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Abstract 

The biopharmaceutical industry has experienced remarkable progress in the 

upstream production capacity of life-saving proteins. This is while the downstream 

processing has failed to keep pace, including unit operations which are working 

close to their physical limit with no economy of scale. Column chromatography 

which is an integral unit in different stages of downstream purification is considered 

as the major bottleneck in this section. The packed-bed resin media is costly and 

the processes are labor-intensive and extremely time consuming. Membrane 

chromatography which uses a stack of adsorptive membranes as the 

chromatographic media is one of the most promising alternatives for conventional 

chromatography techniques. The performance of membrane adsorbers is 

consistent over a wide range of flow rates which is owing to the dominance of 

convective solute transport as opposed to the diffusion-based nature of mass 

transfer within the pores of the resin beads. This translates to much higher 

productivity and considerably lower buffer consumption (even as high as 95%), 

leading to much lower overall processing costs. The other advantages are 

significantly lower footprints and decreased pressure drops, both contributing to 

diminished capital costs. Membrane adsorbers are greatly scalable and used in a 

single-use manner. The latter eliminates the cleaning and validation steps and 

brings about much shorter processing times and higher flexibility in process 

development.  

Due to the performance advantages of membrane chromatography, this technique 

is now widely used in purification of high volumes of samples in late-stage 

polishing. Currently available membrane adsorbers have radial-flow spiral-wound 

configuration with high frontal surface area to bed height ratio according to which 

dilute impurities are removed in a flow-through format at very high flow rates and 

low pressure drops. Nevertheless, they fail to give high-resolution for bind-and-

elute separations which makes them unsuitable for many unit operations, highly 

restricting their application. Severe design deficiencies such as large dead 
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volumes and varying membrane area over the bed height result in broad and 

poorly resolved peaks.  

Herein, a novel device design was successfully developed which addresses the 

abovementioned shortcomings. The laterally-fed membrane chromatography 

(LFMC) devices house a stack of rectangular membrane sheets with two 

rectangular lateral channels on both sides of the stack as the feed and permeate 

channels. The design offers balanced pressure over the sides of the stack as well 

as even solute flow path lengths due to which the solute residence time is very 

uniform. Also, the small dead volumes minimize the dispersion effects. These 

features make the LFMC technology highly suitable for bind-and-elute 

applications, the improvement which is brought about by a simple design. The 

devices are easy to fabricate and highly scalable.  

The LFMC devices containing cation-exchange (CEX) membranes with 7 mL bed 

volume were examined for bind-and-elute separation where they outperformed the 

equivalent commercially available radial-flow devices. The design was further 

modified to give even lower dead volumes and more cost-effective fabrication. The 

latest embodiment of the device gave resolutions which were comparable with the 

ones obtained with the commercially packed resin columns in 1 mL and 5 mL scale 

with consistency over wide range of flow rates. The results were all acquired using 

a three component model protein system. Upon the approval of suitability of the 

device for bind-and-elute separation, the CEX-LFMC was used for purification of 

monoclonal antibodies (mAbs), the largest class of biopharmaceuticals. The 

device showed great performance in separation of mAb charge variants when 

extensively shallow gradients (60 membrane bed volumes) were required. The 

devices offered very stable conductivity gradients at high flow rates. LFMC devices 

in three different preparative scales gave great performance in separation of mAb 

aggregates which was approved for different mAb samples. The other application 

studied with the CEX-LFMC devices was the single-step preparative purification of 

mono-PEGylated proteins which is as well very challenging due to the 
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physicochemical similarities between the target molecules and the impurities. 

Collectively, the LFMC devices combine the high-resolution with high-productivity 

which is highly desirable in downstream purification of biological molecules with 

great potential to expand the application of membrane chromatography.  

Finally, the LFMC devices were modified to adapt the analytical scale where they 

were integrated with a stack of hydrophilized PVDF membranes. The device 

successfully delivered ultra-fast separation of mAb aggregates in less than 1.5 

minutes based on hydrophobic interaction membrane chromatography (HIMC). 

The assay times achieved with the HI-LFMC technique outclassed the currently 

available ultra-high performance chromatography (UPLC) methods at the same 

time with being extremely cost-effective. The application of the LFMC technology 

in analytical scale has great potential to offer cheap and rapid analysis in process 

development and quality control section of biopharmaceutical manufacturing.  
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gradient to 30% eluting buffer +60 mL linear gradient to 50% eluting buffer followed 

by a step-change; membrane: Sartorius S; membrane bed volume: 9.25 mL; 

lysozyme concentration in reaction mixture: 5 mg/mL; molar ratio: 4:1; reaction 

time: 10 h; protein concentration in feed: ∼10 mg/mL; sample volume: 5 mL; 

binding buffer: 20 mM sodium acetate pH 5.0; eluting buffer: binding buffer +0.5 M 

NaCl; flow rate: 15 mL/min; thick line: UV absorbance; dotted line: gradient; 

dashed line: conductivity) 

Fig 5.8. SDS-PAGE analysis of samples obtained from the single-step 

purification of mono-PEGylated lysozyme carried out by experiment represented 

in Fig. 5.7A (lane 1: pure lysozyme; lane 4: reaction mixture; lane 5: peak 1, lane 

6: peak 2; lane 7: peak 3) 

Fig 5.9. Single-step purification of mono-PEGylated lysozyme using 90 mL 

linear gradient to 50% eluting buffer followed by a step-change (sample injection 

condition: 20% eluting buffer; membrane: Sartorius S; membrane bed volume: 

9.25 mL; lysozyme concentration in reaction mixture: 5 mg/mL; molar ratio: 5:2; 

reaction time: 10 h; protein concentration in feed: 10 mg/mL; sample volume: 5 

mL; binding buffer: 20 mM sodium acetate pH 5.0; eluting buffer: binding buffer 

+0.5 M NaCl; flow rate: 15 mL/min; thick line: UV absorbance; dotted line: gradient; 

dashed line: conductivity) 

Chapter 6 

Fig 6.S1. Salt tracer using NaCl for determination of number of theoretical 

plates (membrane: Sartorius S, membrane bed volume: 9.2 mL, feed 

concentration: 0.8 M, sample volume: 100 µL, running buffer: 0.4 M NaCl, flow 

rate: 15 mL/min) 

Fig 6.1. Optimization of gradient elution for separation of 293 derived IgG1 

Trastuzumab aggregates (top to bottom: 100 mL, 200 mL, 250 mL, 300 mL 
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gradient, membrane: Sartorius S, membrane bed volume: 4.6 mL, feed 

concentration: 0.5 mg/mL, sample volume: 2 mL, binding buffer: 20 mM sodium 

phosphate pH 6.0, eluting buffer: binding buffer + 0.5 M NaCl, flow rate: 20 mL/min) 

Fig 6.2. Preparative LFMC separation of Trastuzumab aggregates 

(membrane: Sartorius S, membrane bed volume: 4.6 mL, feed concentration: 2.5 

mg/mL, sample volume: 5 mL, binding buffer: 20 mM sodium phosphate pH 6.0, 

eluting buffer: binding buffer + 0.5 M NaCl, linear gradient length: 300 mL, flow 

rate: 20 mL/min, solid line: UV absorbance, dashed line: percent eluting buffer) 

Fig 6.3. Analytical HIMC chromatograms obtained using samples collected 

from the preparative Trastuzumab aggregates separation experiment shown in 

Figure 6.2 (membrane: hydrophilized PVDF (0.22 µm pore size), membrane bed 

volume: 0.4 mL, feed concentration: 0.2 mg/mL, sample volume: 500 µL, binding 

buffer: 1.5 M ammonium sulfate in 20 mM sodium phosphate pH 7.0, eluting buffer: 

20 mM sodium phosphate pH 7.0, linear gradient length: 40 mL, flow rate: 4 

mL/min) 

Fig 6.4. Native PAGE analysis of the samples collected from the preparative 

Trastuzumab aggregates separation experiment shown in Figure 6.2. 

Fig 6.5. Preparative cation-exchange LFMC for separation of Campath-1H 

samples (thick solid line: UV absorbance for monomer-rich sample, thin solid line: 

UV absorbance for aggregates-rich sample or “dimers”, membrane: Sartorius S, 

membrane bed volume: 1.0 mL, feed concentration: 0.75 mg/mL, sample volume: 

500 µL, binding buffer: 20 mM sodium phosphate pH 6.0, eluting buffer: binding 

buffer + 0.5 M NaCl, linear gradient length: 150 mL, flow rate: 10 mL/min, dashed 

line: percent eluting buffer) 

Fig 6.6. Optimization of operating pH for separation of EG2-hFc aggregates 

(thick solid line: pH 5.0, medium solid line: pH 5.5, thin solid line: pH 6.0, 

membrane: Sartorius S, membrane bed volume: 4.6 mL, feed concentration: 0.05 
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mg/mL, sample volume: 5 mL, binding buffer: 20 mM sodium phosphate, eluting 

buffer: binding buffer + 0.5 M NaCl, linear gradient length: 30 mL, flow rate: 20 

mL/min, dashed line: percent eluting buffer) 

Fig 6.7. Optimization of gradient length for separation of EG2-hFc 

aggregates (thin line: 30mL linear gradient, thick line: 60 mL linear gradient, 

membrane: Sartorius S, membrane bed volume: 4.6 mL, feed concentration: 0.05 

mg/mL, sample volume: 5 mL, binding buffer: 20 mM sodium phosphate pH 6.0, 

eluting buffer: binding buffer + 0.5 M NaCl, flow rate: 20 mL/min, dashed line: 

percent eluting buffer) 

Fig 6.8. Preparative cation-exchange LFMC for separation of EG2-hFc 

aggregates (membrane: Sartorius S, membrane bed volume: 9.2 mL, feed 

concentration: 0.05 mg/mL, sample volume: 45 mL, binding buffer: 20 mM sodium 

phosphate pH 6.0, eluting buffer: binding buffer + 0.5 M NaCl, linear gradient 

length: 60 mL, flow rate: 20 mL/min, dashed line: percent eluting buffer) 

Fig 6.9. Size exclusion chromatography (SEC) of the samples collected 

during preparative separation of EG2-hFc aggregates (thin line: monomer peak, 

thick line: aggregate peak, column: TSK-GEL G3000SWXL 7.8 mm× 300 mm, 

sample volumes: 10 µL, running buffer: 20 mM sodium phosphate buffer + 250 mM 

NaCl, flow rate: 0.3 mL/min) 

Chapter 7 

Fig 7.1. Blowout diagram of the analytical laterally-fed membrane 

chromatography device (LFMC), A: acrylic top plate; B: membrane stack (three 

layers of hydrophilized PVDF membranes; 0.22 µm pore size; GVWP14250); C: 

plastic shim spacer; D: acrylic bottom plate. 

