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Abstract

The present paper describes a chromatographic capture/purification step for the recovery of proteins directly from undiluted and unclarified
cell culture broths using supermacroporous dimethylacrylamide (DMAA) cryogel. The interconnected character and the size (10–100�m)
of the pores of the adsorbent make it possible to process whole cell fermentation broths without blocking the column. Cu2+–iminodiacetic
acid (IDA) DMAA cryogel has been used for the isolation and purification of excreted (His)6-tagged single chain (sc) Fv antibody fragments,
(His)6-scFv, fromE. coli cell culture. Bound protein was recovered with 0.2 M imidazole or with 20 mM EDTA and was practically cell-free.
Chromatographic capture using Cu2+–IDA cryogel column was performed at flow rates of 300 and 600 cm/h, respectively and resulted
in 84–96% recovery of (His)6-scFv fragments with a purification factor of 13–15. The DMAA cryogel adsorbent is mechanically stable,
can withstand harsh cleaning-in-place procedure and is relatively inexpensive. Chromatographic isolation of proteins using cryogels allows
efficient removal of cells and can be operated at a flow rate as high as 600 cm/h. This novel technique has proven to be a scalable process,
does not require special equipment and can be a good alternative to expanded bed adsorption and other integrated isolation techniques.
© 2004 Published by Elsevier B.V.
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1. Introduction

Along with progress in recombinant gene technology
that offers almost unlimited possibilities for production
of biomolecules with desired structure and function, there
is an increased need for innovations in the biosepara-
tion techniques, which can be a major bottleneck for the
commercialization of the bioproduct. Indeed, conventional
multi-step downstream processing is often time-consuming,
labor-intensive and can account for up to 50–80% of the
total process costs[1–3]. Each step, i.e. biomass separation,
concentration, purification and polishing, contributes to the
loss of the product yield and to the product cost.

One of the most promising strategies for achieving a better
operational economy is the reduction of the number of steps
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by integrating the primary capture of the product from the
cell suspension with the initial purification. Such integrated
downstream processing implies the application of separation
technologies capable of processing particle-containing solu-
tions. Among developed integrated techniques which have
received considerable attention are magnetic separations
[4–6], aqueous two-phase systems[7–11]and expanded bed
adsorption (EBA)[12–19]. These methods allow avoiding
centrifugation and filtration steps but are limited either in
scale, resolution or efficiency. Magnetic adsorption tech-
niques where affinity ligands are immobilized on small
magnetic particles require special equipment and costly
magnetic adsorbents. Due to limitations in magnet capacity,
this technique is mainly used in small-scale separations,
although successful pilot-scale separations have also been
reported[6]. In aqueous two-phase extraction, a batch-wise
technique, both binding and elution are single equilibrium
steps leading to poor separation efficiency. Moreover, there
can be difficulties in collecting the target product due to
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material gathering at the interface of two phases. Expanded
bed chromatography, currently the most practical technol-
ogy based on fluidization of chromatographic adsorbents
of defined size and density, have several major limitations.
These are the narrow range of flow velocities possible for
desired expansion values[12], the need for the column to be
absolutely vertical[20], the long equilibration time needed
to obtain a stable steady state[21], the need to adjust the
flow rate depending on the physical properties of the feed
[12] and the necessity of feed dilution and/or pretreatment
[22]. Further, conventional EBA adsorbents are prone to
non-specific interactions with the biomass and to fouling
[16,23,24]and therefore, can require special pretreatment
to reduce cell binding[25]. As a result, the process costs
for the integrated isolation/purification using EBA can be
higher as compared to those of the conventional multi-step
bioseparation[26].

It is clear from the above that there is still no universal
direct capture procedure that could find wide application in
commercial production of bioproducts.

In this work we introduce a robust and scaleable chro-
matographic technique for integrated product isolation
from cell culture fluids using continuous supermacroporous
dimethylacrylamide (DMAA) cryogel column. Cryogels,
i.e. the polymeric gels formed in moderately frozen me-
dia, have a continuous system of interconnected macrop-
ores with a size of 10–100�m. The large pore size and
the interconnected morphology of pores allow unhindered
mass transport of solutes of practically any size[27]. The
DMAA cryogel columns consist only of 1/5 stationary
phase (swollen gel) with the remaining 4/5 of the volume
being pores. Due to the convective flow of the mobile phase
through the interconnetced pores, the mass transfer resis-
tance is practically negligible and the height equivalent to
a theoretical plate (HETP) is practically independent either
of flow rate or of the size of the marker (from acetone to
Escherichia colicells) [28]. Here we describe the prepa-
ration of small- and pilot-scale Cu2+–iminodiacetic acid
(IDA) DMAA cryogel adsorbents. The obtained immobi-
lized metal affinity columns were used for direct capture
of extracellularly expressed (His)6-tagged single chain Fv
fragments [(His)6-scFv] from wholeE. coli cell culture
broth at flow rates up to 600 cm/h.

