Dm

PEG [20,22,23,24,25]

PEG TDA 2 
2% tR

Dm DLS BSA 5 g/L
NaCl 0.03 -0.42 mol/L Table 2-7 BSA 1.10 g/L

0.03, 0.22, 0.42 mol/L  0.67 0.03 10-10 m2 s-1

Table2-7  Dm values of PEGylated BSA determined by TDA and DLS at 25

Dm 1010   [m2/s] 

Sample   Taylor dispersion method(TDA)  Dynamic light scattering (DLS) 

BSA (native, non-PEGylated) 0.67           0.67 
PEGylated BSA 12000 Linear  0.49           0.51 
PEGylated BSA 20000 Linear 0.44           0.44 
PEGylated BSA 20000 Branched 0.44           0.43 
PEGylated BSA 30000 Linear 0.36           0.38 

2.4.2 Taylor

2 
DLS

10 10 nm 1 nm 
0.3 nm 

1 

1 g/L 
TDA 

Dm

Dm

DLS 



DLS TDA hand-made 
Malvern ViscosizerTD

Dm

Wilke-Chang [12]

Young [13] PEG 
DNA

DLS 

[25] 2.2.2

[25]

2.4.3 PolyT
SEC PolyT Rh Mw PEG

(Fig.2-10) PolyT
3 PolyT PEG

Fig. 2-10  Hydrodynamic radius of  P ---) 



2.4.4 PolyT
PolyT

(LGE) Fig.2-11 PolyT IR

9T GH-IR (Fig.2-12) GH
IR GH-IR PolyT B

(Table 2-8) PolyT 50T 3
50 [26]

(30-100nm) (1 

PolyT

Fig.2-11 Elution curves of PolyT on Q sepharose HP. 
(Gradient volume, Vg=80 mL, F=0.4mL/min) 



Fig.2-12 GH-IR plot of 9T on Q sepharose HP

Table 2-8  Number of binding site 

Mw [g/mol] B [-] 
9T 2676 5.3 
20T 6022 10.1 
50T 15148 15.9 

2.4.5 PolyT
HETP (2-15) (2-22)

u (van Deemter plot, Fig.2-13)
HETP

Table 2-9
Ds K

50T (Rh = 6 nm) BSA(R h= 3 nm)
PolyT

KR Ds PolyT



     (a)                                     (b) 

Fig.2-13 Elution peak deviation as a function of flowrate 
(a) Elution peaks were obtained by isocratic elution under non-binding condition at 1M NaCl. 
(b) Elution peaks were obtained by LGE at vg = 80mL. 

Table 2-9 Ds and K 
Non-binding LGE 

Ds 1010

[m2/s]
K
[-] Ds 1010 [m2/s] KR

[-]
9T 0.69 0.65 0.59 2.5 

20T 0.37 0.62 0.16 1.8 

50T 0.19 0.53 N.D. N.D. 

0 0.02 0.04 0.06 0.08 0.10

0.1

0.2

0.3

0.4



2.5 
Dm

DNA
Dm

PEG Dm

Taylor 
Dm

DNA 9 95-mer polyT Dm

Ds

Dm Young
0.33 polyT Dm

polyethylene glycole (PEG) 0.6
polyT 3 PEG

Sepharose Ds Dm

polyT
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3.2
3.2.1 

Fig.3-1
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3.2.2 
( ) ( C0)

C0 CS

( )
(Fig.3-2)

(Fig.3-3) X=C/C0 
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t

B

V
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V
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Fig.3-2  



Fig.3-3 



3.3
(Fig.3-4) 100 nm

Fig.3-4 

(Fig.3-5)

Fig.3-5 



Fig.3-6( ) Disk

Fig.3-6( )
GMP BIA separations

CIM 80 8000 mL

Fig.3-6 Disk Tube



3.4
3.4.1 

Table.3-1 ( ) 

dC1  outer diameter dc2  inner diameter Z : length Vt

3.4.2 
                      Table 3-2 DNA

sample MW 
[g/g-mol] 

p.I Supplier Cat No 

Oligonucleotide, 20mer polyT 6022 - Tsukuba Oligo Service - 
Ribonuclease A 13700 9.6 SIGMA-Aldrich R4875 
Cytochrome C 12300 10.5 SIGMA-Aldrich C2506 

lysozyme 14300 10.5 SIGMA-Aldrich R4919 
Bovine Serum Albumi 66000 4.8 SIGMA-Aldrich A7030 

Thyroglobulin from Bovine thyroid 669000 4.5 SIGMA-Aldrich T1001 

3.4.3 
AKTA Pure 25 (GE Healthcare, 

Uppsala, Sweden)



3.4.4 
AKTA

(= pressure drop measured  pressure drop 
without the tube)

3.4.5 pH transient
pH transient Lendero [40] DEAE

buffer A 20 mM phosphate buffer B 500 mM phosphate (pH=6.4)
QA buffer A 20 mM phosphate buffer B 20 mM phosphate + 1 M NaCl 
(pH6.3)

buffer A buffer B pH
pH 10 mL/min,

3.4.6
B HETP Yamamoto [21, 26, 41]

(LGE) 2 2.2.4
QA EDA 1 mL Tube polyT buffer A
14 mM Tris-HCl + 0.03 M NaCl (pH7.7) buffer B 14 mM Tris-HCl + 2.0 M 