Fig 7.2. Feed analysis of the CHO cell line derived Alemtuzumab (campath-

1H), A: SE-HPLC (thick line: monomer-rich sample; thin line: dimer rich sample; 

column: TSK-Gel G3000SWXL 7.8 mm× 300 mm; feed concentration: 0.25 
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mg/mL; sample volume: 10 µL; running buffer: 20 mM sodium phosphate pH 7.0 + 

250 mM NaCl; flow rate: 0.3 mL/min); B: native PAGE, 7% (1: monomer-rich 

sample; 2: dimer-rich sample) 

Fig 7.3. Analysis of CHO cell line derived Alemtuzumab (campath-1H) 

aggregates using HI-LFMC (A: dimer-rich sample; B: monomer-rich sample; 

membrane: hydrophilized PVDF, 0.22 µm pore size, GVWP14250; membrane bed 

volume: 0.4 mL; feed concentration: 0.2 mg/mL; sample volume: 250 µL; eluting 

buffer: 20 mM sodium phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 

M ammonium; linear gradient: 40 mL; flow rate: 16 mL/min; dashed line: % eluting 

buffer) 

Fig 7.4. Analysis of dimer-rich CHO cell line derived Alemtuzumab (campath-

1H) aggregates using HI-LFMC (A: 40 mL gradient; B: 80 mL gradient; C: 120 mL 

gradient; membrane: hydrophilized PVDF, 0.22 µm pore size, GVWP14250; 

membrane bed volume: 0.4 mL; feed concentration: 0.2 mg/mL; sample volume: 

250 µL; eluting buffer: 20 mM sodium phosphate buffer pH 7.0; binding buffer: 

eluting buffer + 1.5 M ammonium; flow rate: 16 mL/min) 

Fig 7.5. Analysis of monomer-rich CHO cell line derived Alemtuzumab 

(campath-1H) aggregates using HI-LFMC (A: 30 mL gradient, lower dead volume; 

B: 40 mL gradient, lower dead volume; C: 40 mL gradient, higher dead volume; 

membrane: hydrophilized PVDF, 0.22 µm pore size, GVWP14250; membrane bed 

volume: 0.4 mL; feed concentration: 0.2 mg/mL; sample volume: 250 µL; eluting 

buffer: 20 mM sodium phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 

M ammonium; flow rate: 16 mL/min) 

Fig 7.6. Analysis of monoclonal antibody (mAb) aggregates using HI-LFMC 

(A: HIgG1-CD4; B: HEK cell line derived IgG1; membrane: hydrophilized PVDF, 

0.22 µm pore size, GVWP14250; membrane bed volume: 0.4 mL; feed 

concentration: 0.2 mg/mL; sample volume: 250 µL; eluting buffer: 20 mM sodium 
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phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 M ammonium; linear 

gradient: 40 mL; flow rate: 16 mL/min) 
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1.1. Downstream Purification: Chromatographic Separation 

Production of therapeutic proteins also referred to as Biopharmaceuticals in the 

upstream cell culture is accompanied by a wide range of contaminants including 

the product-related impurities which have very similar properties with the target 

biological molecules. Accordingly, the purification process development is very 

challenging, requiring an intricate combination of different bioseparation tools [1]. 

Downstream processing of biological molecules includes clarification [2], primary 

product capture, intermediate purification of impurities, and polishing which are 

followed by the concentration and formulation of the final product. While the 

clarification steps are heavily reliant on both filtration and non-filtration techniques, 

chromatographic separation is the workhorse in all the other stages [3,4]. 

The definition of chromatographic separation is the isolation of the target molecule 

from a mixture which is carried out by means of diverse chemical interactions with 

the stationary phase. The type of stationary phase, properties of the binding and 

elution buffers, and feed concentration are the main parameters which highly affect 

the performance of chromatography. The most widely used techniques are based 

on affinity [5], ion exchange [6], hydrophobic interaction [7], and reversed phase 

chromatography. Mixed-mode chromatography which uses a combination of these 

techniques has been also investigated in the recent years [8,9].  

Commonly, the clarified bioreactor harvest firstly goes through primary protein 

capture which is usually carried out using bind-and-elute affinity chromatography 

or cation-exchange chromatography (CEX). The result is the major volume 

reduction and removal of contaminants. Capture chromatography is commonly 

followed by differential chromatography stages in which the impurities are 

separated based on their binding strength differences with the target molecule via 

gradient elution. Subsequently, low concentration of impurities are removed in the 

flow-through late-stage polishing operations [10,11]. 
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Chromatographic separation is dominated by packed-bed resin columns which 

provide the bioseparation operations with high resolutions. However, there are 

major shortcomings associated with using porous beads and gels as the stationary 

phase. The solute transport to the binding sites within the pores is dominated by 

diffusion, the direct impact of which is the poor mass transfer rates and the 

dependency of the resolution on the operating flow rate. Therefore, the column 

chromatography processes are very slow, resulting in elongated processing times 

which cause degradation and denaturation of the molecules. The nature of mass 

transport in columns requires high liquid volumes which highly increases the sterile 

buffer consumption, acting as a major source of processing cost.  

The pressure drops within packed bed columns are considerably high which 

demands for costly equipment such as high-pressure pumps and sealing. The 

problem which is exacerbated with bed consolidation. The looser packing density 

at the edges compared to the center region causes hysteresis i.e. difference in 

flow rates along the column cross section which causes the cheese-cake effect, 

namely, the cracking and collapsing of the packing material [12]. The formation of 

gaps often leads to channeling within the column and results in short-circuiting 

which is highly unwanted [13].  

 

Fig. 1.1: Solute transport in packed-bed column chromatography (A) and membrane 
chromatography (B) (adapted from [14]) 
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The scale up of columns are very complex [15] to the point that economy of scale 

does not exist beyond a certain point [16]. Scale-down studies are mostly carried 

out by milligrams of material using columns with 1 mL bed volume (2.5 cm bed 

height), based on which the standard laboratories (40 mL bed volume, 20 cm bed 

height) are carried out. The scale-up is then through keeping the same bed height 

and velocity [16]. Also, parameters such as residence time and column 

configuration should be maintained proportional. This is very hard to achieve in 

resin-based columns [17]. In practice, larger columns demand higher cost of resins 

and buffer as well as facility layouts and infrastructure. For instance, in order to 

capture 30 kg of protein, the column should have diameter as big as 2 m (with the 

typical bed height of 20 cm) assuming typical binding capacity of ~50 g/L [12]. 

Despite all the above-mentioned limitations column chromatography has remained 

the linchpin in separations where there is similarities between the physicochemical 

properties of the target molecule and the other cellular component impurities. This 

is because of the molecular-level complementarity of the technique and the 

resulting high resolutions [10].  

Owing to the high capital cost and low-throughputs at the same time with being the 

inseparable technique in biopharmaceutical industry, column chromatography has 

remained as the bottleneck in biomanufacturing. This is while in the past couple of 

decades, there has been remarkable advancement in the upstream manufacturing 

which has kept up with the rapid increase in the demand for biopharmaceutical 

products. Recombinant proteins are now being manufactured with titers as high as 

10 g/L with bioreactors available in several thousands of liters [12]. Orders of 

magnitude higher batch volumes and titers has removed the production costs from 

the cell culture while the downstream has failed to keep up. Currently, 50-60% of 

the overall cost for cell-derived products is leveraged on the downstream 

purification [18]. In addition, cell-culture manufacturing has experienced the 

development of single-use bioreactors which expedites process validation and 

enhances the flexibility of process development [19]. 
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As packed-bed columns have been unsuccessful to meet the technical 

requirements towards the high-throughput, single-use, and continuous operations, 

the application of other stationary phases has been widely considered over the 

past few decades which include adsorptive membranes, monoliths, and mixed-

matrix membranes. The rest of this chapter is focused around membrane 

chromatography and therefore, the other two chromatographic media have been 

only briefly discussed below with pertinent references. 

Monoliths are single-unit polymeric material having networks of large porous 

interconnections based on which the operations are performed at much higher flow 

rates and moderate pressures as opposed to the resin beads. Monoliths are 

prepared using different materials and are available in wide range of shapes [20], 

sizes, and porosity and therefore suitable for processing of different biological 

molecules [21,22]. Monolithic separations in analytical and preparative monoclonal 

antibody (mAb) purifications is widely seen over the literature and the transition 

from research to industry has already commenced [21,23]. Due to providing higher 

porosity, they are highly suitable for clearance of larger molecules such as viruses. 

[24]. Nevertheless, when compared to adsorptive membranes, commercialized 

monoliths are excessively more expensive (by an order of magnitude) which is 

considered as their main disadvantage.  

Mixed matrix membrane chromatography has emerged as a technique which 

combines the membrane and resins in one stationary media. The preparation is 

through mixing the adsorptive resin with the membrane polymer solution. The 

suspension is then made into flat sheet membranes or hollow fibers. Mixed matrix 

chromatography was initially developed for ion exchange (IEX) membrane 

chromatography [25-27] and more recently for hydrophobic interaction 

chromatography in separation of whey proteins [28]. This is while they have not 

found wide commercial applications. 
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1.2. Membrane Chromatography 

Adsorptive membranes include a wide range of functionalized microporous (i.e. 

controlled pore sizes with diameters within the range of 0.03-10 μm) membranes 

which bind the target molecule based on the ligand chemistry [29, 30]. The main 

advantage of membrane chromatography is the dominance of convective mass 

transfer as opposed to the diffusion limited solute transport within the resin beads. 

This feature translates to an order of magnitude higher speed of operation as the 

resolution of separation is independent of flow rate over a wide range [13,30].  

The most commonly used support material for adsorptive membranes are 

regenerated cellulose (RC), nylon, polycarbonate (PC), polyethersulfone (PES), 

and polyvinylidene fluoride (PVDF). The support should provide high mechanical 

strength, high internal surface area which meets the required ligand density, 

enough resistance to different solvents, and hydrophilic surfaces to avoid non-

specific binding [30]. The pore size and distribution are normally in the same range 

with microfiltration membranes. Relatively large pore sizes make adsorptive 

membranes highly suitable for processing of large molecules while it is unfavorable 

from the binding capacity point of view. The bed height in membrane 

chromatography is provided by stacking certain number of membrane layers which 

is highly advantageous in moderating the effect of pore distribution [13,14].  

The ligand chemistries are commonly similar to the ones used with resin beads 

[31,32]. Widely used ligands in membrane chromatography include both strong 

and weak anionic and cationic exchangers including quaternary ammonium (Q), 

diethylaminoethyl (DEAE), sulfonated (S), and carboxyl (C) [14]. While alkyl chains 

are normally used with resins, there is not much interest in using them for 

membrane chromatography. Application of Sartobind phenyl in bind and elute 

chromatography showed acceptable binding capacity and scalability [33]. 

