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Abstract

The influence of flow-rate on the separation of hen egg-white proteins was investigated using Whatman
Express-lon Exchanger Q and Pharmacia Q-Sepharose Fast Flow. Using 25-ml columns, breakthrough studies
demonstrated that Express-lon Q had an ovalbumin capacity of ca. 70 mg/ml. ca. 20% (w/w) greater than
Q-Sepharose Fast Flow. Breakthrough for each exchanger was rapid. Using 25-1 columns ca. 3.9 kg of protein was
loaded on to each exchanger with Express-lon Q having a capacity of ca. 2.1 kg compared with ca. 1.8 kg for
Q-Sepharose Fast Flow. The desorption kinetics of the agarose were slower than those of the cellulose, as indicated
by reduced chromatographic resolution with increasing flow-rate. Express-lon Q was shown to give consistent
chromatography over 100 chromatographic cycles with periodic clean-in-place.
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1. Introduction

lon-exchange chromatography is a widely used
technique in the downstream processing of com-
mercially important biopolymers. For low-pres-
sure separations, ion exchangers are traditionally
based on polysaccharide supports including cellu-
lose, agarose and dextran [1,2]. In order for an
industrial ion-exchange process to be commer-
cially viable, it is important to optimize through-
put at the required degree of product purity.
Throughput in a chromatographic process is
affected by capacity, resolution and flow-rate, all
of which are interrelated.

* Corresponding author.

Cellulose 1s a polysaccharide with a macro-
porous structure, which in its non-regenerated
form offers a very high protein capacity and fast
adsorption kinetics [3], features which directly
influence dynamic binding capacity and resolu-
tion in the chromatographic process [3]. Accord-
ingly, ion-exchange celluloses have been used in
various biochemical separations [4-7]. While the
capacity and resolution of traditional micro-
granular ion-exchange celluloses are higher than
those of comparable agarose-based exchangers
[3.8], the flow performance of the latter product
type is superior. In ion-exchange separations
where. for example. components of the protein
feed are labile or the chromatographic step is
rate limiting. then process time and thus flow-
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Table 1

Typical properties of Express-lon Q and Q-Sepharose Fast Flow

Property Express-lon Q

Q-Sepharose Fast Flow

Regains (g/dry g):

Free base form 1.94

Hydrochloride form 1.87
Small-ion capacity (mequiv./dry g) 0.93
Column packing density (dry g/ml) 022
Protein capacity® (mg/dry g) 256
Protein capacity® (mg/ml) 55
Flow-rate (cm/h):

50 cmH,O/cm" 523

75 emH,O/cm 751

4.86
4.67
1.45
0.12
648
78

579
835

“ Bovine serum albumin, 0.01 M sodium phosphate buffer (pH 8.5).

"1 cmH,O = 98.0665 Pa.

rate are key factors. In order to address these
flow-rate limitations, we developed the Express-
Ton range of ion-exchange celluloses, which can
sustain high flow-rates, i.e., >150 cm/h in axial
flow columns [9], albeit with a reduced protein
capacity compared with the traditional micro-
granular ion-exchange celluloses [10].

We have previously reported the process-scale
chromatography of hen egg-white proteins on
25-1 columns containing Express-Ion D [9] and
Express-Ion Q [11] and have carried out detailed
validation studies on the regeneration of these
media following a clean-in-place (CIP) protocol
[11,12].

In the present study, we compared the chro-
matographic performance of Express-Ion Q with
the agarose-based anion exchanger Q-Sepharose
Fast Flow. Typical properties of these media are
summarized in Table 1. In this work we assessed
the effect of flow-rate on the separation of hen
egg-white proteins in terms of capacity and
resolution using 25-ml laboratory columns and
25-1 process columns of each medium.

2. Experimental
2.1. Materials
Cell debris remover (CDR) and Express-lon

Q were obtained from Whatman International
(Maidstone, UK). Q-Sepharose Fast Flow was

obtained from Pharmacia Biotech (St. Albans,
UK). A G450 X 500 glass chromatographic col-
umn fitted with 30-um polypropylene bed sup-
ports was obtained from Amicon (Stonehouse,
UK). Tris(hydroxymethyl)aminomethane (Tris)
was obtained from Merck (Poole, UK). Oval-
bumin grade V was obtained from Sigma (Poole,
UK). All other chemicals were of analytical-
reagent grade. Fresh size 2 hen eggs were ob-
tained from Barradale Farms (Headcorn, UK).