NaCl (pH7.7)
SO3 1 mL Tube (Ribonuclease A, Cytochrome C, 

Lysozymr) buffer A 20 mM citrate 20 mM phasphate
buffer B 20 mM citrate + 1 M NaCl 20 mM phosphate + 1 M NaCl

pH
buffer A 1 mg/mL 30 L NaCl

10 mL/min 10 130CV
254 nm(DNA) 280 nm(protein)

IR

3.4.7 
BSA Thyroglobulin DBC QA 1mL Tube monolith (1.5, 2, 

binding buffer 10 mM Tris-HCl+30 mM NaCl, pH7.0
buffer BSA Thyroglobulin (C0=1 mg/mL) 3 mL/min

280nm 10%
VB DBC



Flow rate [mL/min]

3.5 
3.5.1 

[42-43]

[38]

[44] Fig.3-7 1 mL

Fig 3-7 Pressure drop of monolithic tube as a function of flow rate for different pore size and 
functionality. The fitted curves are as follows. 

DEAE: 1.5 m; y = 0.056x, r2 = 0.999,  2 m; y = 0.030x, r2= 0.996,  6 m; y = 0.0033x, r2= 0.992 

SO3   : 1.5 m; y= 0.053x, r2 = 0.998,  2 m; y = 0.030x, r2 = 0.987,  6 m; y = 0.0033x, r2= 0.975 

QA  : 1.5 m; y = 0.050x, r2 = 0.998,  2 m; y = 0.026x, r2= 0.997,  6 m; y = 0.0033x, r2 = 0.981 

purresure-flow



[45]

(diameter dc and length Z) p (3-11)

p = 32 Z dc
-2u        (3-11) 

u (
= n) V0 L (3-12)

Vo = n dpore
2/4)L            (3-12) 

Sv

Sv = n dporeL)/Vt            (3-13) 

Vt =Vo/Vt

(3-13)

Sv = n dporeL)/Vt= ( dpore)/(V0/Vt )= 4 /dpore                           (3-14) 

 Rh = volume available for flow / total wetted surface 

Rh = dpore/4        (3-15) 

(3-11) (3-15) (3-16)

p = C1 ZRh
-2u = C2 Zdpore

-2 (Fv/Ac )             (3-16) 

C1 C2 Fv AC

 (3-16) p
dpore Pressure-Flow

dpore=1.5 0.053 dpore=2 0.029 dpore=6 0.0033
1.5 2 0.053/0.029=1.83 (2/1.5)2=1.78

2 6 0.029/0.0033=8.78



(6/2)2=9

3.5.2  pH transient curve 
pH 

transient pH 2

pH
[40, 46-49] QA DEAE

pH transient curve Fig3-8

Fig 3-8  pH transient curves for 1mL (a) QA and (b) DEAE monolithic tubes of different pore 
size (1.5, 2, 6 ), Duplicated measurments were carried out. 

pH transient curve QA DEAE
pH pH

pH transient curve

6 2 1.5 3
4 Fig3-6 QA Tube pH 6 12 mL 2 

33 mL 1.5 46 mL
pH transient duration volume

72 66 69
DEAE Tube



30 (=5 6) 34 (=17 2) 36 (=24 1.5)

3.5.3 

[10, 50, 51] QA Tube polyT 20mer GH-IR Fig3-9

Fig 3-9  GH-IR curves of polyT (20mer) for 1 mL QA monolithic tubes with pore sizes of 1.5, 
2 and 6 .

GH-IR

B 20.6 ± 0.7 PolyT 
20mer 20 [21, 

26, 41]

SO3
pH 3

(Ribonuclease A, Cytochrome C, Lysozyme) B Fig3-10
B



Fig 3-10  The number of binding sites B of ribonuclease A, cytochrome C and lysozyme for 
SO3 monolith tube of different pore sizes as a function of pH. Two different buffers (citrate or 
phosphate) 

3.5.4 
(DBC)

DNA DBC
DBC

Fig3-11 QA Tube monolith DBC
DBC

Rh
[52]



[53]

DBC D1,D2,D3

DBC = D1 (4 rh
3/ rh

2 = D2 rh = D3 Mw
1/3 (3-17) 

Mw
1/3

(DBC of Thyoglobulin / DBC of BSA) 6 1.7 
(=8.6/5.1) 2 1.9 (=25.2/13.5) 1.5 2.1 (=34.3/16.7)

DBC Mw
Rh

DBC = D4  (4 rh
3/ rh

2 = D5 rh = D6
2/3Mw

1/3 (3-18) 

DBC1/DBC2 = ( 1/ 2)2/3(Mw1/ Mw2)1/3        (3-19)