The adsorption of material on ion exchange membranes is normally carried out at 

relatively low conductivity, followed by elution with high salt buffer [34]. The high 
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concentration of electrolytes in the eluting buffer decreases the Debye length 

which results in the decrease in the retention factor of the protein [35]. The 

adsorption of proteins on hydrophobic membranes is carried out under high salt 

concentrations. That makes it an ideal separation after high salt elution ion 

exchange separation [28]. This is highly reliant on the salt type and concentration 

[36]. The antichaotropic salts in the beginning of the Hofmeister series, mostly 

NH4
+, due to having high salting out effects are suitable for hydrophobic interaction 

membrane chromatography (HIMC). High concentration of these salts would 

expose the hydrophobic patches of the protein molecule to the ligands available 

on the porous support of the membrane, determining the binding capacity of the 

chromatographic system.  

Membrane chromatography devices or membrane adsorbers eliminate the 

packing and unpacking stages which is a significant advancement in large-scale 

purification [37]. The advantages of single-use membrane chromatography in 

polishing include the reduction in capital requirements, increasing the process 

flexibility, minimizing the risk of cross contamination, and elimination of the 

cleaning and regeneration steps [38,39]. The most attractive reason for moving 

towards the disposable technology is the elimination of such validation steps. FDA 

regulations involve maintenance, cleaning, and sanitization of the equipment 

including the streamline development, housing, and the vessels. This should be 

carried out at an appropriate interval so that to protect the operation unit from 

contamination [40]. From the manufacturing cost point of view, although the 

consumable cost for membrane chromatography is higher owing to the single-use 

operations; however, the extensively lower cost of buffer and utility as well as the 

lower capital and labor costs compensate for that [38,41]. In addition, the 

elimination of diffusion factors make the scale-up of membrane chromatography 

linear.  

The features of membrane chromatography processes make the process 

development much simpler compared to columns. However, owing to the 
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relentless pressure on biomanufacturing companies to reduce the overall 

manufacturing costs, high-throughput process development (HTPD) is essential. 

This requirement has been met through miniaturization and automation in which 

low sample volumes can be used to study diverse experimental conditions. 

[1,42,43]. 

1.3. Membrane Chromatography Devices 

Membrane chromatography has found broad application in the flow-through 

operations in which the target molecule does not bind to the membrane stack as 

opposed to the impurities. This is while currently developed membrane adsorbers 

fail to give acceptable resolution for bind-and-elute operations with very few 

commercialized large-scale applications [44]. While inherently lower binding 

capacity of adsorptive membranes has been the perceived cause of their failure to 

provide satisfactory resolutions in membrane adsorbers, the device design plays 

an important role. Although this has been the primary motivation for this work, it is 

necessary to know the drawbacks of the currently available devices [45]. 

Membrane chromatography devices are available in two different formats: 

stacked-disk and radial flow (spiral-wound). Hollow fiber membrane adsorbers 

have also been studied.  

Stacked-disk devices resemble the syringe micro-filters and perform well in lab 

scale operations. However, their performance drastically fails in larger scale. The 

flow path lengths for the solute flowing through the center of the device is much 

shorter than the solutes flowing through the peripheral regions. This is owing to the 

high radial to axial dimension aspect ratio [46]. Therefore, the breakthrough from 

the center regions is normally commenced before the saturation occurs at the outer 

radial regions of the membrane stack [47-49]. The poor utilization of binding 

capacity in stacked disk devices was initially addressed by tapering in both inlet 

and outlet of the capsules. Later, the application of flow distributors containing 

plural channels helped with increasing the uniformity of the flow over the cross 
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section of the membrane. The channel depths were higher in the center and lower 

closer to the peripheral regions [48]. 

Radial flow devices, also referred to as spiral wound, are fabricated by wrapping a 

sheet of membrane around a cylindrical core. This configuration provides great 

scalability in which the binding capacity is proportional to the membrane surface 

area and normally the bed height is kept constant [17]. Nevertheless, the design 

is associated with severe shortcomings, including variation of membrane area over 

the bed height and large dead volumes. Therefore, there is a huge variability over 

the flow path lengths and solute residence times. The superficial velocity is also 

disturbed over the bed height and is not uniform. These dispersion effects are 

aggravated by the considerable dead volumes. In consequence, they give broad 

elution peaks which makes them unsuitable for bind and elute applications [13,14]. 

In other words, the intrinsic resolution of such short membrane bed heights is very 

high; however, this is highly affected by the flow maldistribution [50]. Very recently, 

radial flow devices were used for fractionation of lysozyme and ovotransferrin from 

chicken egg white through binding the target molecule in two cation-exchange 

steps [51]. The radial flow device offered good yields and purification factors; 

nevertheless, the possibility of separation was due to the pI value difference of the 

two proteins. However, these devices would not be suitable for performing more 

challenging bind and elute separations. 

Hollow fiber membrane device have also been studied for membrane 

chromatography applications owing to their interesting features which would suit 

the large-scale applications, majorly the high surface area in a small module which 

offers high capacity. The tubes mostly have diameters of 0.25 to 2.5 mm [13]. In 

scale-up of hollow-fiber devices parameters such as transmembrane pressure and 

residence time are kept constant. However, they are not suitable for pulse-inputs 

and therefore have not found acceptance in the industry [30,45,52] 
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Fig. 1.2: Membrane chromatography devices: stacked-disk (A) radial-flow (B) hollow-
fiber (C) (adapted from [14]) 

 

Modeling of membrane adsorbers requires detailed knowledge on the adsorption 

kinetics of the solute on the membrane as well as the flow convection and diffusion 

parameters. Different adsorption isotherms have been used in the modeling 

studies based on the type of binding [30,47,53].  

The performance of the binding capacity utilization is studied by breakthrough 

curves [54,55]. Ideally, breakthrough curves should demonstrate a step change 

from no solute in the permeate to the point that the permeate concentration is equal 

to the feed concentration. However, due to such flow non-idealities the 

breakthrough curves are S shaped, the extent of which demonstrates the ligand 

binding utilization of the system. 

A detailed model has to consider for the dispersion effects within the system 

including the module and the fittings. The dispersion effects comprise of the flow 

non-idealities, void volume of the membranes, flow distributors both in the 

distribution head and collection head, and the mixing as a result of the void 



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

11 
 

volumes [30]. Such non-idealities are the major source of band broadening [30]. 

The fittings also play a role in dispersion effects. 

Two types of time lag effects have been mostly taken into account in the models. 

The delay due to the volume and the lag as a result of mixing effects which are 

modelled by PFR (zero order) and CSTR (first order) reactors respectively [53,56]. 

In another model, the use of CSTR/PFR was considered after the membrane 

module to account for the dispersion effects in the collection region [49]. This is 

while it was later shown that this approach is not sufficient for the stacked-disc 

devices in quantitative modeling of the breakthrough curves [57]. Such one-

dimensional models assume that the flow is homogenous over the cross section 

of the membranes which is practically untrue based on the device features.  

In addition, a zonal rate model (ZRM) was described to address the deficiency of 

the previous approach on the effect of dispersion [46,47]. The semi-empirical 

model (i.e. involving a combination of measurement and theory) discusses the 

non-binding conditions based on zones with homogeneous velocity in which the 

axial dispersion is neglected. The study of internal flow patterns independent of 

the binding kinetics is essential in studying the breakthrough and module design 

as well as the scale-up [46]. The ZRM studies were followed by computational flow 

dynamics (CFD) modeling of membrane chromatography capsules which 

considered for the binding parameters at the same time with offering a mechanistic 

understanding of the flow non-idealities. This was made possible through having 

precise information on the internal geometry of both stacked-disk and radial flow 

capsules [58].  

1.4. Application of membrane chromatography 

1.4.1. Protein capture and intermediate purification 

Frontal affinity chromatography in which the device is fed with continuous flow of 

the material to the point of saturation and breakthrough has been studied for the 

adsorptive membranes [59]. One of the major limitations associated with 
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membrane chromatography is the lower inherent binding capacity of adsorptive 

membranes compared to resins which is owing to their lower surface area per 

volume. This has been addressed through developing membranes with higher 

binding capacity by polymer grafting to the existing membranes [58,60] or by 

development of new membrane technologies [18]. Also, ion-exchange 

chromatography is the most widely studied technique with adsorptive membranes. 

This is while in intermediate stages the separations are carried out in the bind-and-

elute mode with gradient elution. However, none of the currently available 

membrane chromatography devices are suitable to be used in the large-scale bind 

and elute unit operations.  

1.4.2. Late-stage polishing  

The main parameter in late-stage polishing is the speed of processing large 

volumes of material and because the impurities are available in low concentrations 

the adsorptive capacity is not a limiting parameter.  

Conventional resin columns operate at 100-150 cm/hr linear flow rate and thus in 

order for the columns to process high volumes of material, the column diameter 

should be larger than a meter which results in large column volumes. Considering 

the high binding capacity and low titers of the contaminants, columns are 

significantly underused [38]. On the contrary, membrane adsorbers offer high-

surface area and low bed heights based on which the polishing is carried out at 

significantly higher flow rates. Accordingly, the footprint for the membrane device 

is much lower as a the equivalent membrane device would have two orders of 

magnitude lower bed volume [61]. 

1.4.3. Monoclonal antibody purification 

Monoclonal Antibodies (mAbs) are the biggest class of biopharmaceutical with a 

$40 billion market in 2010 which are used as therapeutic agents for cancer, 

autoimmune, and infectious diseases with numerous others in the pre-clinical 

studies. Owing to the advances in the recombinant technology in the past three 
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decades, mAbs are generated with high-expressing cell lines [12,19,62,63]. It is 

notable that many mAbs are generated from the same framework due to the 

similarities between different products.  

Protein A affinity resins are the most widely used in capture chromatography of 

monoclonal antibodies. The binding is based on the affinity of the Fc region of the 

mAb and the protein A ligand. The main advantages include relatively high 

capacity, significant volume reduction and robustness to purification of different 

variations of the molecules. However, the elution occurs at low pH which is 

considered as harsh condition for the proteins, often leading to aggregation. The 

drawback is the leaching of the protein A which should not exceed 10 ppm. The 

other concern is the lifetime of the resins. However, membrane chromatography 

has not found industrial application in this section owing to the binding capacity 

limitations discussed earlier [14,64].  

Following capture chromatography, mAbs normally go through a three column and 

seldom two-column ion exchange separation [63]. The separation of mAb 

aggregates is normally carried out in this stage. Substitution of IEX membrane 

chromatography in this section has been considered [19,66-69].   

