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ABSTRACT 

This paper explores the utility of a membrane chromatographic system (MemSep) for analytical and preparative separations of 
biomolecules. These column systems consist of stacked disks of macroporous cross-linked regenerated cellulose membranes functional- 
ized with ion-exchange moieties. Fluid flow through the macropores of these membranes results in rapid mass transport to and from the 
adsorbent surface. Elution and frontal experiments demonstrated that these systems were relatively insensitive to flow-rate. Linear 
gradient experiments under analytical conditions indicated that rapid separations could be readily carried out. Preparative-scale 
separations of proteins on ion-exchange MemSep systems were scaled-up with respect to flow-rate and mass loading with minimal 
adverse effect on bioproduct purity. A cation-exchange CM MemSep 1010 device was able to concentrate and purify 30 mg and 15 mg 
of proteins in 3 min when operated in the step and linear gradient modes, respectively. The design of these membrane chromatographic 
systems enables efficient gradient elution of proteins under elevated flow-rate and mass loading conditions. 

INTRODUCTION 

The field of preparative chromatography has seen 
a period of rapid growth in the last decade [l-3]. The 
development of novel stationary phases with in- 
creased selectivities has enabled the separation of 
complex mixtures of biomolecules. In addition, the 
use of preparative chromatographic columns in 
alternative modes of operation have greatly in- 
creased the throughputs attainable with these sys- 
tems [4-91. There is currently great interest in 
redesigning the morphology of stationary phase 
materials to enable rapid capture steps in the early 

stages of downstream processing of biopharmaceu- 
ticals. Several hollow-fiber-based membrane sys- 
tems have been reported for affinity, ion-exchange 
and reversed-phase separations of proteins [lO-121. 
While these systems are potentially quite useful for 
bind-release separations, their use for conventional 
chromatographic operations have met with minimal 
success to date. A recent development in the chro- 
matographic engineering field has been the emer- 
gence of perfusion chromatography [13-151. These 
systems have been reported to exhibit convective 
fluid flow in the macropores of the support resulting 
in flow-rate-insensitive separations under linear 
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gradient conditions. Another flow-rate-insensitive 
chromatographic technology is non-porous sup- 
ports which have shown great utility for analytical 
biotechnology applications [16-2X]. 

Although membrane systems have been used for 
adsorption-desorption operations for quite some 
time it is only recently that membrane chromato- 
graphic systems have been developed for high 
resolution gradient operations. Tennikova et al. [24] 
have demonstrated the utility of methacrylate co- 
polymeric membranes for hydrophobic interaction 
chromatographic gradient separations of proteins. 
A low pressure (O-100 p.s.i.) bioseparations system 
consisting of stacked disks of macroporous, cross- 
linked regenerated cellulose membranes in a column 
configuration has been employed for analytical 
gradient chromatography [25.26]. Mass transport to 
and from the adsorbent surfaces in these membrane 
chromatographic systems is facilitated by convective 
transport in the macropores (12 000 A). In this 
paper, we will investigate the ability of these stacked 
membrane chromatographic systems to carry out 
efficient gradient elution of proteins under elevated 
flow-rate and mass loading conditions. 

EXPERIMENTAL 

Materials 
Carboxymethyl (CM) MemSepand diethylamino- 

ethyl (DEAE) MemSep 1010 (1.0 x 2.8 cm I.D.) and 
1000 (0.5 x 1.9 cm I.D.) ion-exchange membrane 
separation systems were supplied by Millipore (Bed- 
ford, MA, USA). Sodium acetate, sodium phos- 
phate dibasic, sodium chloride, Tris-HCl, a-chymo- 
trypsinogen A, cytochrome c, bovine serum albumin 
(BSA), human transferrin, human serum albumin 
(HSA), conalbumin, a-lactoalbumin. ovalbumin, 
trypsin inhibitor and lysozyme were purchased from 
Sigma (St. Louis, MO, USA). 