2.2. Feedstock preparation

Egg-whites were separated from 1500 fresh
hen eggs and diluted to 14% (v/v) with 0.025 M
Tris—HCI buffer (pH 7.5). The egg-white suspen-
sion was clarified using a total of 50 kg of pre-
equilibrated CDR in a batch mode. Spent CDR
was removed by centrifugation through a 1.6 X
0.6 mm slotted screen (EHR 500 basket cen-
trifuge; Robatel and Mulatier, Lyons, France)
and the sample was clarified through a Grade 541
filter-paper (Whatman International). The clear
solution (500 1) containing 7.4-8.7 mg/ml of total
protein was used for chromatography on
Express-lon Q and Q-Sepharose Fast Flow.

2.3. Batch kinetics
Express-Ion Q and Q-Sepharose Fast Flow

were equilibrated with 0.025 M Tris—HCI buffer
(pH 7.5). The adsorption of 2.0 mg/ml oval-
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bumin was carried out in a batch stirred tank
(250 ml) using Express-Ion Q (370 mg dry mass
equivalent) and Q-Sepharose Fast Flow (180 mg
dry mass equivalent) over a 60-min period with
continuous monitoring of the adsorbate solution
at 280 nm.

2.4. Dynamic capacity determination

Egg-white feedstock (1000 ml) was applied to
columns of Express-lon Q or Q-Sepharose Fast
Flow (15.5 cm X 1.5 cm LD.) previously equili-
brated with 0.025 M Tris-HCI buffer (pH 7.5),
by which time the absorbance of the eluate at
280 nm was similar to that of the feedstock.
Non-bound material was removed by washing
with 0.025 M Tris-HCI buffer (pH 7.5) (150 ml).
Bound material was eluted using a linear gra-
dient of 0-0.5 M NaCl in 0.025 M Tris—-HCl
buffer (pH 7.5) (400 ml). The flow-rates were
maintained at 1, 2, 4, 6, 8, 10 and 20 ml/min over
a series of studies. The protein capacity at 10%
and 100% (w/w) of breakthrough were calcu-
lated following FPLC analysis using a column of
Mono Q as described previously [9].

2.5. Process-scale chromatography

Express-Ion Q (15.4 kg) and Q-Sepharose Fast
Flow (35 1) were equilibrated with 0.025 M Tris—
HCl buffer (pH 7.5) to give a final slurry con-
centration of ca. 30% (w/v). The slurry was
transferred to the 50 cm X 45 cm [.D. column
barrel section and the bed was consolidated at a
pressure of ca. 10 ps.i. (1 ps.i =6894.76 Pa)
according to the column manufacturer’s guide-
lines. The packed column of Express-Ion Q (15.5
cm X 45 cm 1.D.) had a volume of ca. 24.71 and a
packing density of 0.218 kg/l. The packed col-
umn of Q-Sepharose Fast Flow (14.5 cm X 45 cm
I.D.) had a volume of ca. 23.1 | and a packing
density of 0.129 kg/1. All procedures were car-
ried out at room temperature (15-20°C).

Egg-white feedstock (500 1) was loaded on to
the column and non-bound material was re-
moved by washing with 0.025 M Tris—HCI buffer
(pH 7.5) (150 1). Bound material was ecluted
using a linear gradient of 0-0.5 M NaCl in 0.025
M Tris-HCI buffer (pH 7.5) (400 1). CIP was

carried out by washing the columns of Express-
Ion Q or Q-Sepharose Fast Flow with 0.5 M
NaOH (50 1). The columns were depressurized
and allowed to stand at room temperature for 16
h. The columns were repressurized and washed
successively with water (50 1), 0.1 M Tris-HCl
buffer (pH 7.5) (50 1) and 0.025 M Tris-HCl
buffer (pH 7.5) (200 1). For each medium the
flow-rates were maintained at 2, 4 and 6 1/min
throughout each chromatographic cycle.