The intermediate purification steps are followed by late-stage polishing which are 

carried out in the flow-through mode where membrane chromatography has found 

the most commercial applications [19]. The impurities include viruses, endotoxins, 

DNA, and other host cell proteins (HCPs) which are mostly negatively charged and 

would bind to the anion-exchange (AEX) chromatographic media during flow-

through operations. While weak anion-exchangers have been also looked into [60], 

Q membrane chromatography is the most famous technique [37]. Most host cell 

proteins (HCPs) have low pI values compared to the mAbs (target molecules) 

which mostly have pI of 8-9. Among the impurities which are in anion-exchange 

polishing, host cell proteins would require low conductivity buffers compared to 

others [34]. In some cases, the presence of considerable amounts of aggregates 
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may cause membrane fouling and lead to high pressure drops. This has shown to 

affect the lifetime of the membranes with relatively lower porosity (Mustang Q) in 

small scale studies of the AEX membrane chromatography [69,70] 

The other contaminants are mostly large molecules which in case of using resin 

columns will not diffuse in the pores and therefore adsorptive membranes are 

highly advantageous [38,72]. Higher log reduction value (LRV) has been reported 

for membrane chromatography devices (5-7) [30]. In operation with Q membranes 

it should be considered that the salt can be problematic as the LRV values are 

greatly sensitive to salt concentration [73] dropping drastically from 50-150 mM 

salt concentrations. The performance of other ligands has been studied towards 

having more salt-tolerant membrane adsorbers for viral clearance. It has been 

demonstrated that the high binding capacity at high concentrations is due to other 

interactions such as hydrophobic and hydrogen bonds [74]. The increase in the 

binding capacity is not only through increasing the ligand density as it may result 

to steric hindrance. However, the pore structure and three dimensional 

arrangement of the ligands are highly effective [75]. 

Performance of different commercially available devices including Mustang Q, 

Sartobind Q, and ChromaSorb were compared for virus purification [75,76]. The 

challenges involve the sensitivity of binding capacity on the conductivity and pH of 

the feed which requires adjustment prior to the unit operations.  

The downstream purification includes stages for viral inactivation as well as 

chromatographic and size-based removals [76]. Often pre-filter are used prior to 

the viral filters to decrease the frequency of their replacement [63]. Finally, 

ultrafiltration (UF) or diafiltration (DF) techniques are employed for volume 

reduction which is followed by formulation. 

1.4.4. Purification of large biomolecules 

While packed-bed columns remain as the state of the art in purification of mAbs 

except for polishing stages, in separation of plasmid DNA [78-80] and viruses 
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lower-cost alternatives have taken over [4,81]. The capture of virus vectors from 

mammalian cell culture for gene therapy such as retro-, adeno-, and lenti- viruses 

is where AEX membrane chromatography is highly advantageous [70,82,83]. 

Using Mustang Q membranes researchers were able to concentration lentivirus by 

140 folds, an order of magnitude higher than other techniques [84]. The AEX 

membrane chromatography showed to have 20-25 times higher binding capacity 

for Plasmid DNA and 55-550 time higher flow rates when compared to bead 

chromatography [78].  

1.5. Laterally-Fed Membrane Chromatography 

This thesis discusses the development of novel devices for membrane 

chromatography applications. The laterally-fed membrane chromatography 

devices houses a stack of rectangular membranes with identical rectangular 

channels for lateral distribution of the feed and collection of the permeate [85,86]. 

The device has shown to be highly suitable for high resolution separation of 

multiple proteins in the bind and elute mode. The advancement in the resolution is 

due to the uniform solute flow path length and residence time within the device.  

LFMC devices offer high throughput, cost effective, and single-use processes 

similar to the currently available membrane adsorbers. In addition, they provide 

resolutions which are comparable with resin columns. The combination of high 

throughput and high resolution perfectly meets the current requirements in 

downstream purification of biopharmaceuticals. The devices are highly scalable for 

large-scale applications and have also shown to be very suitable for analytical 

separations. 

It is notable that the Sartobind membranes which are widely used in this 

dissertation are flat sheet membranes from Sartorius (Goettingen, Germany). 

When they were first commercialized, they had nylon support with 0.45 µm nominal 

pore size. However, they were soon changed to regenerated cellulose support with 

3-5 µm pore size which have high stability and low non-specific binding [87]. Based 
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on the information reported by the manufacturer the Sartobind ion exchange 

membrane have the ligand density of 2-5 μeq/cm2 and porosity of 80%. The same 

membranes with phenyl ligands has been studied for the hydrophobic interaction 

membrane chromatography (HIMC) of proteins [28]. 

1.6. Structure of the Thesis 

This thesis consists of eight chapters including the current one. Chapter 1, gives 

an introduction on downstream purification of proteins and chromatographic 

separation which is followed by a comprehensive literature review on membrane 

chromatography. As membrane chromatography is a relatively new area, the 

references are majorly from the past twenty years. Chapters 2 to 7 cover six full 

projects which were accomplished towards the device design and development of 

the laterally-fed membrane chromatography (LFMC) technology with focus on 

application case studies. The last chapter summarizes the contribution of this work 

on the field of membrane chromatography and discusses the future opportunities 

and deliverables. 

The principles of the LFMC is discussed in chapter 2 through comparing the 

performance of a LFMC module with a conventional circular module using one 

layer of Sartobind Q AEX membranes. Tracer experiments using both dye and a 

model protein under non-binding conditions were used to study and compare the 

flow distribution and collection within the modules. This was followed by obtaining 

the breakthrough curves and studying the binding capacity of the devices and 

pulse binding experiments using bovine serum albumin (BSA). The use of identical 

membranes with the same surface area and bed volume greatly showed the effect 

of module design. 

Based on the primary findings, a LFMC device was designed which housed a stack 

of Sartobind S CEX membranes. Fabricated by 3D printing, the performance of the 

device was head-to-head compared with the equivalent commercially available 

radial flow membrane chromatography device containing the same membrane 
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(Sartobind SingleSep mini, 7 mL). With the focus on the performance of the 

devices in bind and elute separation of multiple proteins, chapter 3 includes the 

study of flow distribution within the devices using tracer experiments which were 

followed by single- and multiple- protein bind and elute separation. 

The resolutions obtained with the LFMC device were greatly motivating to the point 

that they were compared with resin columns in chapter 4. Initially, the device 

design was modified towards simpler fabrication and lower dead volumes. Then, 

the performance of the CEX-LFMC was head-to-head compared with HiTrap HP 

SP columns from GE life sciences. Three model proteins were used for multiple 

component separations in the bind and elute mode at both 1 mL and 5 mL bed 

volumes. The resolutions were compared at different operating flow rates and the 

results were argued. Finally the two systems were compared in separation of IgG1 

charge variants.  

Chapter 5 discusses the first application case study of the LFMC devices for 

purification of PEGylated proteins. PEGylation is one of the most widely studied 

post-translational modification of therapeutic proteins which is accompanied by 

impurities [88]. Cation exchange chromatography has shown to be one of the most 

promising techniques in purification of the mono-PEGylated proteins which is the 

target molecule [89,90]. PEGylation of lysozyme was carried out using methoxy-

polythyleneglycol propionaldehyde (or m-PEG propionaldehyde) in the batch 

mode. Preparative CEX-LFMC was used to separate the mono-PEGylated 

lysozyme (the target) from higher PEGylated proteins and unreacted lysozyme in 

a single step. The elution conditions were then optimized for resolution and speed 

and efficient recovery of the unreacted protein.  

The other application case study is the separation of monoclonal antibody 

aggregates. Cation exchange resin columns have been widely used for large-scale 

purification of mAb aggregates [91]. However, currently available membrane 

adsorbers would perform poorly for this application. In chapter 6 we investigated 
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the application of CEX-LFMC devices containing Sartobind S membranes in three 

different scales for separation of aggregates from different mAb samples.  

It is notable that separation of mAb aggregates by hydrophobic interaction 

membrane chromatography using hydrophilic environmental responsive 

membranes has been previously studied in our group [92]. The same PVDF 

membranes were housed in a modified version of LFMC devices adapted to 

analytical scale separations (chapter 7). The goal was to develop an ultra-fast 

assay with cost-effective and single-use devices for analytical mAb aggregate 

separation. 
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2.1. Abstract 

Module design is of critical importance in membrane chromatography as the 

efficiency of separation is highly dependent on fluid flow distribution and collection 

within the membrane device. We discuss a novel, laterally-fed module, designed 

specifically for flat-sheet membrane chromatography. The performance of the 

novel module was compared with that of a conventional, centrally-fed, circular 

membrane module. Experiments were carried out with both devices using anion-

exchange membrane sheets having the same surface area and thickness, and 

thereby the same bed volume. Tracer experiments using either a dye or a protein 

(lysozyme) under non-binding condition clearly indicated superior flow distribution 

and collection within the novel module. This could be attributed to greater 

uniformity in solute flow path length. The protein binding capacities of membrane 

sheets of identical surface area and bed volume housed in the novel and 

conventional modules were compared in the breakthrough and pulse modes, using 

bovine serum albumin (or BSA) as the model adsorbed protein. The breakthrough 

experiments showed that at the same experimental conditions, the 1% 

breakthrough binding capacity of the membrane housed in the novel module was 

5.12 times higher than that housed in the conventional module. Moreover, flow-

through and elution peaks obtained with the novel membrane module were 

significantly sharper and more symmetrical, with lower peak width. 

Keywords Membrane chromatography; Protein; Module Design; Flow 

distribution  
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2.2. Introduction 

Membrane chromatography is a relatively new purification technique which 

involves the use of a stack of synthetic membrane as chromatographic media [1–

9]. The most attractive feature of membrane chromatography is the speed of 

separation. As solute transport is largely based on convection, the time taken for 

solute to reach its binding site during adsorption and away from it during elution is 

significantly lower than in column chromatography, where such transport is 

diffusion-limited. Membrane chromatography could therefore be faster by more 

than one order of magnitude, a factor which contributes towards higher productivity 

and decrease in product degradation by proteolysis, denaturation and aggregation. 

The predominance of convection also makes it easier to model membrane 

chromatography as the diffusion based terms in the equations could be eliminated. 

It is also much easier to develop thumb-rules for scaling up separation processes. 

Membrane chromatography is frequently scaled-up in a modular fashion, i.e. by 

using multiple devices either in series or in parallel. The disposable nature of 

membrane chromatography devices eliminates the need for equipment cleaning 

and revalidation is one of the main factors behind its acceptance by users in recent 

years. 