Apparutus 
Two chromatographic systems were employed in 

this work. Experimental system 1 consisted of a 
fast protein liquid chromatography (FPLC) system 
(Pharmacia-LKB Biotechnology, Uppsala, Sweden) 
which included a Model LCC-500-Plus controller, 
two Model P-500 pumps, a 0.6-ml mixer, and an 
MV-7 injection valve. The MemSep effluent was 
monitored at 280 nm by a Model UV-M detector 

and a Pharmacia strip-chart recorder. Fractions of 
the effluent were collected with a Model Frac-100 
fraction collector. System 1 was used for all experi- 
ments unless otherwise noted. 

Experimental system 2 consisted of a Waters 650 
advanced protein purification system (Waters Chro- 
matography Division, Millipore, Milford, MA, USA) 
which included a Model 600E controller. a Model 650 
four buffer solvent system and a Model 484 
variable-wavelength UV detector. 

Procedures 
Height equivalent to a theoretical plate (HETP! 

,for MemSep. The HETP values for the DEAE and 
CM MemSep 1010 systems were evaluated using 
human transferrin and cytochrome c. respectively. 
These experiments were carried out under unre- 
tained conditions to evaluate the dispersive effects 
due to non-uniform fluid flow in these systems. 
Mobile phase conditions for the DEAE and CM 
MemSep analyses were 25 mM sodium phosphate. 
pH 7.5, containing 500 mM NaCl and 400 mM 
sodium acetate, pH 5.5, respectively. 

Dynamic hilzding cuparities of DEAE und CM 

MemSeps. The effect of flow-rate on the dynamic 
binding capacity of the DEAE MemSep 1000 was 
evaluated using sequential perfusions of: 44.8 ml of 
1 mg/ml of HSA in 20 mM Tris. pH 8.0; 11.2 ml of 
20 mM Tris, pH 8.0; and 11.2 ml of 20 mM Tris, 
pH 8.0, containing 1 M NaCl. Flow-rates of 1.4,2.8, 
5.6, 11.2 and 22.4 mljmin were employed. The shape 
of the resulting breakthrough curve as well as the 
total protein bound at each flow-rate was evaluated 
to investigate the effect of flow-rate on “dynamic” 
protein binding (Experimental system 2). 

The binding capacities of the DEAE MemSep 
1010 and the CM MemSep 1010 for BSA and 
lysozyme, respectively, were also determined by 
frontal chromatography under strongly retained 
conditions. 5.0 mg/ml BSA in 25 mM Tris, pH 8.5, 
and 5.0 mg/ml lysozyme in 25 mM sodium acetate, 
pH 5.5, were used for the DEAE and CM MemSeps, 
respectively. 

Linear gradient 

Anion exchange. A 5-mg amount of a protein 
mixture containing conalbumin, human transferrin, 
a-lactoalbumin, ovalbumin and trypsin inhibitor 
was separated using a linear gradient of 0 to 0.2 M 
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NaCl in 20 mA4 Tris, pH 8.1 on a DEAE MemSep 
1010. Gradient times of 30, 20 and 10 min were 
employed at a volumetric flow-rate of 10 ml/min 
(Experimental system 2). 

Effect of flow-rate. A 25-~1 feed solution con- 
sisting of 3.0 mg/ml a-chymotrypsinogen A, 4.0 mg/ 
ml cytochrome c and 3.0 mg/ml lysozyme in 25 mM 
sodium acetate, pH 5.5, was separated using a linear 
gradient of 0 to 400 mM sodium acetate, pH 5.5, on 
the CM MemSep 1010. Volumetric flow-rates of 2,5 
and 10 ml/min were employed to evaluate the 
efficacy of the CM MemSep in linear gradient 
chromatography under various flow-rate condi- 
tions. Gradient volume was held constant at 30 ml at 
each flow-rate by appropriate adjustment of the 
gradient time. 

