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Theoretical background of short chromatographic layers
Optimization of gradient elution in short columns
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Abstract

Although linear salt gradient elution ion-exchange chromatography (IEC) of proteins is commonly carried out with relatively short columns,
it is still not clear how the column length affects the separation performance and the economics of the process. The separation performance
can be adjusted by changing a combination of the column length, the gradient slope and the flow velocity. The same resolution can be obtained
with a given column length with different combinations of the gradient slope and the flow velocity. This results in different separation time
and elution volume at the same resolution. Based on our previous model, a method for determining the separation time and the elution volume
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elationship for the same resolution (iso-resolution curve) was developed. The effect of the column length and the mass transfer
so-resolution curve was examined. A long column and/or high mass transfer rate results in lesser elution volume. The resolutio
orous bead packed columns and monolithic columns were in good agreement with the calculated iso-resolution curves. Although
olume can be reduced with increasing column length, the pressure drop limits govern the optimum conditions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In many biotech companies recombinant protein drugs are
urified by several chromatography processes. However, in
any cases these processes are so complicated and delicate

hat the operation must be carefully carried out, and some-
imes additional care must be taken in order to maintain very
igh purity and low variability of the product[1–6]. These
ifficulties arise mainly from the fact that a target recombi-
ant protein drug must be purified from very similar protein
ariants or isoforms.

Chromatography using electrostatic interaction known
s ion-exchange chromatography (IEC) is most commonly
sed for such protein drug separations. Although various
lution methods are available for IEC, linear gradient elu-

ion (LGE), in which salt concentration is increased lin-
arly, is the most efficient method for difficult protein sep-

∗ Corresponding author. Fax: +81 836 85 9201.
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arations[2,6,7]. However, since LGE has many variab
such as gradient slope, flow velocity and column dimens
as well as mobile phase pH, it is difficult to optimize
separation.

It is well known that low mass transfer rates in the stat
ary phase govern the performance of protein chromatogr
[2,6,7]. Therefore, numerous efforts have been devoted t
alyze mass transfer mechanism in protein chromatogr
and to develop chromatographic supports (media) that
sess less mass transfer resistance. Even when porous su
having relatively large pores (ca. 100 nm) pore diffusio
large proteins is still very low. One of the methods that
enhance the mass transfer rate is to use a convection
support. Perfusion chromatography, membrane-based
matography, fabric-support chromatography and monoli
support chromatography are such convection-aided
matography which can permit high separation pe
mance at high flow velocities. Good review pap
are available for the convection-aided chromatogra
[8–13].
021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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We have developed mathematical models for LGE-IEC
[6,14–16]. These models can be applied to predict the sepa-
ration performance and also to obtain important information
on molecular recognition[17].

It is empirically well known that the impact of the col-
umn length on the separation performance in LGE-IEC is
not so significant compared with the isocratic elution. We
have shown that a very short column (1 cm) can be employed
for fine separation of protein variants based on the dimen-
sionless group derived from the mathematical model[6,15].
We have then demonstrated that the same resolution (sep-
aration performance) can be obtained with a given column
when the gradient slope and the flow-velocity are properly
adjusted[16]. However, it is also shown that the separation
time and the elution volume (buffer consumption) change
with the gradient slope and the flow velocity values at the
same resolution. During our investigation on the resolution
with short columns[15], we found that it was not easy to pack
a very short column with conventional porous beads. How-
ever, very short (thin) columns are now commercially avail-
able as monolithic columns and membrane-based columns.
Therefore, we have decided to re-investigate the separation
performance of very short columns based on the extended
version of our model[6,15,16].

In this paper, the effects of the column length and the mass
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2.3. Chromatography apparatus

Column experiments were carried out on a fully automated
liquid chromatography system̈AKTA Explorer 100 (Amer-
sham Biosciences, Uppsala, Sweden).

2.4. Linear gradient elution experiment

The SP Sepharose HP column was equilibrated with a
starting buffer (buffer A) containing 0.03 M NaCl. The same
buffer solution containing 0.5–1.0 M NaCl was used as fi-
nal elution buffer (buffer B). The linear gradient elution was
performed by changing the buffer composition linearly from
buffer A to buffer B with time. Namely, the NaCl concentra-
tion was increased with time at a fixed pH and buffer composi-
tions. The gradient slopeg is shown in M/mL. The linear mo-
bile phase velocityuwas calculated with the cross-sectional
areaAc and the column bed void fractionε as:u=F/(Ac ε)
whereF is the volumetric flow rate. The column bed void
fractionε was determined from the peak retention volume of
Dextran T 2000 pulses. The experiments were performed at
298± 1 K.