The efficiency of membrane chromatography is critically dependent on the fluid 

flow distribution within the membrane device [5, 8–12]. Membrane 

chromatography devices are commonly available in two formats: (a) stacked disks, 

and (b) radial flow. Both types of devices suffer from poor flow distribution which 

leads to shallow breakthrough and consequently poor binding capacity utilization 

[13–17]. Hollow fiber membrane chromatography devices are also available [7,16] 

but they are less commonly used. The stacked disk devices which resemble a 

syringe-type micro-filters are relatively easy to fabricate, and are used for 

preliminary process development work. However, stacked disk devices with large 

bed volumes are impractical and the circular shape of the membrane results in 

significant material wastage. Stacked disks typically have small bed heights with 
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relatively large radial dimension (see Fig. 2.1). The feed enters at a location 

corresponding to the center of the first disk, while the flow-through is collected from 

the center of the last membrane in the stack. Consequently, the central region of 

the stack gets saturated with solute much earlier than the peripheral regions 

leading to poor breakthrough binding capacities. Radial flow devices have 

complicated design, and are used for large-scale purification. They have large 

dead volumes on both feed and permeate sides, and a large central core for 

supporting the membrane, and therefore extremely poor device volume utilization 

[13]. The availability of devices with better design would increase the efficiency of 

membrane chromatography based separation processes, and this in turn could 

potentially make this technology more attractive to potential users. A good 

membrane device should give a sharp solute breakthrough; have low void volume 

and be based on a simple design with well-defined flow path. While there is 

significant potential for research and development work on efficient membrane 

devices, mathematical modeling, operational aspects, and process optimization of 

membrane chromatography, relatively less has been published in the above-

mentioned areas [18–23]. 

 

Fig. 2.1: Flow distribution in conventional, centrally-fed circular membrane adsorber 

 

In this paper, we discuss a novel membrane chromatography module [24] which 

addresses some of the issues highlighted in the previous paragraph. The module 

which is shown in Fig. 2.2 houses a stack of rectangular flat sheet adsorptive 

membranes. Fluid entering the device is distributed in a lateral manner over the 
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side of the membrane stack closer to the inlet. The fluid then enters the membrane 

stack at different locations along its length, flow normal to the membrane surface, 

and eventually emerges at the other side of the membrane stack. The fluid then 

flow laterally with respect to the surface of the last membrane in the stack and is 

collected at the device outlet. The lateral-flows on both sides of the membrane 

stack are parallel and in the same direction. As shown in Fig. 2.2, the flow path 

lengths are uniform which is expected to improve the efficiency of membrane 

utilization and thereby result in a higher breakthrough binding capacity. The 

performance of the novel device was compared with that of an equivalent centrally-

fed, disk-based membrane module. Anion- exchange membrane sheets having 

the same surface area and thickness, and thereby same bed volume were used in 

both devices. Tracer experiments were carried out using a dye as well as a protein 

(lysozyme) under non-binding condition. Bovine serum albumin (or BSA) was used 

as model binding protein to determine the binding capacities of membrane sheets 

of identical surface area and bed volume housed in the novel and conventional 

modules were compared in the breakthrough and pulse modes. The results 

obtained are discussed. 

 

Fig. 2.2: Flow distribution in novel, laterally-fed rectangular membrane adsorber 

 

2.3. Materials and Methods 

Bovine serum albumin (A2153), lysozyme (L6876), sodium phosphate monobasic 

(S0751), sodium phosphate dibasic (S0876), and sodium chloride (S7653) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Red food dye was purchased 
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from (McCormick, Sparks, MD, USA).Sartobind Q anion-exchange membrane 

sheet (94IEXQ42-001, 275 mm thickness) was purchased from Sartorius 

(Gottingen, Germany). Hydrophilized PVDF membrane (0.22 mm; GVWP) was 

purchased from Millipore (Billerica, MA, USA). All buffers and sample solutions 

were prepared using ultra-pure water (18.2 MΩcm) obtained from a SIMPLICITY 

185 water purification unit from Millipore (Molsheim, France). The detailed design 

of the conventional circular module for housing disk-shaped membrane is shown 

in Fig. 2.3 while that of the novel module is shown in Fig. 2.4. The circular module 

had an outer diameter of 75mm while the novel module had an external dimension 

of 200 mm × 40 mm. As shown in Figs. 2.3 and 2.4 membrane assemblies 

consisting of the adsorptive membrane sandwiched between two Teflon spacers 

(each of 0.508 mm thickness) was held between the top and bottom plates. The 

circular or rectangular spaces within the Teflon spacers on both sides of a 

membrane were filled with woven wire meshes which served as membrane 

support and liquid distributor. Appropriately positioned screws were used to hold 

the top and bottom plates together. The effective membrane area in both of these 

devices was 12.57 cm2. The effective diameter of membrane used in the circular 

module which corresponded to the area of the space within the Teflon spacer was 

40 mm whereas the effective length and breadth of the membrane housed within 

the novel device was 157 mm × 8 mm. The dimensions of the inlet and outlet were 

minimized as much as possible to reduce the dead volume of these devices to 

reduce sample dilution and thereby improve separation efficiency. Similar tubings 

and connectors were used for both devices. The effective dead volumes including 

that within the device and connectors for the conventional and the novel device 

were 1.45 and 1.35mL respectively. These values were obtained by measuring the 

volume of water required to fill the module and associated fittings. In addition to 

the inlet and outlet, the modules were provided with additional ports for priming 

and removal of bubbles prior to each run.  
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Fig. 2.3: Blowout diagram of conventional, centrally-fed circular membrane module (from 
right to left: transparent acrylic top plate, woven wire mesh support/ distributor, 

membrane spacer, membrane disk, membrane spacer, woven wire mesh 
support/distributor, bottom plate)  

 

 

Fig. 2.4: Blowout diagram of novel, laterally-fed rectangular membrane module (from 
right to left: transparent acrylic top plate, woven wire mesh support/ distributor, 

membrane spacer, rectangular membrane sheet, membrane spacer, woven wire mesh 
support/distributor, bottom plate) 
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The dye tracer experiments were performed using ten times diluted food color 

solutions. The dye was found to bind strongly to the Sartobind Q membrane and 

so hydrophilized PVDF membranes having 0.22 mm pore size was used in the dye 

experiments. Degassed micro-filtered water was pumped at a flow rate of 10 

mL/min from a reservoir to the membrane modules using a HiLoad P-50 pump (GE 

Healthcare, Piscataway, NJ, USA). A sample injector fitted with a 250 mL loop, 

installed between the pump and module was used to introduce the food dye into 

the devices. The transparent (acrylic) side of the membrane module was 

illuminated using a table lamp. A digital camera (Sony Cyber-shot, Model DSC-

WX7, Japan) was used to take video clips of the membrane surface during the dye 

experiments. Video clips were recorded in MTS format and the extent of zooming 

together with the location of the camera relative to the module was kept the same 

in all the experiments. Snapshots were obtained from the video files at the rate of 

one every second using Windows Live Movie Maker and processed using Image 

J freeware (http://imagej.nih. gov/ij/). The gray scale intensities of the snapshots 

were measured by coding macros. For the circular membrane module, intensities 

of pixels on the radius from the center to the periphery (73 pixels in all) were 

recorded for all 30 frames and were multiplied by the area of the circular increment 

corresponding to the distance of the pixel from center. For the novel module, 

intensities of the pixels were measured along the length of the membrane (570 

pixels in all) and were multiplied by the width of the membrane. To avoid any 

discrepancies owing to the experiment-to-experiment variations, the intensities 

were normalized by subtracting the base line intensity for each pixel, this being the 

intensity at time zero. For the protein experiments, the modules fitted with 

Sartobind Q membrane were integrated with an Akta Prime liquid chromatography 

system (GE Healthcare Bioscience, QC, Canada) using PEEK tubings. Phosphate 

buffer (20 mM, pH 7.0) was used as the binding buffer as well as for preparing the 

feed protein solutions. The eluting buffer consisted to the binding buffer containing 

in addition, 0.5M NaCl. All buffers were degassed and filtered using PVDF filters 
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(VVLP04700, 0.1 mm pore size, Millipore, Billerica, MA, USA) just before running 

the membrane chromatography experiments which were carried out at 10 mL/min 

flow rate. Unbound tracer molecule experiments were carried out with lysozyme 

solution using three different sample loops having volumes of 250 mL, 1 mL, and 

2 mL. Breakthrough experiments were carried out by injecting BSA solutions of 

appropriate concentration pre- pared in the binding buffer. A 50 mL superloop was 

used to inject the protein solution into the modules. The BSA bound to the 

membrane was eluted using buffer containing 0.5 M sodium chloride. The void 

volume of the membrane modules was determined using lysozyme which did not 

bind to the Sartobind Q membrane and the breakthrough curves were corrected 

accordingly. BSA binding experiments were also carried out in the pulse mode by 

injecting 100 mL of BSA solution. 

2.4. Results and Discussion 

Fig. 2.5 shows snapshots from the first twelve seconds of the dye experiments 

carried out with the conventional and novel modules. The aim of these dye 

experiments was to visually compare the flow distribution on the feed side as well 

as the effluent collection on the permeate side of the membrane modules. As 

already stated, only the top acrylic plates of the modules were transparent. The 

inlet and outlet connections were therefore swapped around to make either the 

feed side or the permeate side transparent. This was feasible as top and bottom 

plates, though made of different materials, were identical in design. The time zero 

in each case was designated to the instant at which the dye just entered the 

module. The snapshots of the conventional module showed the dye breaking 

through the central region of the module after three seconds, with the peripheral 

region of the feed side of the membrane still free of dye. After six seconds, the 

central region on the feed side started getting depleted of dye while the dye 

breakthrough in the peripheral region was yet to happen. After twelve seconds, the 

feed side of the membrane was largely free of dye except for the periphery and the 

uniform coloration on the permeate side was due to the dye breaking through the 
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peripheral region and migrating to the outlet located at the center of the module. 

Overall, the snapshots obtained with the conventional module clearly indicate 

acute maldistribution of dye. At the initial stages, most of the dye went through the 

central regions of the membrane disk and the dye reached the peripheral regions 

much later. Also, by the time the dye reached the periphery, it had almost 

disappeared from the central regions. Therefore, the breakthrough binding 

capacity with this device would be expected to be low and flow-through and eluate 

peaks would be broad. The snapshots obtained with the novel device show very 

good correlation in dye intensity on the feed and permeate side with excellent 

lateral distribution. Therefore, the fluid flow and distribution was exactly as shown 

in Fig. 2.2, i.e. the variability in solute flow path length was low. Based on this, it 

could be anticipated that the efficiency of separation using the novel module would 

be high. 

 

Fig. 2.5: Snapshots of the feed and permeate sides of the conventional and novel 
membrane modules obtained during dye tracer experiments at 0, 3, 6, 9, and 12 s 

(membrane: hydrophilized PVDF; pore size: 0.22 μm; feed: 10 times diluted McCormick 
red food dye in water; volume injected: 250 mL; flow rate: 10 mL/min) 
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Fig. 2.6 shows the quantitative analysis of dye experiments. The 3D graphs in Fig. 