Effect of mass loading. A feed solution containing 
5 mg/ml each of a-chymotrypsinogen A, cyto- 
chrome c and lysozyme in 25 mh4 sodium acetate, 
pH 5.5, was employed to evaluate the effect of mass 
loading on the performance of the CM MemSep 
1010 operated in the linear gradient mode. Injection 
volumes ranging from 25 ~1 to 1 ml were used at 
flow-rates ranging from 2-10 ml/min. A linear 
gradient of 0 to 400 mM sodium acetate, pH 5.5, 
with a gradient volume of 30 ml was used to elute the 
proteins. 

Linear elution studies. Linear elution chromato- 
graphy of a-chymotrypsinogen A, cytochrome c and 
lysozyme was carried out at various concentrations 
of sodium acetate, pH 5.5, to examine the effect of 
salt on protein retention time. From these experi- 
ments, a plot of log capacity factor (k’) vs. log [Na+] 
was generated in order to predict appropriate “win- 
dows” of salt concentration for the step gradient 
experiments. 

Multiple step gradients. Feed solutions of 1 ml 
containing 6, ‘15 and 30 mg total protein of a-chy- 
motrypsinogen A, cytochrome c and lysozyme in 
25 mh4 sodium acetate, pH 5.5, were separated by 
step gradient chromatography on the CM MemSep 
1010 module. The CM MemSep was initially equi- 
librated with distilled water. The buffered protein 
feed solutions were introduced into the CM Mem- 
Sep 1010 after which the first step change in salt 
concentration was performed. The subsequent step 
changes in salt concentration were executed when 
the eluting peak obtained a maximum value. All 
experiments were performed at a flow-rate of 5.0 ml/ 

min. The 30-mg experiment was also carried out at a 
flow-rate of 10 ml/min. The following step gradients 
were carried out: 6 mg injection: 100, 175 and 
400 mM sodium acetate; 15 mg injection: 90, 165 
and 400 mM sodium acetate; 30 mg injection: 60, 
150 and 400 mM sodium acetate. 

RESULTS AND DISCUSSION 

HETP for DEAE and CM MemSep 
In order to evaluate the inherent efficiency of 

these stacked membrane chromatographic columns 
a traditional HETP evaluation was carried out. 
While the exact meaning of “plate height” in such a 
membrane chromatographic column is unclear, it 
nonetheless served as a comparative measure of 
efficiency in these systems. Since these modules are 
typically employed for gradient chromatography 
where adsorption-desorption kinetics have minimal 
effects on system efficiency, we examined the disper- 
sion due solely to the fluid flow characteristics of the 
system. The resulting HETP plots for unretained 
human transferrin and cytochrome c on the DEAE 
MemSep and CM MemSep modules, respectively, 
are presented in Fig. 1. Under these conditions, the 
plate heights were on the order of 20 pm and were 
relatively insensitive to flow-rate. Thus, there ap- 
pears to be minimal dispersive contributions from 
fluid flow irregularities in these systems under 
typical operating conditions of l-10 ml/min. 

Ob 10 
Flow-rate (ml/mint 

Fig. 1. Height equivalent to a theoretical plate (HETP) vs. 
flow-rate for DEAE and CM MemSeps 1010 for unretained 
proteins. DEAE MemSep: human transferrin (0) in 25 mM 
sodium phosphate, pH 7.5, containing 500 mM sodium chloride; 
CM MemSep: cytochrome c (0) in 400 mM sodium acetate, 
pH 5.5. 
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Binding capacity of DEAE and CA4 MemSeps 
The effect of flow-rate on the dynamic binding 

capacity of the DEAE MemSep 1000 was evaluated 
as described in the Experimental section. The 
resulting chromatographic profiles are shown in 
Fig. 2. As seen in the figure, the breakthrough fronts 
were relatively sharp at flow-rates of 1.4 and 11.2 ml/ 
min with a slightly more diffuse front occurring at 
22.4 ml/min. The dynamic binding capacities of 
these systems remained essentially constant at ap- 
proximately 35 mg as shown in Table I. Thus, these 
membrane chromatographic systems can be readily 
scaled-up with respect to flow-rate when operated in 
the adsorption-desorption mode. 