Pooled fractions at various stages of chroma-
tography were assayed for total protein and
ovalbumin content by FPLC [9]. Throughout the
column procedures the effluent was monitored
for absorbance at 280 nm and by conductivity.

2.6. Resolution study

Express-Ion Q and Q-Sepharose Fast Flow
were equilibrated with 0.025 M Tris~-HCI buffer
(pH 7.5) and packed into columns (15.5 cm X 1.5
cm L.D.). Egg-white feedstock (10 ml) was
loaded on to the columns and non-bound materi-
al removed by washing with 0.025 M Tris-HCl
buffer (pH 7.5) (50 ml). Bound material was
eluted using a linear gradient of 0-0.5 M NaCl in
0.025 M Tris~-HCI buffer (pH 7.5) (200 ml). The
flow-rates were maintained at 1, 2, 4, 6, 8, 12, 16,
20 and 30 ml/min over a series of studies.
Throughout these studies the column effluent
was monitored for absorbance at 280 nm and by
conductivity.

2.7. 100 cycle study

Express-lon Q was equilibrated with 0.025 M
Tris-HCI buffer (pH 7.5) and packed into a
column (15.5 cm X 1.5 cm 1.D.). Egg-white feed-
stock (10 ml) was loaded on to the column and
non-bound material removed by washing with
0.025 M Tris—HCI buffer (pH 7.5) (50 ml).
Bound material was eluted using a linear gra-
dient of 0-0.375 M NaCl in 0.025 M Tris—HCl
buffer (pH 7.5) (150 ml). The bed was equili-
brated first with 0.1 M Tris—HCI buffer (pH 7.5)
(30 ml) and subsequently with 0.025 M Tris—HC]
buffer (pH 7.5) (200 ml). This cycle was repeated
a further four times.

Following the fifth elution cycle, a CIP was
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performed. The column was washed with 0.5 M
NaOH (50 ml) and stood for 12 h. The column
was washed successively with water (50 ml), 0.1
M Tris—HCl buffer (pH 7.5) (50 ml) and 0.025 M
Tris—HCI buffer (pH 7.5) (300 ml).

The procedure for five egg-white separations
followed by a CIP was carried out a total of
twenty times, ie. 100 cycles. Throughout this
study the flow-rate was maintained at 4 ml/min
and the column effluent was monitored by ab-
sorbance at 280 nm and by conductivity. Data
were captured on and processed by a Dionex
Model Al 450 data handling and processing
system. All operations were carried out at room
temperature (15-20°C).

3. Results and discussion

We have previously described the flow per-
formance advantages of Express-lon media [9.11]
compared with more traditional microgranular
ion-exchange celluloses. We have demonstrated
that these latter products, namely DES52 and
QAS52, have superior kinetics of adsorption of
bovine serum albumin than the agaroses DEAE-
Sepharose Fast Flow and Q-Sepharose Fast Flow
[3]. but their sustainable flow-rates in process
columns are significantly lower. The uptake of
ovalbumin by Express-lon Q and Q-Sepharose
Fast Flow is represented in Fig. 1, with data
expressed in terms of mg ovalbumin/ml column
volume for ease of interpretation. The data
demonstrate that Express-lon Q has slightly
faster kinetics than Q-Sepharose Fast Flow with
50% uptake for ovalbumin complete in 80 s
compared with 130 s for Q-Sepharose Fast Flow.
In a packed chromatographic column of bed
height 16 cm, assuming 75% (v/v) voidage, then
a linear velocity of 150 cm/h equates to a
maximum residence time of adsorbate within the
column of ca. 5 min. As the flow-rate increases,
so the residence time decreases and it may be
inferred that kinetic diffusion effects within the
matrix of the ion exchanger should have an effect
on its chromatographic performance, particularly
as flow rates are increased.