2.6 show the variations of normalized gray scale intensity with time and location 

within the two membrane modules. The normalized gray scale intensity could be 

considered to be proportional to the amount of dye at a given location. The time 

lag between dye passing through the central and peripheral regions of the circular 

membrane is clearly evident from the graphs for the conventional module shown 

in Fig. 2.6. The graphs also show that it took long for the dye to reach the periphery 

and once this happened, the dye lingered in the peripheral regions of the 

membrane for a long time. On the other hand, the graphs for the novel module 

showed a much more gradual shift of the peak which had a largely constant height, 

from the inlet to the outlet side, clearly indicating a far more uniform solute path 

length. These results once again predict higher efficiency of separation with the 

novel module. 

 

Fig. 2.6: Representation of gray scale intensity data obtained from snapshots shown in 
Fig. 5 using Image J (membrane: hydrophilized PVDF; pore size: 0.22 μm; feed sample: 

10 times diluted McCormick red food dye; volume injected: 250 mL; flow rate: 10 
mL/min) 
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Tracer experiments were carried out by Sartobind Q membrane using lysozyme 

as non-binding protein. Fig. 2.7 shows the flow-through peak curves obtained with 

the two modules using lysozyme solution under non-binding condition (i.e. at 

pH=7.0). Three different combinations of loop size and protein concentration were 

used in these experiments. The peaks obtained with the novel module were 

significantly sharper and more symmetrical. With the conventional module, 

lysozyme appeared in the effluent earlier, even though the dead volume of the 

conventional module was slightly greater than that of the novel module. This was 

consistent with the results of the dye experiments discussed earlier, where very 

early breakthrough at the central region of the membrane was observed. The 

broadening of the peaks with the conventional module, which is indicative of flow 

maldistribution, was consistent with the dye experiments where the dye lingered 

on in the peripheral regions for quite some time before reaching the outlet. The 

widths at half-height, asymmetry parameter, and the tailing factor of the flow-

through peaks obtained with the two modules are shown in Table 2.1. Asymmetry 

parameter was calculated at 10% of the peak height whereas the tailing factor was 

measured for the 5% of the peak height as defined by Moldoveanu nd David [25]. 

The lower the values of the asymmetry parameter and tailing factor indicate that 

the flow distribution and thereby the uniformity of solute path length were 

significantly superior with the novel membrane module. 
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Fig. 2.7: Flow though lysozyme peaks obtained at non-binding condition with 
conventional (thin line) and novel (thick line) membrane modules (membrane: Sartobind 

Q; membrane area: 12.57 cm2; buffer: 20 mM sodium phosphate; 
pH=7.0; flow rate: 10 mL/min; A: 250 mL, 2 mg/mL; B: 5mL, 2 mg/ml, C: 10 mL, 1 

mg/mL) 
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Table 2.1: Characteristics of flow-through peaks obtained from experiments carried out 
using lysozyme in non-binding condition with conventional and novel modules as shown 
in Fig. 2.7 (membrane: Sartobind Q; membrane area: 12.57 cm2; buffer: 20 mM sodium 
phosphate; pH=7.0; flow rate: 10 mL/min; A: 250 mL, 2mg/mL; B: 5 mL, 2 mg/ml, C: 10 
mL, 1 mg/mL) 

Figure 
Loop 
size 
(mL) 

Concentration 
(mg/mL) 

Module 

Peak 
width at 
half 
height 
(mL) 

Asymmetry 
parameter 

Tailing 
factor 

2.7A 0.250 2.0 
Conventional 1.37 3.16 2.30 

Novel 0.74 1.84 1.56 

2.7B 5.0 2.0 
Conventional 0.31 1.65 1.53 

Novel 0.26 1.38 1.25 

2.7C 10.0 1.0 
Conventional 2.27 3.09 2.26 

Novel 1.58 2.27 1.83 

 

Fig. 2.8 shows the breakthrough curves for the novel and conventional membrane 

modules, obtained by injecting 30 mL of 2 mg/mL BSA solution using a superloop. 

The volume axes of the breakthrough curves were corrected to factor in the void 

volumes of the two devices, these being 1.45 mL and 1.35 mL respectively for the 

conventional and novel modules. The Sartobind Q membrane had identical bed 

volumes of 0.346 mL in the two devices. The 1% and 10% breakthrough BSA 

binding capacity obtained with the two membrane modules are shown in Table 2.2 

These results clearly demonstrate how the design of the membrane module could 

have a profound impact on the utilization of membrane binding capacity. The quick 

saturation of the central regions of the membrane housed in the conventional 

membrane module by BSA molecules resulted in an early breakthrough. By 

contrast, the breakthrough took place a lot later with the novel membrane module, 

the resultant 1% breakthrough BSA binding capacity being almost five times 

higher. The 10% breakthrough binding capacity obtained with the novel membrane 

module was 30.73 mg/mL which is an extremely high value for a single layer of 
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membrane. The BSA elution peaks obtained in the above break- through 

experiments along with the corresponding conductivity profiles are shown in Fig. 

2.9. The areas of the two eluted peaks were almost identical for the two devices 

with the BSA recovery with the novel module being 98.5% of that obtained with the 

conventional device. The width at half-height data for the BSA elution peaks 

obtained with the two modules are shown in Table 2.3. As expected, the novel 

module gave sharper and more symmetrical peak. Moreover, the sharper 

conductivity profile observed with the novel module indicates its superior design. 

Broadening of peaks, in addition to being undesirable in multi-component 

separation processes, results in product dilution which increases bioseparation 

cost in large-scale separation processes. 

 

Fig. 2.8: Breakthrough curves for adsorption of BSA on the anion-exchange membrane 
obtained using A: conventional (thin line) and B: novel (thick line) membrane modules 
(membrane: Sartobind Q; membrane area: 12.57 cm2; feed concentration: 2 mg/mL; 

volume injected: 30 mL; binding buffer: 20 mM phosphate; pH=7.0; flow rate: 10 mL/min) 

 

Table 2.2: Bovine serum albumin (BSA) binding capacity of the Sartobind Q anion-
exchange membrane at two different breakthrough points designation for conventional 
and novel modules (membrane: Sartobind Q; membrane area: 12.57 cm2; feed 
concentration: 2 mg/mL; volume injected: till saturation ~30 mL; binding buffer: 20 mM 
phosphate; pH=7.0; flow rate: 10 mL/min) 
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 1% breakthrough binding 
capacity (mg/mL) 

10% breakthrough binding 
capacity (mg/mL) 

Conventional 4.87 15.46 

Novel 24.95 30.73 

Ratio 5.12 1.99 

 

 

Fig. 2.9: BSA elution peaks and conductivity profiles obtained using conventional (thin 
line and thin dashed line respectively) and novel (thick line and thick dashed line 

respectively) modules (membrane: Sartobind Q; membrane area: 12.57 cm2; feed 
concentration: 2 mg/mL; volume injected: 30 mL; binding buffer: 20 mM sodium 

phosphate, pH 7.0; eluting buffer: binding buffer+0.5 M sodium chloride; flow rate: 10 
mL/min) 

 

Table 2.3: Characteristics of the elution curves obtained from the breakthrough 
experiments using bovine serum albumin (BSA) for conventional and novel modules as 
shown in Fig. 9 (membrane: Sartobind Q; membrane area: 12.57 cm2; feed concentration: 
2 mg/mL; volume injected: ~30 mL; binding buffer: 20 mM sodium phosphate, pH 7.0; 
eluting buffer: binding buffer+0.5 M sodium chloride; flow rate: 10 mL/min) 

 Peak width at half-height (mL) 

Conventional 2.84 

Novel 2.05 
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Fig. 2.10 shows the chromatograms obtained in pulse binding experiments carried 

out with both modules using 100 mLof1mg/ml BSA solution. While there was very 

little BSA flow-through with the novel module, a significant peak, indicating 

incomplete protein capture was observed with the conventional module. Table 2.4 

shows the width at half-height values for the BSA elution peaks obtained with the 

two modules. As in the experiments described in the previous paragraph, the BSA 

peak was sharper and more symmetric with the novel module. 

 

Fig. 2.10: BSA elution peaks and conductivity profiles obtained from pulse binding 
experiments carried out using conventional (thin line and thin dashed line respectively) 
and novel (thick line and thick dashed line respectively) modules (membrane: Sartobind 
Q membrane area: 12.57 cm2; feed concentration: 1 mg/mL; volume injected: 100 mL; 
binding buffer: 20 mM sodium phosphate, pH 7.0; eluting buffer: binding buffer+0.5 M 

sodium chloride; flow rate: 10 mL/min) 

 

Table 2.4: Characteristics of the elution curves obtained from the breakthrough 
experiments using bovine serum albumin (BSA) for conventional and novel modules as 
shown in Fig. 9 (membrane: Sartobind Q; membrane area: 12.57 cm2; feed concentration: 
2 mg/mL; volume injected: ~30 mL; binding buffer: 20 mM sodium phosphate, pH 7.0; 
eluting buffer: binding buffer+0.5 M sodium chloride; flow rate: 10 mL/min) 

 Peak width at half-height (mL) 

Conventional 2.75 

Novel 1.65 
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The above results clearly demonstrate the superiority of the novel laterally-fed, 

rectangular membrane module over a conventional, centrally-fed, circular 

membrane module. They also highlight the critical role played by the membrane 

module design on the efficiency of membrane binding capacity utilization. The 

novel laterally-fed design examined in the current study reduces the variability in 

solute path length within the device and thereby leads in more uniform usage of 

membrane. In order for the novel design feature to be effective, the following 

conditions have to be met. Firstly, the hydraulic resistance offered support material 

(woven wire mesh in this case) within which lateral flow distribution and collection 

takes place has to be lower than that offered by the membrane. Secondly, the 

resistance to lateral flow in the support material on both sides of the membrane 

has to be identical. A higher resistance on the feed side would result in greater 

flow in the membrane closer to the inlet while a higher resistance on the permeate 

side would result in greater flow closer to the outlet. Finally, the aspect (i.e. length 

to width) ratio of the device is quite important. A low aspect ratio could result in 

maldistribution with more lateral flow of feed taking place closer to the centerline 

of the support material. A very high aspect ratio on the other hand would result in 

poor utilization of membrane closer to the outlet due to increase in lateral 

resistance. This work is intended to stimulate research and activities in the area of 

module development for membrane chromatography. As the next step, a scaled-

up, laterally fed membrane module that can be fitted with a stack of membranes is 

being designed and its performance will be compared with equivalent circular disk-

stack and radial flow membrane modules. With a stack of membranes, the ratio of 

hydraulic resistance offered by the membrane relative to the lateral resistances 

offered on the two sides of the membrane stack would be significantly greater than 

in the single layered device used in the current study. Therefore the enhancement 

in separation efficiency could be anticipated to be even greater with such a device. 