The binding capacities of the DEAE MemSep 
1010 for BSA and the CM MemSep 1010 for 
lysozyme were also measured by frontal chromatog- 
raphy as described in the experimental section. 
Under these strongly retained conditions, the 
binding capacity of the DEAE MemSep 1010 was 
34.2 mg BSA. For the CM MemSep 1010, the 
binding capacity was 67.2 mg lysozyme. While these 
represent lower binding capacities than generally 
obtained with conventional chromatographic sup- 
ports, the ability to operate at elevated flow-rates 
makes these systems attractive for high-throughput 
capture operations in downstream bioprocessing. 

b 

Fig. 2. Effect of flow-rate on dynamic binding capacity of the 
DEAE MemSep 1000. Feed: 44.8 ml of 1 mg HSA/ml in 20 mM 
Tris, pH 8.0; wash: 1 I .2 ml of 20 mMTris, pH 8.0; eluent: 11.2 ml 
of 20 mM Tris, pH 8.0, containing 1 M NaCl; flow-rates: (a) 1.4, 
(b) 11.2 and (c) 22.4 ml/min. 
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TABLE I 

DYNAMIC BINDING CAPACITY OF DEAE MemSep 1010 
FOR HUMAN SERUM ALBUMIN 

Flow-rate (mljmin) Binding capacity (mg) 

1.4 37.8 

2.8 33.6 

5.6 34.7 

11.2 35.8 
22.4 34.8 

Linear gradient 
The DEAE MemSep 1010 system was employed 

in the linear gradient mode for the analytical 
separation of a five-component protein mixture 
under various flow-rate conditions. The resulting 
separations for gradient runs ranging from 30 to 
10 min are shown in Fig. 3. These results demon- 

0 2 4 6 6 1012141616202224262630 

Time @in) 

a 

200 mM NnCl 

Time @in) Time (min) 

b c 

Fig. 3. Linear gradient separation of a five-component protein 
mixture on DEAE MemSep 1010. Feed: 1 = conalbumin; 2 = 
human transferrin; 3 = a-lactoalbumin; 4 = ovalbumin; 5 = 
trypsin inhibitor (5 mg total protein); flow-rate: 10 ml/min: 
gradient conditions: 0 to 200 mA4 NaCl in 20 mM Tris, pH 8.1, in 
30 min (a), 20 min (b) or IO min (c). 
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strate that these systems can indeed be employed for 
linear gradient separations of complex protein mix- 
tures. 

The CM MemSep 1010 column was employed in a 
series of linear gradient experiments to examine the 
effects of flow-rate and mass loading on the perfor- 
mance of the system, These experiments were carried 
out under conditions where baseline resolution of 
the proteins was maintained. Linear gradient condi- 
tions were established using analytical-scale protein 
loading (0.25 mg total protein). The resulting chro- 
matogram, depicted in Fig. 4a, demonstrates that 
these cation-exchange MemSep systems can also be 
readily employed for linear gradient protein separa- 
tions. In order to examine the effect of flow-rate in 
these systems, the experiment was repeated at volu- 
metric flow-rates of 5 and 10 ml/min. The resulting 
chromatograms, shown in Fig. 4b and c, indicate 
that these analytical linear gradient separations can 
be readily scaled-up with respect to flow-rate with 
minimal adverse effect on the separation efficiency. 
Clearly, these ion-exchange membrane systems have 
significant potential for rapid analytical chromato- 
graphic applications. Furthermore, the ability to 
carry out rapid analytical experiments will signifi- 
cantly shorten method development time with these 
membrane chromatographic systems. 