3. Theoretical
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ransfer resistance on the separation performance in
EC were investigated on the basis of the model devel
or LGE-IEC. The experimental data with monolithic s
ionary phase IEC as well as conventional porous bead
ere analyzed with the model. The optimization strategi

erms of the separation time and the elution volume (b
onsumption) were developed.

. Experimental

.1. Chromatography column

SP Sepharose HP gels (6% cross-linked agarose
opropyl group, particle diameter ca. 37�m) were packe
nto a plastic column (50 mm× 9.0 mm i.d., total bed vo
meVt = 3.18 mL,) according to the procedure recommen
y the supplier (Amersham Biosciences, Uppsala, S
en). Poly(glycidyl methacrylate-co-ethylene dimetha

ate) disks (3 mm× 12 mm i.d.) with a weak anion-exchan
roup were contained in a specially designed disk holde
mn from BIA Separations (Ljubljana, Slovenia). This d

s called hereafter CIM-QA.

.2. Materials

Model proteins employed in this study are ribonu
se A (RNase A, product no.R4875) and Bovine milk�-

actoglobulin (Lg, product no.L0130) from Sigma (St. Lou
O, 45A). �-Lg contains lactoglobulins A (LgA) and

LgB). Other reagents were of analytical grade.
.1. Peak retention volume as a function of gradient
lope

The outline of our model[5,6,14–17] is briefly ex-
lained below. The peak retention volume is a fu

ion of gradient slope in LGE-IEC. The peak salt c
entration IR increases with increasing gradient slo
= (If − I0)/Vg = (If − I0)/(F tg) [M/mL] ( If : final salt concen

ration,I0: initial salt concentration,Vg: gradient volume,tg:
radient time). TheIR values can be correlated with the f

owing normalized gradient slope,

H = (gVo)

[
(Vt − Vo)

Vo

]
= g(Vt − Vo) (1)

t is the total bed volume,Vo is the column void volume, an
is the gradient slope of the salt.H= (Vt −Vo)/Vo = (1− ε)/ε

s the phase ratio.ε =Vo/Vt is the bed void fraction (interstiti
olume of the bed).g is defined by the following equation

= (If − I0)

Vg
(2)

f is the final salt concentration,I0 is the initial salt concen
ration, andVg is the gradient volume. Linear gradient e
ion experiments are performed at different gradient sl
GH values) at a fixed pH. The salt concentration at the
osition IR is determined as a function ofGH. TheGH–IR
urves thus constructed do not depend on the flow velo
he column dimension, the sample loading (if the overlo
ng condition is not used), or the initial salt concentratioI0
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[6,14–17]. The experimentalGH–IR data can commonly be
expressed by the following equation[6,14–17]

GH = IR
(B+1)

[A(B + 1)]
(3)

From the law of mass action (ion exchange equilibrium)
[3,5,6,17–21], the following relationship can be derived.

A = KeΛ
B (4)

Here,B is the number of sites (charges) involved in protein
adsorption, which is basically the same as theZ number[19]
and the characteristic charge[21], Ke is the equilibrium as-
sociation constant, andΛ is the total ion exchange capacity.
From the ion-exchange equilibrium model[3,5,6,17–21]and
Eq.(4), the following equation is derived[16,17].

K − K′ = KeΛ
BI−B (5)

HereK is the protein distribution coefficient,K′ is the dis-
tribution coefficient of salt, andI is the ionic strength (salt
concentration). The SMA model equation[21] is reduced to
Eq. (5) when the sample loading is low (Λ is not influenced
by protein).
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Fig. 1. Linear gradient elution curves of ribonuclease A at pH 8 on SP
Sepharose HP (0.9 cm i.d.× 5 cm bed-height) with the sameO value
(O= 4800).

For this purpose the following parameter was proposed
where (HETP)LGE is HETP for LGE[16].

O = (ZIa)

(G(HETP)LGE)
(7)

The elution curves obtained for various combinations of
experimental conditions such asZ, G andu are very simi-
lar when theO values are set to be equal[16]. Although the
same resolution can be obtained with various combinations
of operating/column variables (Fig. 1), there may be some
optimum condition because retention timetR and retention
volumeVR is a function ofG andu,When HETP is not de-
pendent on the flow velocity such as the monolithic column,
Eq.(7) can be simplified as Milavec et al.[22] derived

tg2 = tg1

(
Vo2

Vo1

) (
F1

F2

) (
Z1

Z2

)
(8)

Although this equation is very simple and easy to use,
unfortunately it does not give information on the buffer con-
sumptions and the separation time.