Such laterally fed membrane modules, addition to being suitable for separations, 

could also be used as membrane reactors and dead-end microfiltration devices. 
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2.5. Conclusions 

The efficiency of membrane binding capacity utilization in a membrane module 

depends greatly on the fluid flow distribution and collection within the device. 

Tracer experiments carried out using dye and the protein lysozyme under non-

binding conditions demonstrate acute maldistribution of solute within a 

conventional, centrally fed, circular membrane module. One of the major problems 

resulting from such maldistribution was the very early solute breakthrough at the 

center of the membrane. The other problem was that solute molecules reached 

the peripheral regions quite late and stayed there even longer. Consequently, the 

breakthrough binding capacity obtained with this device was low and the flow-

through and eluate peaks were broad. The novel laterally-fed, rectangular 

membrane module addressed these issues by maintaining the solute path lengths 

within the device more uniform. This aspect was clearly demonstrated by tracer 

experiments, carried out using dye and unbound protein. The breakthrough binding 

capacity of bovine serum albumin was almost five times that obtained with an 

equivalent conventional, centrally fed, circular membrane module. The uniformity 

of solute path length along with more uniform solute binding on the membrane 

housed within the novel module also resulted in sharper and more symmetric 

elution peaks. 
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3.1 Abstract 

Radial-flow membrane chromatography devices which are used for flow-through 

separation are generally unsuitable for bind-and-elute chromatography, 

particularly where multiple components need to be separated. We discuss a 

laterally-fed membrane chromatography device, suitable for high-resolution, multi-

component protein separation in the bind-and-elute mode. In the current study, a 

stack of cation exchange membranes was housed within the membrane device 

and its performance was compared with an equivalent commercial radial-flow 

device having the same membrane bed volume and bed height. Tracer 

experiments were carried out using sodium chloride solution to compare their 

residence time distributions. The laterally-fed device showed superior flow 

distribution characteristics, which could be attributed to a lower variability in solute-

flow path-lengths, and a smaller dead volume. Single protein bind-and-elute 

experiments carried out using lysozyme showed that the peaks obtained with the 

laterally-fed device were significantly sharper and more symmetrical. Excellent 

separation of three model proteins ovalbumin, conalbumin and lysozyme 

demonstrated that the laterally-fed membrane chromatography device was indeed 

suitable for carrying out high-resolution multi-component protein purification. 

These proteins could be fractionated in about 10 membrane bed volumes using 

the laterally-fed device as opposed to 25 bed volumes with the radial-flow device. 

The design of the laterally-fed device is simple and its flat shape gives it 

significantly lower footprint and offers additional advantages such as stackability 

and ease of multiplexing. 

Keywords Membrane chromatography; Protein; Device; Membrane adsorber; 

Bioseparation 
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3.2 Introduction 

Downstream processing capacity in the biotechnology industry has struggled to 

keep up with the remarkable improvements in both bioreactor titer and volume. 

Chromatography, which is the linchpin in most purification processes, has become 

the major bottleneck in bio-manufacturing [1]. Economy of scale does not exist for 

large columns due to the high resin cost. Also, the resolution decreases with 

increase in scale. Membrane chromatography has long been suggested as a fast 

and cost-effective alternative to resin-based column chromatography [2-7]. The 

predominantly convection-based transport of target biomolecules to and from their 

binding sites on a membrane, as opposed to the largely diffusion-limited mass 

transport of these molecules within the resin bed makes membrane 

chromatography significantly faster [2-7]. Speed of separation translates to both 

higher productivity and lower product degradation. Also, in membrane 

chromatography, the efficiency of binding of even large solutes such as 

monoclonal antibodies is relatively independent of the superficial velocity. This 

offers significant flexibility in process design. Other advantages include lower 

buffer usage and pressure drops, and the absence of problems such as channeling 

and fracturing of resin beds. Moreover, the disposable nature of membrane 

devices eliminates the need for cleaning and validation steps, and thereby 

contributes toward practicality and ease of use [8, 9]. 

Devices for membrane chromatography are commonly available in the stacked-

disk and radial-flow formats [10, 11]. The use of hollow-fiber membrane devices 

has also been reported but they are not very commonly used, and are not suitable 

for pulse chromatography [12, 13]. Stacked-disk membrane devices are most 

commonly used for laboratory-scale separations and process development. 

However, it is impractical to use these devices in large-scale processes as when 

their diameter is increased, the radial to axial dimension aspect ratio, and thereby 

the variability of flow path lengths become large enough to severely affect 

separation performance. Stacked-disc devices which incorporate efficient flow-
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distribution features have been shown to be suitable for high-resolution protein 

fractionation [14]. However, even with these improved devices, the separation 

efficiency decreases when the diameter exceeds 50–60 mm. Radial-flow devices 

which are made by wrapping long pieces of flat-sheet membranes over central 

collection channels are commonly used in large-scale applications [15–17]. These 

devices offer large cross-sectional area to bed volume ratios, can be operated at 

low back pressures, and are scalable. They perform quite well in flow-through 

separations where the target bio-molecules are typically collected as unbound 

material going through the device, while impurities that are present in relatively 

small amounts are adsorbed. Major applications of radial-flow devices include 

polishing of monoclonal antibodies (mAbs), i.e. removal of impurities such as host 

cell proteins (HCPs), endotoxins, and viruses [18–22]. 

While membrane chromatography is widely used for polishing applications in the 

biotech industry, there has been very limited use of this technique for large-scale 

purification in the bind-and-elute mode, particularly where multiple components 

need to be separated [23]. As shown in Fig. 3.1, a radial-flow device has a 

complicated design and thereby a complicated flow-path. The liquid is first 

distributed in a radially outward direction to the annular space surrounding the 

membrane roll. It is then forced into the membrane in a radially inward direction 

and collected on the outer surface of the central core which supports the 

membrane roll. As demonstrated in this paper, such complexity creates large 

variability in flow path lengths within the device, resulting in dispersion effects such 

as peak broadening and loss of peak resolution. It is also difficult to balance the 

pressure drop in the axial direction on both sides of the membrane. The feed space 

is typically an open channel while the permeate collection space consists of either 

a porous or grooved structure. Pressure balancing is critically important for efficient 

membrane utilization as is discussed at the end of the paper. The effective 

membrane area in a membrane roll changes along the bed height, i.e. decreases 

in a radially inward direction. This results in an increase in superficial velocity in a 
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radially inward direction, which could adversely affect chromatographic separation. 

Radial-flow devices have large dead volumes, both on the feed and the permeate 

sides, which could aggravate the above dispersion effects. Also, the large 

supporting central core does not play any active role in the separation process, 

and therefore device volume utilization is poor. While none of the above factors 

are perhaps critically limiting in separations carried out in the flow-through mode, 

these could adversely affect high-resolution, multi-component separations carried 

out in the bind-and-elute mode. Elution chromatography is a very subtle process 

where desorption of bound species from an adsorbent bed is dependent on the 

uniformity of species binding and sensitive to the manner in which the eluent 

composition changes within the bed.  

 

Fig. 3.1: Radial-flow membrane chromatography device 

 

We feel that availability of membrane devices which address the above issues 

would contribute to the wider acceptance and use of membrane chromatography 

in the biotechnology industry. In our recent studies, we have compared the 

performance of such a laterally-fed device with a stacked-disc membrane device 

[24, 25]. The laterally-fed device outperformed the stack-disc device in terms of all 

the attributes examined, i.e. flow distribution, membrane binding capacity 

utilization, and peak resolution. In the current paper, we discuss how a laterally-

fed membrane chromatography device could be used to carry out high-resolution, 

multiple-component protein separation in the bind-and-elute mode. The device 
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(see Fig. 3.2) is designed to house a stack of rectangular flat sheet adsorptive 

membranes. Liquid is laterally distributed over the feed side of the device and 

thereby enters the membrane stack at different locations along its length, 

eventually emerging at corresponding locations on the permeate side, where it 

flows laterally to the outlet of the device. This configuration makes it possible to 

balance the pressure-drop on the feed side with that on the permeate side, thereby 

ensuring uniformity of flow along the length of the membrane stack. Also, unlike in 

a radial-flow device, where the superficial velocity within the bed increases in a 

radially inward direction, the flow of liquid is anticipated to be more uniform in the 

laterally-fed membrane chromatography device. As idealized in Fig. 3.2, the flow 

path lengths are similar throughout the device. This is expected to improve both, 

the efficiency of membrane utilization, and the resolution of eluted peaks in 

chromatographic separation. 

 

Fig. 3.2: Radial-flow membrane chromatography device 

 

In this paper, we discuss the design, fabrication and use of a laterally-fed 

membrane chromatography device, within which a stack of rectangular flat sheet 

cation exchange membranes, having a bed volume of 7 mL was housed. The 

performance of this device was compared with that of an equivalent commercial 

radial-flow device having the same bed volume and bed height. Tracer 

experiments were carried out using sodium chloride in both pulse- and step-input 

modes to investigate their residence time distributions. Single protein, bind-and-

elute experiments were then carried using lysozyme and peaks thus obtained were 

compared. Protein separation experiments were then carried out in the pulse- 
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mode using ovalbumin as the model unbound protein, and conalbumin and 

lysozyme as model bound proteins, to demonstrate the suitability of the laterally-

fed device for carrying out high-resolution, multi-component, protein purification. 

The results obtained are discussed. 

3.3. Materials and Methods 

Lysozyme (L6876), conalbumin (C7786), ovalbumin(A5503), sodium phosphate 

monobasic (S0751), sodium phosphate dibasic (S0876), citric acid (C0759), 

sodium citrate dehydrate (S4641), sodium chloride (S7653), hydrochloric acid 

(258148), ammonium persulfate (A3678), 30% acrylamide solution (A3699), 

glycerol (G2025), bromophenol blue (B0126), Brilliant Blue R concentrate (B8647), 

glycine (G8898), sodium dodecyl sulfate (L3771), Trizma- hydrochloride (T3253), 

Trizma base (T1503), N,N,N′,N′-tetramethyl ethylenediamine (T9281), and DL-

dithiothreitol (43817) were purchased from Sigma-Aldrich (St.Louis, MO, USA). 

Acetic acid (1000-1) and methanol (6700-1) were purchased from Caledon 

Laboratories LTD. (Georgetown, ON, Canada). Ultra-4centrifugal filters (3 kDa 

MWCO, UFC800324) were purchased from EMD Millipore Co. (Billerica, MA, 

USA). RTV 108 silicon-based adhesive was purchased from MOMENTIVE 

(Columbus, OH, USA). Sartobind S cation-exchange membrane sheets 

(94IEXS42-001) and Sartobind Single Sep Mini (92IEXS42D4-SS-A, 7 mL bed 

volume) were purchased from Sartorius Stedim Biotech (Gottingen, Germany). All 

buffers and the solutions were prepared using water obtained from a SIMPLICITY 

185 water purification unit Millipore (Molsheim, France). 