8 12 16 20 24 2s 
4 8 12 16 20 24 28 

Fig. 4. Linear gradient separation of a three-component protein Fig. 5. Linear gradient separation of a three-component protein 

mixture on CM MemSep 1010. Feed: 1 = a-chymotrypsinogen mixture on CM MemSep 1010 at elevated protein loadings. Feed: 

A, 2 = cytochrome c; 3 = lysozyme (0.25 mg total protein). 1 =a-chymotrypsinogen A; 2 = cytochrome c; 3 = lysozyme. 

Gradient conditions: WOO mM sodium acetate, pH 5.5; in (a) Gradient conditions: @400 mM sodium acetate, pH 5.5 in 

15 min at a flow-rate of 2.0 ml/min, (b) 6 min at a flow-rate of 15 min, flow-rate: 2.0 ml/min. Total protein loadings of 0.75 mg 

5.0 ml/min or (c) 3 min at a flow-rate of 10.0 ml/min. (a), 7.5 mg (b) and 15.0 mg (c). 

While these results indicate that the MemSep 
systems can be a powerful tool for analytical chro- 
matography, in order for it to have utility for 
preparative separations, it must be capable of high- 
throughput bioseparations. Accordingly, the linear 
gradient experiment on the CM MemSep 1010 was 
repeated at mass loadings in the range of 0.75-15 mg 
total protein. As seen in Fig. 5, this preparative 
separation was readily scaled-up to 15 mg total 
protein with minimal adverse effect on the separa- 
tion efficiency. 

In an effort to further increase the throughput in 
this linear gradient system, the 15-mg separation 
was repeated at 10 ml/min resulting in the chroma- 
togram shown in Fig. 6. The gradient time for this 
separation of 15 mg of proteins was 3 min. These 
results demonstrate that these membrane chroma- 
tographic systems can be readily employed in the 
linear gradient mode at both elevated mass loadings 
and volumetric flow-rates for high-throughput bio- 
separations. 

Multiple step gradients 
In order to establish appropriate conditions for 

multiple step gradient protein separations, linear 

1 

2 3 
a _-.hu 
b 
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460 mM NP An&te 
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Fig. 6. Linear gra<ient separation of a three-component protein 
mixture on CM MemSep 1010 at both elevated flow-rate and 
protein loading. Feed: 1 = a-chymotrypsinogen A; 2 = cyto- 
chrome c; 3 = lysozyme (15 mg total protein). Gradient 
condition: WOO mM sodium acetate, pH 5.5 in 3 min, flow-rate: 
10.0 mUmin. 

elution studies were carried out. Various concentra- 
tions of sodium acetate were used to examine the 
effect of salt on the retention of sr-chymotrypsinogen 
A, cytochrome c and lysozyme in the CM MemSep 
1010. The resulting plot of log k’ vs. log [Na-+] is 
shown in Fig. 7. As seen in the figure, concentrations 
of 100 mM and 17.5 mA4 sodium acetate result in 
negligible k’ values for a-chymotrypsinogen A and 
cytochrome c, respectively. For lysozyme, any con- 
centration above 300 mM sodium acetate resulted in 
rapid elution of the protein. Accordingly, these 
“windows” of salt concentration were employed in 

1oLloo- 

k’ I.OOO- 

0.100 I 1 
10 lllo 1oQo 

Sodium Acetate (mM) 

Fig. 7. Effect of salt on protein capacity factors on CM MemSep 
1010. 0 = I-Chymotrypsinogen A; A = cytochrome c; n = 
lysozyme. 

the multi-step gradient separation of 6 mg total 
protein as shown in Fig. 8a. Under these conditions, 
the multi-step gradient procedure resulted in com- 
plete separation of the three proteins in approxi- 
mately 5 min. 