For conventional porous bead chromatography the peak
broadens with increasing flow velocity due to the diffusion
mass transfer in the pores. Therefore, when the flow veloc-
ity u is increased, the gradient slopeg must become shal-
lower in order to obtain the sameO value. Similarly when
u the
( hod
f in
a

ra-
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t
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w he
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c time
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. Results

Based on the rigorous mathematical model for LGE-I
he following dimensionless group was derived, which ca
mployed for optimization of LGE with a few experimen
ata[6,15,17].

= (DmIaZ)

(GHud2
p)1/2

(6)

m is the molecular diffusion coefficient anddp is the particle
iameter of IEC media.Ia represents a dummy variable h

ng a numerical value of 1 so thatYbecomes dimensionles
his dimensionless group is based on the assumption th
eight equivalent to a theoretical plate (HETP) (or varia
f the peak width) is proportionalu, which is usually valid fo
igh flow velocities with rather big particles (>100�m). On

he basis of this dimensionless group experimental data o
ide range of chromatography conditions were success
orrelated[6,15,17]. One of the interesting findings is th
he same resolution can be obtained with a very short
mn provided that a very shallow gradient slope is emplo

6,15].
However, it is also desirable to develop another pa

ter, which is not based on the above-mentioned ass
ion (HETP is proportional tou). This is especially importa
or small particle and/or long column systems, and also
bove-mentioned convection-aided chromatography of
hort columns.
is decreased,g must be increased. With the aid of
HETP)LGE–ucurve this calculation can be done. The met
or determining (HETP)LGE–u relationships was described
previous paper[16].
Once theu and theg values are determined, the sepa

ion timetS and the buffer consumption BC are calculate
ollows:

S ≈ tR ≈ (IR − I0)

g
+ V ′ (9)

C ≈ VR

Vt
= FtR

Vt
= tRuε

Z
(10)

here,V′ is the elution volume for the salt.We call t
R −VR/Vt curve at a constantO value the “iso-resolutio
urve” as the same resolution with different separation
nd buffer consumption can be obtained on this curve.
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Fig. 2. Separation time and relative elution volume relationships as a func-
tion of column length. The same bed volume is assumed. The relative elution
volume is often referred to as column volume (CV), and implies the relative
buffer consumption. For the column lengthZ=5 cm, the upper limit (symbol
U) and lower limit (symbolL) are shown. The symbols A and B are the data
from the elution curves shown inFig. 1B andFig. 1A, respectively.

In Fig. 2, the calculated iso-resolution curves are shown.
The open circles A and B are the data fromFig. 1(B and
A), respectively. These data are in good agreement with the
calculated iso-resolution curve. As shown in the figure, the
separation time becomes longer as the elution volume de-
creases. On the contrary, large elution volume is needed for
rapid separation. It is especially important to know where
your separation conditions are located. For example, if your
separation is carried out at point A inFig. 2, it is not wise to
decrease the flow velocity for reducing the buffer consump-
tion. Similarly, if your separation is performed at point B it is
not advantageous to reduce the separation time as very large
buffer consumption is needed.

For the calculation of the iso-resolution curves, there are
the upper and lower limits shown in the symbolU andL in the
figures. The upper limit is determined by the gradient slope.
The gradient slope of two CV may be the limit for a very
steep gradient. The lower limitL is due to the flow velocity
or the pressure drop. When the column length is increased,
the curve shifts to the left and the region between the limit
U andL becomes smaller. This means that the buffer con-
sumption decreases with increasing column length. But at
the same time short-time separation becomes difficult. This
is especially true for large-scale or process-scale separation
where the maximum operating flow velocity due to the pres-
s ed
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urve
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Fig. 3. Illustration on how to adjust the flow velocity and the gradient slope
for reducing separation time (upper figure) and buffer consumption (lower).

resolution curve shifts to lowerV/Vt values with increasing
mass transfer rates (smallerC0 values). In the region a, the
curve is almost parallel to they-axis. The elution volume does
not change with separation time.

The separation performance of monolithic columns like
other convection-aided chromatography does not depend on
the flow velocity. Typical results are shown inFig. 5, where
the data at different flow-rates are almost superimposable.
Based on theO value, the conditions are chosen for different
column heights of monolithic columns. The results are shown
in Fig. 6. Once again, the curves at different column heights
are almost the same.