2. Experimental

2.1. Chemicals

N,N-Dimethylacrylamide (DMAA, 99%), aluminium
oxide, ammonium persulfate (APS) and allyl glycidyl ether
(AGE, 99%) were bought from Aldrich (Steinheim, Ger-
many). N,N′-Methylenebis(acrylamide) (MBAAm) was
from Acros (Geel, Belgium). Iminodiacetic acid (IDA)
was from Fluka (Buchs, Switzerland).N,N,N′,N′-Tetrame-
thylethylenediamine (TEMED), carbonate–hydrogen car-

bonate buffer capsules, enzyme-linked immunosorbent
assay (ELISA) buffer pouches (10 mM phosphate buffer
pH 7.4, 0.15 M NaCl, 0.05% Tween 20), Sigma Fast
o-phenylenediamine dihydrochloride tablet sets (OPD per-
oxidase substrate), rabbit anti-α ScFv, lysozyme, copper
sulphate, EDTA-tetrasodium salt, imidazole and BCA
(bicinchoninic acid) protein assay reagent were purchased
from Sigma (St. Louis, MO, USA). Porcine anti-rabbit im-
munoglobulin/HRP was purchased from Dako (Glostrup,
Denmark). Anti-6×-histidine [anti-(His)6] antibody was
obtained from R&D Systems Europe (Abingdon, UK).
Low-salt LB-Broth, micro agar, sodium ampicillin and
isopropyl-�-d-thiogalactopyranoside (IPTG) were of the
brand Duchefa (Haarlem, The Netherlands). Terrific Broth
(TB medium) was from Difco (Detroit, USA). The buffer
salts were of the best quality available.

2.2. Production of supermacroporous monolithic
Cu2+–IDA cryogel

Monomers (6.3 ml of DMAA, 2.2 g of MBAAm and
0.85 ml of AGE) were dissolved in deionized water (final
concentration 5%). Free radical polymerization was initi-
ated by TEMED (115�l) and APS (90 mg). The reaction
mixture was poured into plastic syringes (5 ml) and was
frozen at−12◦C for 16 h. After washing with water the
columns were stored at 4◦C. Coupling of IDA ligand is
presented in detail elsewhere[29,30].

2.3. Cell culture and production of (His)6-scFv
fragments

A recombinant strain ofE. coli producing extracellu-
lar (His)6-tagged single chain Fv antibody fragments[31]
was provided by BioInvent International (Lund, Sweden)
as a kind gift. The starter culture of the recombinant
E. coli cells was grown in LB medium (trypton 10 g; yeast
extract 5 g and sodium chloride 5 g in 1 l distilled water,
pH 7.2) containing 0.1 mg/ml ampicillin. Expression of
the target protein was carried out in TB medium (pancre-
atic digest of casein 12 g; yeast extract 24 g; dipotassium
phosphate 9.4 g and monopotassium phosphate 2.2 g in 1 l
distilled water, pH 7.2) supplemented with glycerol 4 ml/l
and ampicillin 0.1 mg/ml and induced by 0.1 mM isopropyl
�-d-thiogalactopyranoside atA600 = 0.5. The batch was
cultivated at 37◦C for 24 h with shaking at 175 rpm. The
obtained fermentation broth (turbidity 18–23 unitsA450/ml;
protein= 8–10 mg/ml) was used directly for the chromato-
graphic analyses.

2.4. Chromatographic capture of (His)6-scFv fragments
from theE. coli cell culture fluid

The freshly obtained non-diluted cell culture fluid (0.25,
1, 10 or 200 ml) was applied to Cu2+–IDA DMAA cryo-
gel column (5 ml with 1.24 cm i.d. or 500 ml with 4.8 cm
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i.d., respectively) followed by washing with the running
buffer (20 mM HEPES, 200 mM NaCl, 2 mM imidazole,
pH 7.0). Elution was performed using 0.2 M imidazole in
20 mM HEPES, 200 mM NaCl, pH 7.0 or 20 mM EDTA,
50 mM NaCl, pH 8.0 (which also stripped Cu2+ from the
carrier). Flow velocities of 50, 300 or 600 cm/h were used.
The cell content in the applied samples and in the frac-
tions collected throughout chromatographic runs was ana-
lyzed spectrophotometrically by measuring absorbance at
450 nm. Cu2+/EDTA solutions at the concentrations used
do not absorb light at this wavelength. The chromatographic
profile of (His)6-scFv fragments was determined by running
an ELISA on single fractions collected during feed appli-
cation, washing and elution stages. Yield was determined
as the percent of loaded antibody that eluted in the purified
pool.