Protein capacity is a key parameter influencing
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Fig. |. Kinctic uptake of ovalbumin by (O) Express-Ion Q
and (ZJ) Q-Sepharose Fast Flow in 0.025 M Tris—HCI buffer
(pH 7.5) in a batch stirred tank. Data are expressed as
column volume equivalents based on the packing densities in
Table 1.

throughout and will vary depending on the
specific conditions of the separation. A column
breakthrough curve obtained using a similar
feedstock and operated under conditions repre-
sentative of those used for preparative chroma-
tography gives a good estiraation of the capacity
of the exchanger and thus the scale of the
process. Egg-white is a multi-component protein
mixture [13] and we have reported displacement
effects during the anion-exchange purification of
the ovalbumin component using Express-Ion D
[9] and DE92 [14]. Analysis of the eluting frac-
tions during a breakthrough study by FPLC
generates relevant protein binding capacity in-
formation [9]. The protein capacity data at 100%
(w/w) breakthrough for Express-Ion Q and Q-
Sepharose Fast Flow over the flow-rate range
30-700 em/h (1-20 ml/min) are summarized in
Table 2. The data demonstrate that Express-lon
Q has a dynamic capacity for the ovalbumin
component of hen egg-white ca. 20% (w/w)
greater than Q-Sepharose Fast Flow over the
flow-rate range tested. Both media demonstrated
a decline in capacity with increasing flow-rate,
with similar rates of decline for both media
types. This would be expected on the basis of
their diffusion kinetics, which were similar for
each medium (Fig. 1). In an industrial purifica-
tion it would generally be undesirable, for econ-
omic reasons, to load a column to 100% (w/w) of
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Table 2

Protein capacities for Express-Ion Q and Q-Sepharose Fast Flow for hen egg-white proteins during breakthrough

Flow-rate Protein capacity” (mg/ml)
(cm/h)
Express-Ion Q Q-Sepharose Fast Flow
10% Breakthrough 100% Breakthrough 10% Breakthrough 100% Breakthrough
34 75.5 743 nd’ 60.2
68 66.1 76.2 70.9 58.6
136 585 729 548 62.5
204 58.8 65.8 54.9 57.9
272 57.0 61.4 63.9 574
340 54.2 61.0 59.0 55.7
680 50.9 62.4 522 523

“ Determined as ovalbumin by FPLC.
" Not determined.

breakthrough [9] and a more typical loading
would be to 10% (w/w) of breakthrough, where-
by losses of product may be minimized. By
extensive FPLC analysis of the column eluate,
we were able to monitor the breakthrough of
ovalbumin. From these data we determined a
10% (w/w) breakthrough capacity for this oval-
bumin purification. These data are summarized
in Table 2. Although there was a reduction in
capacity with increasing flow-rate, it was evident
that the 10% capacities were very similar to the
capacities at 100% breakthrough, indicative of
sharp breakthrough. This is reinforced by the fast
kinetics of each medium (Fig. 1) and indicates
that both Express-lon Q and Q-Sepharose Fast
Flow should be capable of efficient protein
purification using process loadings at flow-rates
of up to 225 cm/h used in the process-scale
investigations.

Table 3

Hen egg-white contains 63.8% (w/w) oval-
bumin [15] and in the process-scale evaluations
we loaded columns of Express-Ion Q (24.7 1) and
Q-Sepharose Fast Flow (23.1 1) with ca. 4 kg of
total protein, i.e. ca. 2.5 kg of ovalbumin [15].
This reflects a loading greater than the maximum
dynamic capacity of each column, based on our
earlier data (Table 2). The protein capacity data
for Express-lon Q and Q-Sepharose Fast Flow
are summarized in Table 3. Since we are dealing
with a natural feedstock and it would have been
impractical for us to produce and store a pooled
feed of 3000 1 and use this for each of the six
runs, there is a variability in the mass of protein
loaded and this is reflected in the mass of protein
bound. Notwithstanding feedstock variability,
two clear conclusions may be drawn from these
studies. First, as the flow-rate increased over the
range 75-225 cm/h, the capacity of each medium

Protein capacities of Express-Ion Q and Q-Sepharose Fast Flow during preparative chromatography of hen egg-white proteins

Flow-rate Express-lon Q Q-Sepharose Fast Flow
(cm/h)
Feedstock Protein Feedstock Protein
total protein (g) adsorbed (g) total protein (g) adsorbed (g)
75 3823 2189 4347 1916
150 3887 2349 3941 1663
225 3703 1991 4032 1769
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decreased. Second, the overall binding capacity
of Express-Ion Q was ca. 20% (w/w) higher than
that of Q-Sepharose Fast Flow, observations in
keeping with those found in the breakthrough
studies (Table 2). FPLC analysis of the desorbed
protein demonstrated it to be predominantly
ovalbumin, with some ovomucoid and ovo-
globulin content, observations in keeping with
those previously reported for Express-lon D [9].
Following CIP, the performance of each medium
was maintained, further demonstrating the effec-
tiveness of treatment with 0.5 M NaOH as a
suitable column regenerant, and reinforcing pre-
vious studies on Express-lon Q [11] and Q-
Sepharose Fast Flow [16].