As the normalized gradient slope is the governing pa-
rameter, the resolution was correlated withGH as sug-

F lume
r
s the
s
r b) the
s

ure drop limit is significantly affected by the column b
eight[5,22–25]. Fig. 3 shows how to adjust the operati
onditions according to the iso-resolution curve.

The effect of mass transfer rate on the iso-resolution c
s shown inFig. 4. The mass transfer (diffusion) term in t
ETP equation was changed as shown in the figure. W

he mass transfer is slow, namely largeC0, the curve shift
o largerV/Vt values. Also as shown in the region b in
gure, the separation time does not change withV/Vt. The
urve is almost parallel toV/Vt axis. On the contrary, the is
ig. 4. Effect of mass transfer on separation time and relative elution vo
elationships. HETP =A0 +C0 uwhereA0 = 7.2× 10−3 and theC0 values are
hown in the figure.O= 9000,Z= 5 cm, the other parameter values are
ame inFig. 2. Note that for very high mass transfer case (region a),V/Vt

emains constant whereas for very low mass transfer case (region
eparation time does not change significantly.
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Fig. 5. Effect of flow-velocity on the resolution for a thin monolithic column.
Gradient slopeg= 6× 10−3 M/mL. Sample, lactoglobulin; pH 7.

Fig. 6. Effect of column length (thickness) on the resolution.GH= 0.00239.
The residence time is the same.

gested by Eq.(6). A good correlation was found as shown
in Fig. 7.

Finally, the relationships between the separation time and
the separation volume as a function of monolithic column
height are shown inFig. 8. As there is no significant mass

Fig. 7. Resolution as a function of gradient slope for a CIM-QA disk (3 mm
thickness).

Fig. 8. Separation time and relative elution volume relationships as a func-
tion of column length for monolithic columns. Sample: Lg,g= 0.006 M/mL,
pH 7 fictitious limits for pressure, separation time and elution volume are
drawn in the figure.

transfer resistance,VR/Vt does not change, which is similar
to region a inFig. 4. Although increasing thickness can re-
duce the elution volume, the accompanying pressure drop
increase becomes a critical variable. If for example the op-
erating conditions must be chosen according to a fictitious
pressure limit line drawn in the figure, high speed separation
is difficult for thick columns. Other important constraints are
separation time limit and elution volume (buffer consump-
tion) limit as shown inFig. 8. There is an operating window
shown by a shaded triangle, which is determined by these
three limits, pressure, separation time and elution volume.

5. Discussion

As mentioned in the text, various convection-aided or
small-bead HPLC have been developed not only for analyti-
cal but also for preparative separations. However, especially
for preparative and process separations it is difficult to choose
proper conditions for required purification specifications.

In isocratic elution once the column bed heightZ is fixed,
there is only one flow velocityu that can give the required
resolution. On the contrary, various combinations of the flow
velocity u and the gradient slopeg are possible to obtain
the same resolution. Compared withZ andu, both of which
a nt.
F not a
m cess
c

di-
a other
h con-
fi ves-
t hro-
m

um
p like
c spect
ffect the pressure drop,g is easy to change to great exte
or small scale-separations, the buffer consumption is
ajor issue where as it is critical for the economics of pro

hromatography.
It is usually not easy to pack a very short, and wide

meter column with conventional porous beads. On the
and, large scale short monolithic columns of various
gurations are available. Therefore, it is interesting to in
igate the opportunities of short columns for process c
atography.
Even with such short monolithic columns, the maxim

ressure drop limit is critical for process chromatography
onventional packed beds. Further investigation on this a
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is needed for process development of monolithic column bio-
chromatography.

6. Nomenclature

A =KeΛ
B

Ac cross-sectional area (cm2)
B the number of binding sites
BC buffer consumption (VR/Vt)
C0 initial concentration (mg/mL)
dp particle diameter (cm)
Dm molecular diffusion coefficient (cm2/s)
F volumetric flow rate (mL/min)
g gradient slope (M/mL)
GH normalized gradient slope ((gVo)H=g(Vt −Vo))

(M)
H phase ratio ((Vt −Vo)/Vo)
(HETP)LGE plate height for linear gradient elution (cm)
I ionic strength (salt concentration) (M)
Ia dimensional constant having a numerical value of 1

(M)
If final salt concentration (M)
I0 initial salt concentration (M)
IR peak salt concentration (M)
K
K
K
O
t
t
t
u
V
V
V
V
V
V
Y
Z
ε

Λ

References

[1] S.M. Wheelwright, Protein Purification: Design and Scale Up of
Downstream Processing, Wiley, 1993.