After removing Cu2+ ions with EDTA, regeneration of the
adsorbent proceeded by washing the columns with distilled
water (4 bed volumes) and application of 4 bed volumes of
0.25 M Cu2+ solution and finally followed by washing with
another 4 bed volumes of distilled water. Cleaning-in-place
with 0.1 M NaOH was not carried out between the
runs.

2.5. Protein assay techniques

Protein concentration was determined using BCA protein
assay reagent according to the established method[32]. Sam-
ples containing Cu2+ or imidazole were dialyzed against
20 mM HEPES, 200 mM NaCl, pH 7.0 prior to BCA assay.

The content of (His)6-scFv fragments in the broth and
in the chromatographic fractions was detected by indi-
rect sandwich ELISA using peroxidase conjugated (HRP)
secondary antibody. Monoclonal anti-(His)6 antibody was
adsorbed on ELISA plate wells (60�l anti-(His)6 3�g/ml
in each well) followed by washing with phosphate-buffered
saline with Tween 20, pH 7.4 (PBST). The plates were
incubated with the analyzed samples applied at successive
dilutions. Bound (His)6-scFv fragments were detected with
rabbit � ScFv antibody 1:2000 and swine anti-rabbit HRP
antibody 1:1000. The wells were washed five times with
PBST buffer after each step. Peroxidase activity was de-
tected with o-phenylenediamine dihydrochloride (Sigma
FastTM OPD). The concentration of the target protein was
determined using the ELISA titration curve obtained for
pure standard solution of His-tagged scFv fragments.

The fermentation broth and the fractions from chro-
matographic runs were analyzed by sodium dodecyle
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
in 4–20% gradient polyacrylamide gels using a Bio-Rad
Mini-protein II system according to the instructions of
the manufacturer. The protein bands were stained with
Coomasie Blue.

All cell containing samples were clarified by centrifuga-
tion at 14.000× g for 3 min prior to protein analyses de-
scribed above.

2.6. Preparation of cryogel samples for microscopy

The samples were fixed in 2.5% glutaraldehyde in 0.12 M
sodium phosphate buffer pH 7.2 over night, postfixed in 1%
osmium tetroxide for 1 h, dehydrated in ethanol and critical
point dried. Dried samples were coated with gold–palladium
(40:60) and examined using a JEOL-5600LV scanning elec-
tron microscope.

3. Results and discussion

3.1. Properties of continuous supermacroporous
Cu2+–IDA DMAA cryogels

Recently, we have developed new monolithic supermacro-
porous matrices with pore size up to 100�m [29,30]. These
matrices are produced by polymerization of the hydrophilic
monomers or by cross-linking of hydrophilic polymers at
subzero temperatures when most of the solvent, water, is
frozen while the dissolved substances (monomers or poly-
mers) are concentrated in small non-frozen regions. The re-
action proceeds in these non-frozen regions while the crys-
tals of frozen solvent perform like porogen. After melting
the ice crystals, a system of large interconnected pores is
formed. The pore size depends on the initial concentration
of reagents in solution and the freezing conditions. In the
IDA DMAA cryogel used in the present work the pore size
was around 100�m (Fig. 1) allowing direct application of
cell suspension on a column. The produced DMAA cryo-
gel columns were mechanically stable and did not compress
at flow rates as high as 900 cm/h (Table 1). The back pres-
sure increased linearly with increasing the flow rate through
the column. The static binding capacity for a model protein,
lysozyme, was practically independent of the flow rate used
(Table 1).

Two sizes of IDA DMAA cryogel columns were pro-
duced, analytical columns of 5 ml volume (Fig. 2A) as
well as preparative columns of 500 ml volume composed of
1.5 cm high disks with 4.8 cm diameter (Fig. 2B).

Fig. 1. Scanning electron microscope photograph of cryopolymerized
DMAA matrix.
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Table 1
Properties of the IDA-DMAA columns

IDA-DMAA column volume (ml)a Applied flow rate (cm/h) Pressure in the system (MPa) Lysozyme static capacity (mg/ml)b

5 76 0.34 0.21
917 0.92 0.19

a Monolithic cryogel was removed from 5 ml syringe packed into a chromatographic column (10 mM i.d.) equipped with upper and lower adapters
and connected to a biologic HR chromatographic system (Bio-Rad, Hercules, USA).

b Chromatography was performed in 20 mM HEPES buffer with 0.2 M NaCl, pH 7.0 as a binding buffer. Elution was performed with 0.2 M imidazole
solution in the binding buffer.