In order for us to demonstrate the effect of
flow-rate on chromatographic resolution, i.e. an
evaluation of desorption kinetics, we carried out
a series of analytical egg-white separations on
laboratory columns of Express-lon Q and Q-
Sepharose Fast Flow over the flow-rate range
30-1000 cm/h. These chromatograms are pre-
sented in Fig. 2. It is evident that the resolution
of the conalbumin component, eluting at ca. 120
ml, and the ovalbumin component, eluting at ca.
170 ml, is more sensitive to increasing flow-rate
for the Q-Sepharose Fast Flow than for Express-
Ion Q. In order to quantify these effects, a
degree of resolution may be calculated according
to

V-V

wrw) 2

Degree of resolution =

where V, =elution volume of ovalbumin, V|, =
elution volume of conalbumin, W, = peak width
of ovalbumin at 0.608 peak height and W, = peak
width of conalbumin at 0.608 peak height. These
data are presented graphically in Fig. 3, which
demonstrates the greater sensitivity to high flow-
rates for Q-Sepharose Fast Flow compared with
Express-lon Q, presumably reflecting more im-
paired diffusion of desorbed protein from the
pores of the agarose matrix compared with the
cellulose.

The final part of this study was an investigation
into the reusability of Express-Ion Q. We have
previously reported the effectiveness of a CIP
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Fig. 2. Column chromatography of hen egg-white protein on
(a) Express-lon Q and (b) Q-Sepharose Fast Flow using 0.025
M Tris-HCI buffer (pH 7.5) at flow-rates of 34-1020 cm/h.

using 0.5 M NaOH for columns of Express-lon Q
[11] and demonstrated good physical and chemi-
cal stability of the medium during the CIP. In the
present study we carried out a series of twenty
cycles on Express-Ion Q, each involving five
consecutive egg-white separations followed by a
CIP, maintaining the flow-rate at 136 cm/h. We
have superimposed all 100 runs as a single graph
in Fig. 4. Although there are minor variations
between individual runs, it is evident that the
chromatography of hen egg-while feedstock over
the 100 cycles is consistent and the CIP pro-
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Fig. 3. Influence of flow-rate on the degree of resolution of
the conalbumin and ovalbumin components of hen egg-white
for ((J) Express-lon Q and (O) Q-Sepharose Fast Flow using
0.025 M Tris—HCI buffer (pH 7.5).

cedure has no visible effect on the chromato-
graphic performance of the medium.

In process-scale ion-exchange protein purifica-
tion, there are a range of adsorbents commercial-
ly available. In the present investigation we
carried out a comparison of an agarose- and a
cellulose-based adsorbent each available for
large-scale use. The results demonstrate that
both Q-Sepharose Fast Flow and Express-Ion Q
are suitable for process-scale protein purification
and both give similar chromatographic perform-
ance in our hands, with Express-Ion Q having a
ca. 20% (w/w) greater binding capacity than
Q-Sepharose Fast Flow for ovalbumin. The
slightly inferior diffusion kinetics of the agarose
matrix may have a disadvantageous effect, but
only at flow rates =250 cm/h, particularly with
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Fig. 4. Column chromatography of hen egg-white proteins on

Express-lon Q using 0.025 M Tris—HCI buffer (pH 7.5) at a

flow-rate of 136 cm/h over a series of 100 cycles with a CIP

after every fifth run.

gradient elution. Over the flow-rate range 75-
225 cm/h, a sharp protein breakthrough was
observed for each medium, which facilitates
efficient adsorptive processes on an industrial
scale. It is possible that matrix effects may
influence many separations and it was beyond
the scope of the present study to investigate
these. However, such effects should not be dis-
counted and an appropriate media screening
strategy in addition to a flow-rate assessment
may be beneficial in throughput considerations.
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