[2] M. Ladisch, Bioseparations Engineering: Principles, Practice and
Economics, Wiley, New York, 2001.

[3] G. Sofer, L. Hagel, Handbook of Process Chromatography, Academic
Press, San Diego, CA, 1997.

[4] E. Karlsson, L. Ryden, J. Brewer, in: J.-C. Janson, L. Ryden (Eds.),
Protein Purification, second ed., Wiley VCH, New York, 1998, p.
145.

[5] P. Watler, O. Kaltenbrunner, D. Feng, S. Yamamoto, in: A.S. Rathore,
A. Velayudhan (Eds.), Preparative Chromatography, Principles and
Biopharmaceutical Applications, Marcel Dekker, New York, 2002,
p. 123.

[6] S. Yamamoto, K. Nakanishi, R. Matsuno, Ion-Exchange Chromatog-
raphy of Proteins, Marcel Dekker, New York, 1988.

[7] G. Guiochon, S. Shirazi, A. Katti, Fundamentals of Preparative and
Nonlinear Chromatography, Academic Press, New York, 1994.

[8] D.K. Roper, E.N. Lightfoot, J. Chromatogr. A 702 (1995) 3.
[9] L. Whitney, M. McCoy, N. Gordon, N. Afeyan, J. Chromatogr. A

807 (1998) 165.
[10] S. Ghose, S.M. Cramer, J. Chromatogr. A 928 (2001) 13.
[11] R. Hahn, M. Panzer, E. Hansen, J. Mollerup, A. Jungbauer, Sep. Sci.

Technol. 37 (2002) 1545.
[12] J.L. Meyers, A.I. Liapis, J. Chromatogr. A 852 (1999) 3.
[13] T.B. Tennikova, R. Freitag, J. High Resolut. Chromatogr. 23 (2000)

27.
[14] S. Yamamoto, M. Nomura, Y. Sano, AIChE J. 33 (1987) 1426.
[15] S. Yamamoto, M. Nomura, Y. Sano, J. Chromatogr. 409 (1987) 101.
[
[
[
[ hro-

[ 6)

[ 996)

[ ncar,

[ oteins,
25,

[ roc.

[

distribution coefficient
′ distribution coefficient of salt
e equilibrium association constant

dimensionless parameter ((Z Ia)/(G(HETP)LGE)
g gradient time (min)
R retention time (min)
S separation time (min)

linear mobile phase velocity (cm/min)
elution volume (mL)

′ elution volume for the salt (mL)
g gradient volume (mL)
o column void volume (interstitial volume) (mL)
R retention volume (mL)
t column volume (mL)

dimensionless parameter = [(DmIaZ)/(GHudp2)]1/2

column length (cm)
void fraction of column =Vo/Vt
total ion-exchange capacity (meq./mL)
16] S. Yamamoto, Biotechnol. Bioeng. 48 (1995) 444.
17] S. Yamamoto, T. Ishihara, J. Chromatogr. A 852 (1999) 31.
18] N.K. Boardman, S.M. Partrige, Biochem J. 59 (1955) 543.
19] W. Kopaciewicz, M.A. Rounds, J. Fausnaugh, F.E. Reniger, J. C

matogr. 266 (1983) 3.
20] C.M. Roth, K.K. Uger, A.M. Lenhoff, J. Chromatogr. A 726 (199

45.
21] S.R. Gallant, S. Vunnum, S.M. Cramer, J. Chromatogr. A 725 (1

295.
22] P. Milavec Zmak, H. Podgornik, J. Jancar, A. Podgornik, A. Stra

J. Chromatogr. A 1006 (2003) 195.
23] J.-Ch. Janson, P. Hedman, Large-Scale Chromatography of Pr

in: A. Fiechter (Ed.), Advances in Biochemical Engineering, vol.
Springer-Verlag, Berlin, 1982, p. 43.

24] G.A. Soriano, N.J. Titchener-Hooker, P. Ayazi-Shamlou, Bio. P
Eng. (1997) 115.

25] J.J. Stickel, A. Fotopoulos, Biotechnol. Prog. 17 (2001) 744.


	Theoretical background of short chromatographic layers
	Introduction
	Experimental
	Chromatography column
	Materials
	Chromatography apparatus
	Linear gradient elution experiment

	Theoretical
	Peak retention volume as a function of gradient slope

	Results
	Discussion
	Nomenclature
	References