3.2. Direct capture of (His)6-scFv fragments fromE. coli
cell culture fluid using Cu2+–IDA DMAA cryogel

E. coli cell culture broth (OD600 = 9.5–12.1 U/ml) con-
tained 8.4–10.0 mg/ml bulk protein and 24–32�g/ml of the
extracellularly expressed (His)6-scFv fragments. A pulse of
E. coli cell culture broth (0.25 ml) was passed through the
IDA DMAA cryogel column (5 ml) not loaded with Cu2+.
Under the conditions used, the cryogel adsorbent did not
bind any detectable amount of (His)6-scFv fragments or
other proteins present in the fermentation broth.E. coli cells
passed freely through the interconnected network of macro-
pores and were not mechanically entrapped within the cryo-
gel matrix. When loaded with Cu2+, the cryogel column
bound quantitatively the target protein from the pulse [no
(His)6-scFv fragments were detected in the flow-through],
while essentially all the cells and the bulk protein passed
through without interacting with the affinity column. Bound
(His)6-scFv fragments were recovered with 20 mM EDTA
or with 0.2 M imidazole with the yields of 96 and 84%, re-
spectively. The eluted target protein was purified 15-fold.
The addition of 2 mM imidazole in the running buffer was

(A) (B)

Fig. 2. Schematic presentation of (A) analytical Cu2+–IDA cryogel column
(5 ml with 1.24 cm i.d.) and monolithic Cu2+–IDA cryogel removed from
the column; (B) preparative Cu2+–IDA cryogel column (200 ml with
4.8 cm i.d.) and a “building block”, 1.5 cm high cryogel disk with 4.8 cm
diameter.

used to decrease the non-specific binding of bulk proteins
to the Cu2+–IDA cryogel column. Higher concentrations of
imidazole in the running buffer decreased the adsorption of
the target protein, i.e. 15–20% of (His)6-scFv fragments was
found in the breakthrough in the presence of 4 mM imida-
zole.

The ability of Cu2+–IDA cryogel column to withstand
high cell loads was challenged in a frontal adsorption ex-
periment. Two bed volumes ofE. coli cell culture broth
(10 ml with turbidity of 23.4 units/ml) were applied to the
5 ml cryogel column at a flow rate of 300 cm/h (Fig. 3A).
The particulate material passed through unhindered and was
removed during the washing step. The feed load exceeded
the binding capacity of the adsorbent and 65% of the ap-
plied target protein was in the breakthrough. The dynamic
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Fig. 3. The content ofE. coli cells (open triangles) and (His)6-scFv frag-
ments (closed circles) in the breakthrough and eluate during chromato-
graphic capture of (His)6-scFv fragments fromE. coli cell culture fluid on
Cu2+–IDA DMAA cryogel column. Experimental conditions: 10 ml (A)
or 1 ml (B) of E. coli fermentation broth containing 24–32�g/ml of the
target His-tagged protein was applied to the column (5 ml with 1.24 cm
i.d.) at a flow velocity of 300 cm/h. Running buffer: 20 mM HEPES,
200 mM NaCl, 2 mM imidazole, pH 7.0. Elution buffer: 20 mM HEPES,
200 mM NaCl, 0.2 M imidazole, pH 7.0.
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binding capacity of the column with respect to (His)6-scFv
fragments was found to be 4.8�g/ml (at break-through level
of 5% of maximal) while the static binding capacity was
6.0�g/ml.

Low capacity of the developed adsorbent is due to the rel-
atively low surface area available for protein binding. Most
of the column volume is occupied by large pores with rather
small (as compared to microporous adsorbents) internal sur-
face. However, when using cryogel columns the decrease in
capacity can be compensated by very high flow rates. Be-
sides, cryogel adsorbent with higher ligand density can be
prepared. The small contribution of diffusion in the protein
capture on monolithic macroporous adsorbent is indicated
by the sharp breakthrough profile even at high flow rates
and by the small difference between the static and dynamic
binding capacities.

The optimized feed load (1 ml of the broth containing
30�g of the target protein) was processed through 5 ml cryo-
gel column at a flow rate of 300 cm/h (Fig. 3B). Quantita-
tive adsorption of the product was achieved in a single pass
through the column while most of the impurities were found
in the effluent (Fig. 4). Elution with 0.2 M imidazole recov-
ered 87% of (His)6-scFv fragments with a purification fac-
tor of 13. The chromatographic run with the optimized feed
load was repeated three times resulting in the product yields
of 84, 80 and 84%, respectively.