Mw 1.22-1.44 g/cm3[53] ( 1/ 2)2/3 1.0
1.11(=(1.44/1.22)2/3) 10%

(3-14) DBC
Sv (DBC for 2 

BSA 2.7(=13.5/5.1) Thyroglobulin 2.9(=25.2/8.6) (
=6/2=3) (DBC for BSA 3.3(=16.7/5.1) Thyroglobulin

4.1(=34.3/8.6) ( =6/1.5=4) Thyroglobulin
BSA



Fig. 3-11 Dynamic binding capacity of proteins 

3.5.5 
(LGE)

(
KR Fig3-12(a) 0.34 mL (3 mm disk)

v/Vt KR
[26]

Tube monolith Fig.3-12(a)

HETP
5~10 6 

[51] HETP KR

(3-12 b)
HETP [26]



[54]

Figure 3-12: (a) Peak width normalized with the bed volume as a function of the distribution 
coefficient at the peak position, KR.  The curve in the figure is the correlation curve from our 
previous study on monolith disk chromatography (0. 34 mL and 3 mm thickness)[26] (b) HETP 
determined from linear gradient elution curves as a function of the distribution coefficient at the 
peak position, KR,  Monolithic tubes of different pore sizes and ion-exchange groups were used.  
Sample: poly T 20mer. v= peak standard deviation in mL determined from the peak width w at 
C = exp(-1) × peak height (w2=8 v

2). KR was calculated from IR by K=AI-B with A and B values 
determined from GH-IR curves. 



3.6 

2

DBC

[55]

DBC
DBC

3.7 
1 mL 

DBC
DBC

Disk



4

4.1

[56]

1.5 QA Tube Monolith



4.2 
4.2.1 

1 mL CIM® QA Tube Monolith, average pore size 1500 nm (BIA separations, 
Ljubljana, Slovenis) Sigma-Aldrich (St. Louis,MO)

bovine serum albumin (BSA, cat. no. A7030) Thyroglobulin (cat. no. T1001)

4.2.2 Dynamic binding capacity (DBC)
AKTA pure 150 (GE healthcare, Uppsala, Sweden) 10 mM Tris-HCl, 30 

mM NaCl, pH7.0 buffer buffer 1 mg/mL (= C0)
0.22 Superloop 50 mL
3.0 mL/min 280 nm

10% (= 0.1 × C0 ) VB 50% (= 0.5  C0 )
VC  10% DBC = C0VB / Vt 50% DBC = C0VC / Vt Vt

 (= 1 mL)

4.2.3.
AKTA DBC

(4-1) [57]

(4-1) 

P 10 mM Bis-Tris-HCl, 30 mM NaCl, pH7.0 buffer F=3 mL/min
Pp 50% (= 0.5  C0 )

 (= 0.6) r
rp

4.3
4.3.1 

BSA Thyroglobulin (4-1)
Table4-1

BSA
Thyroglobulin

Thyroglobulin

)1(2

)/()1()/(4)/(
rr

2

p
ppp PPPPPP



Table 4-1 Estimated thickness of protein adsorbed layer calculated in Eq. (4-1) based the 
P Pp) data measurements at flow rate 3 ml/min. 

 Pressure drop [MPa] 
protein adsorbed 

layer thickness [nm] 
Stokes diameter [nm] 

buffer 0.179 

BSA 0.182 0.9 6.96 [58]

Thyroglobulin 0.255 19.21 17.16[59]

[56]

1.5 m buffer 3 mL/min  0.179 MPa 2 m
6 m buffer 0.101 MPa 0.020 MPa

Thyroglobulin
(4-1) 2 m 0.139 MPa 6 m 0.027 MPa

4.4
QA Tube Monolith BSA Thyroglobulin

BSA

Thyroglobulin
Thyroglobulin
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Aº Intercept of Van Deemter plot  [cm] 
C Sample concentration    [mg/mL] 
Cº Inclination of Van Deemter plot  [s] 
C0 Initial sample concentration   [mg/mL] 
Cmax Peak maxium concentration   [mg/mL] 
Dc Column diameter    [cm] 
dc Tube diameter     [cm] 
dp Resin particle diameter    [ ] 
dcoil Coil diameter     [m] 
De Dean number    [-] 
Dm Diffusion coefficient    [cm2/s] 
Ds Diffusion coefficient inside porous  

particle     [cm2/s] 
F Volumetric flow velocity    [mL/min] 
H Phase ratio(=(1- )    [-] 
HETP Height equivalent of one theoretical plate [cm] 
IR Elution salt concentration    [M] 
K Distribution coefficient   [-] 
KR Distribution coefficient at an elution  

concentration IR     [-] 
L Tube length     [cm] 
LLGE Zone spreading factor    [-] 
Mw Molecular weight     [g/g-mol] 
Rh Hydrate radius     [nm] 
Rs Peak resolution     [-] 
t Time      [s] 
tR Peak retention time    [s] 
u Linear velocity     [cm/s] 
Vg Gradient volume     [mL] 
Vo Column void volume    [mL] 
VR Retention volume    [mL] 
Vt Column volume    [mL] 
W Peak width     [mL] 
Z Column height     [cm] 
 Porosity     [-] 
 Standard deviation    [s] 
V Standard deviation    [mL] 
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