The separation was then scaled-up with respect to 
mass loading to investigate the capacity of these 
systems for multiple step-gradient operation. As 
expected, at higher mass loadings the non-linearity 
of the protein isotherms resulted in elution of the 
proteins at lower salt concentrations. Accordingly, 
the step gradient conditions were appropriately 
modified. as the mass loading was increased, to 
maintain baseline separation. For a total protein 
loading of 15 mg, the “windows” employed for the 
multi-step gradient were changed to 90, 165 and 
400 mA4 sodium acetate. As seen in Fig. 8b, under 
this mass loading, baseline separation of the proteins 
was achieved with a separation time of approxi- 
mately 5 min. 

At a protein loading of 30 mg, a significant 
reduction in the initial step change was required to 
eliminate contamination of the x-chymotrypsinogen 
A by the cytochrome c. For this mass loading, the 
“windows” employed for the multi-step gradient 
were changed to 60, 150 and 400 mM sodium 

a b 

-hzT- 
Ttme (min) 

i13b56 
Time (mini 

1 2 3 4 5 6 

Tme (mm) 

Fig. 8. Step gradient separation of a three-component protein 
mixture on CM MemSep 1010. Feed: 1 = x-chymotrypsinogen 
A; 2 = cytochrome c; 3 = lysozyme. Flow-rate: 5.0 ml/min. (a) 
Total protein: 6 mg. Gradient conditions: sequential step changes 
of 100 (A), 175 (B) and 400 (C) rn?M sodium acetate, pH 5.5. (b) 
Total protein: IS mg. Gradient conditions: sequential step 
changes of 90 (A), 165 (B) and 400 (C) m.84 sodium acetate. 
pH 5.5. (c)Total protein: 30 mg. Gradient conditions: sequential 
step changes of60 (A), 150 (B) and 400 (C) m.W sodium acetate. 
pH 5.5. Flow-rate: 5.0 mUmin. 
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0 1 2 3 
Time(min) 

Fig. 9. Step gradient separation at elevated Bow-rate and mass 
loading of a three-component protein mixture on CM MemSep 
1010. Conditions as in Fig. 8c with the exception of flow-rate: 
10.0 ml/min. 

acetate. While, the reduced initial step gradient 
resulted in a more diffuse a-chymotrypsinogen A 
peak than in the previous experiments, baseline 
separation of the proteins was achieved with a 
separation time of approximately 6 min (Fig. 8~). 

To further increase the throughput of these sys- 
tems, the 30-mg step gradient separation was re- 
peated at a volumetric flow-rate of 10 ml/min, 
resulting in the chromatogram shown in Fig. 9. 
Again, baseline separation of the proteins was 
achieved, now with a separation time of about 3 min. 
In fact, the bioproduct throughput could be readily 
increased by further optimization of the step gra- 
dient conditions as well as relaxation of the baseline 
resolution constraint. In addition, recovery of the 
feed proteins was found to be greater than 95% in all 
gradient experiments. If one assumes a re-equilibra- 
tion time of 2 min (corresponding to 20 ml or 5 
column volumes), this system would have a through- 
put of 360 mg purified protein/h. Thus, the CM 
MemSep 1010 module can be employed for high- 
throughput protein purification when operated in 
the multiple step gradient mode. 

CONCLUSIONS 

In this report we have demonstrated that chroma- 
tographic systems consisting of stacked adsorptive 
membranes can be employed for high-throughput 

protein purification. Linear and step gradient chro- 
matographic separations of proteins on ion-ex- 
change membrane systems were successfully scaled 
up with respect to flow-rate and mass loading with 
minimal adverse effect on resolution or bioproduct 
purity. The ability to operate these systems at 
elevated flow-rates enables rapid analytical chroma- 
tography as well as significantly shortened methods 
development time. In addition, the ability of these 
efficient, low-pressure systems to operate at high 
mass loadings in both the linear and step gradient 
modes of operation make these systems particularly 
attractive for preparative chromatographic applica- 
tions. 
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