In order to evaluate the limits of the cryogel column, the
optimized purification cycle was carried out at flow rates up
to 600 cm/h. The recovery and purity of the target product
at flow rate of 600 cm/h were almost the same as in the runs
carried out at flow rates of 50 and 300 cm/h, respectively
(Table 2). The application of the undiluted feed at the max-
imal flow rate did not cause compression or any other kind
of deformation of the cryogel matrix.

Fig. 4. SDS-PAGE (4–20% gradient polyacrylamide gel): lanes: 1
= low-molecular-mass standards); 2= clarified fermentation broth; 3
= flow-through peak fraction fromFig. 2B; 4 = elution peak fraction
from Fig. 2B. kD = kilodalton.

Table 2
The performance of the Cu2+–IDA cryogel column at different flow rates

Flow velocity (cm/h) Yield (%) Purification factor

50 84 15
300 87 13
600 81 13

E. coli cell culture fluid (1 ml) was applied to the Cu2+–IDA cryogel
column (5 ml). After washing with 20 mM HEPES, 200 mM NaCl, 2 mM
imidazole, pH 7.0 the bound proteins were eluted with 20 mM HEPES,
200 mM NaCl, 0.2 M imidazole, pH 7.0.

It is important to note that all purification cycles described
above were carried out using one single column, which was
regenerated between the runs. As 98–100% of the applied
cells were in the flow-through in each purification cycle,
particulate material was not accumulated in the column and
there was no deterioration in the performance of the ad-
sorbent from run to run. No build up of contaminants on
the column over time was observed despite of the fact that
cleaning-in-place procedure was not carried out throughout
all analytical-scale experiments.

The separation process using Cu2+–IDA DMAA cryogel
column was scaled-up 100-fold to a 500 ml cryogel col-
umn (4.8 cm i.d.). The cryogel discs used in the pilot-scale
column had an increased ligand density (approximately
22�mol/ml) as compared with the 5 ml monolithic cryo-
gel column (8.7�mol/ml). Therefore, the feed load in the
pilot-scale chromatographic runs was increased 200-fold
up to 200 ml of the cell culture broth. The flow rate in the
pilot-scale tests was 300 cm/h. (His)6-scFv fragments were
recovered with 20 mM EDTA with a yield of 94% and pu-
rification factor of 13. The elution volume in the pilot-scale
chromatographic run was not increased as compared to the
volume in which the bound product was eluted from the
analytical column (Fig. 5). Thus, the performance proper-
ties of the scaled-up process were practically not altered as
compared with the analytical scale tests (Table 3).

The reproducibility of analytical scale results to pilot scale
of operation has demonstrated that the technique is easy and
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Fig. 5. Elution profiles of (His)6-scFv fragments from an analytical (closed
circles) and a preparative (open circles) Cu2+–IDA cryogel columns.
Experimental conditions: 1 ml or 200 ml ofE. coli fermentation broth
containing 24–32�g/ml of (His)6-scFv fragments was applied to the
analytical (5 ml with 1.24 cm i.d.) and the preparative (200 ml with 4.8 cm
i.d.) columns, respectively. The chromatographic runs were performed at
a flow velocity of 300 cm/h. Running buffer: 20 mM HEPES, 200 mM
NaCl, 2 mM imidazole, pH 7.0. Elution buffer: 20 mM EDTA, 50 mM
NaCl, pH 8.0.
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Table 3
Scaling up of (His)6-scFv fragments capture directly from cell culture broth from 5 to 500 ml column

Column volume 5 ml Column volume 500 ml

Feed load (ml) 1 200
Linear velocity (cm/h) 300 300
Elution volume (ml) (column volumes) 11 (2.2) 1100 (2.2)
(His)6-scFv fragments yield (%)a 87 97
Purification factor 15 13
Cell content in the eluted purified pool (%)b 0.5 7.2

See experimental protocol for conditions.
a Amount of applied (His)6-scFv fragments was taken as 100%.
b Amount of applied cells was taken as 100%.

straightforward to scale up. The composed structure of the
scaled-up multi-disc column did not cause entrapment of
particulate material between the discs. There was no increase
in flow resistance and the eluted (His)6-scFv fragments were
efficiently clarified. Thus, the proportional enlargement of
the bed volume by increasing the number of discs of adsor-
bent can provide ample possibilities for scaling-up of chro-
matography using cryogels.
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