The schematic design of the laterally-fed membrane chromatography device used 

in this study is shown in Fig. 3.3. The device is consisted of two acrylic plates 

(numbered 1 and 3) which provided the rectangular feed and permeate channels 

for lateral flow on the two sides of the membrane stack, and a plate (numbered 2), 

which housed the membrane stack. The plates were fabricated by 3-D printing 

using a ProJet HD3000 printer purchased from 3D Systems (Rock Hill, SC, USA). 
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VisiJet EX200 acrylic-based polymer was used as the printing material. The 

detailed design of the plates and the frame used to assemble the laterally-fed 

membrane chromatography device is shown in  Fig. 3.4. The plates featured 

slanted tapered channels for distribution of the liquid over the width of the lateral 

channel on the feed side and collection of the liquid from the lateral channel on the 

permeate side. The rectangular feed and permeate channels were 70 mm (length) 

× 20 mm (width) with 0.5 mm depth. Before assembling the device, these channels 

were filled 70 mm × 20 mm pieces of woven wire mesh (approximately 0.5 mm 

thick) which served both as liquid distributor and membrane support. These wire 

mesh pieces also helped reduce the dead volume of the device. The plates were 

provided with vents as shown in Figs. 3.3 and 3.4. These were essential for priming 

the device and for removal of air bubbles trapped in the channels. The dimensions 

of the distribution and flow channels, and the inlet and outlet ports were minimized 

to reduce the dead volume of the device. The frame which had a thickness of 5 

mm (corresponding to the membrane bed height) was made of delrin. The outer 

dimension of the frame was 130 mm × 40 mm and it was provided with a tapered 

slot within which the membrane stack was glued in place. The dimension of the 

slot at the smaller end was 70 mm × 20 mm, which corresponded to the length and 

width of the membrane stack. The larger end of the slot had a dimension of 75 mm 

× 25 mm. Rectangular pieces (70 mm × 20 mm) of cation-exchange membranes 

(18 nos.) were cut out using a metal stamp cutter, assembled as a stack, and 

placed within the frame. A metal block having the same length and width as the 

membrane pieces was placed over the stack to hold it in place, and also to mask 

it during the gluing process. RTV 108 adhesive was dispensed into the tapered 

space around the membrane stack till it was completely filled. The adhesive was 

allowed to cure for 48 h before assembling the device. 
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Fig. 3.3: Diagram of the prototype laterally-fed membrane chromatography device used 
in the current study (1: acrylic top plate; 2: delrin frame; 3: acrylic bottom plate) 

 

 

Fig. 3.4: Figure showing the top- and side-views of the plates (A) and the frame (B) used 
to assemble the laterally-fed membrane chromatography device used in this study. All 

dimensions are in mm 

 

Standard PEEK fittings were employed to integrate the membrane 

chromatography devices with an AKTA Prime liquid chromatography system (GE 

Healthcare Bioscience, QC, Canada). The sanitary connectors on the inlet and 

outlet of the radial-flow de-vice were modified using delrin inserts to make them 
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compatible with the PEEK fittings. This alteration helped reduce the dead volume 

of the device from its rated value of 25 mL to 21.0 mL. The dead volume of both 

devices was accurately measured by weighing the volume of water required to fill 

them up. These were found to be 4.8 mL and 21.0 mL respectively, for the laterally-

fed and radial-flow devices. 

Salt tracer experiments were carried out using sodium phosphate buffer (20 mM, 

pH 7.0) as the running buffer, and sodium chloride solution (0.5 M) as tracer. These 

experiments were performed both in the pulse- and step-input modes. Pulse 

experiments were carried out using 2 mL and 5 mL sample loops while the step-

input experiment was carried out by using a 150 mL super loop. 

All membrane chromatography experiments were carried out at 10 mL/min flow 

rate using appropriate micro-filtered and degassed buffers. Single protein bind-

and-elute experiments were carried out by injecting 2 mL or 5 mL of 8 mg/mL 

lysozyme solution prepared in the binding buffer (20 mM sodium phosphate, pH 

7.0). The eluting buffer consisted of 0.5 M sodium chloride solution prepared in 

binding buffer, with the elution being carried out in the step-change mode. Multi-

component protein separation experiments were carried out by injecting 2 mL of 

protein solution prepared using ovalbumin (pI 4.5), conalbumin (pI 6.1), and 

lysozyme (pI 11.0), the respective concentrations being 0.25 mg/mL, 0.5 mg/mL, 

and 0.25 mg/mL. Citrate buffer (20 mM, pH 5.5) was used as the binding buffer as 

well as for sample preparation. Sodium chloride solution (0.5 M NaCl) prepared in 

binding buffer was used to elute the bound proteins. Samples obtained from the 

multi-component separation experiments were collected and de-salted using 3 

kDa MWCO centrifugal filters (30 min, 3750 rpm). These were then analyzed by 

10% non-reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) [26] using a miniVE vertical electrophoresis system (GE Healthcare 

Life Sciences, Baie d’Urfe, QC, Canada). The gel was stained using Coomassie 

Brilliant Blue R dye and imaged using a Bio-imaging MiniBis Pro system (DNR-

Imaging Systems, Jerusalem, Israel). 



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

61 
 

3.4. Results and Discussion 

Figs. 3.5A and B show the conductivity peaks obtained from the pulse tracer 

experiments carried out with sodium chloride solution using 2 mL and 5 mL sample 

loops respectively. For both pulse volumes examined, the conductivity peaks 

obtained with the laterally-fed device were significantly sharper than those 

obtained with the radial-flow device. Also, the peaks obtained with the laterally-fed 

device were quite symmetrical while those obtained with the radial-flow device 

showed significant tailing. The peak width at half height, asymmetry parameter, 

and tailing factor of these conductivity peaks are summarized in Table 3.1. The 

asymmetry parameter was measured at 10% of peak height while the tailing factor 

was calculated at 5% of the peak height as recommended in the literature [27]. 

Peak broadening and asymmetry are both signs of poor flow distributions within a 

device, and indicate that the efficiency in chromatographic separations carried out 

using these devices would be poor. With the laterally-fed device, sodium chloride 

was observed at the outlet (as evident from change in conductivity) at about 4.7 

mL with both sample loops, which corresponded very well with the measured dead 

volume (i.e. 4.8 mL). With the radial-flow device, the salt appeared at the outlet at 

around 8.8 mL which was significantly lower than its measured dead volume (i.e. 

21 mL). Quite clearly, there was significant variability in the solute path length 

within the radial flow device with the shortest path (corresponding to 8.8 mL 

effluent volume) being significantly lower than the average path length. On the 

other hand, the flow behavior observed with the laterally-fed device was quite close 

of that idealized in  Fig. 3.2, i.e. the distribution in flow path lengths was narrow. 

Based on this, it may be inferred that the efficiency of chromatographic separation 

would be better with the latter. The large difference in the dead volumes of the two 

devices could also be partially responsible for the above results. Large dead 

volume within a device could cause back-mixing, which is undesirable in 

chromatographic separations. 
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Fig. 3.5: Salt tracer peaks obtained with the radial-flow (thin line) and the laterally-fed 
(thick line) membrane chromatography devices (membrane: Sartobind S; membrane bed 
volume: 7mL; feed: 0.5 M NaCl; running buffer: 20 mM sodium phosphate, pH=7.0; flow 

rate: 10 mL/min; volume injected: 2 mL (A) and 5mL (B)) 
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Table 3.1: Characteristics of pulse tracer peaks (shown in Fig. 3.5) obtained with sodium 
chloride using the radial-flow and the laterally-fed membrane chromatography devices 
(membrane: Sartobind S; membrane bed volume: 7 mL; tracer: 0.5 M NaCl; running buffer: 
20 mM sodium phosphate, pH=7.0; flow rate: 10 mL/min). 

 

Reference 

figure 

Loop size 

(mL) 
Device 

Peak width 

at half 

height (mL) 

Asymmetry 

parameter 

Tailing 

factor 

3.5A 2.0 

Radial-flow 12.19 3.03 2.33 

Laterally-fed 3.72 1.33 1.34 

3.5B 5.0 

Radial-flow 13.37 3.26 2.37 

Laterally-fed 6.54 1.29 1.28 

 

Fig. 3.6 shows the results obtained from the step tracer experiments carried out 

with sodium chloride. In each of these experiments, approximately 150 mL of 

sodium chloride solution was injected into the module to simulate the step 

behavior. As observed in the pulse tracer experiments discussed in the above 

paragraph, the salt breakthrough with the radial-flow device took place around 8.7 

mL, which was significantly lower than its measured dead volume. With the 

laterally-fed device, the salt break-through matched its measured dead volume 

almost perfectly. The latter part of the salt breakthrough curve (20–120 mL) 

obtained with the radial-flow device was shallow and jagged, clearly indicating poor 

flow distribution and possibly some degree of back-mixing. On the other hand, the 

breakthrough curve obtained with the laterally-fed device was sharp, indicating low 

variability in solute path length, and close to ideal plug flow behavior. The superior 

flow distribution of the laterally-fed device is also evident from a comparison of the 

conductivity decay profiles corresponding to the end of the sodium chloride 

injection. While the conductivity decreased very sharply with the laterally-fed 

device, the response with the radial flow device was slower. 
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Fig. 3.6: Salt breakthrough curves obtained with the radial-flow (thin line) and laterally-
fed (thick line) membrane chromatography devices (membrane: Sartobind; membrane 
bed volume: 7 mL; feed: 0.5 M NaCl; volume injected: 150 mL; running buffer: 20 mM 

sodium phosphate, pH=7.0; flow rate: 10 mL/min) 

 

Figs. 3.7 and 3.8 show the bind and elute chromatograms obtained by injecting 2 

mL and 5 mL pulses respectively of 8 mg/mL lysozyme solution into the radial-flow 

and laterally-fed devices. In both sets of experiments, the eluted lysozyme peaks 

obtained with the laterally-fed device were significantly sharper and more 

symmetrical. With the radial-flow device, the peaks were not only broad but also 

contained shoulders, indicating non-uniform protein binding within the membrane 

bed. A broad peak, in addition to being indicative of poor resolution, also implies 

sample dilution. In large-scale separation processes, sample dilution in eluted 

peak is undesirable. Table 3.2 shows the peak width at half height data obtained 

from the above experiments. These results clearly indicate the likelihood of 

superior separation in the bind-and-elute mode with the laterally-fed device. 
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Fig. 3.7: Lysozyme elution peaks obtained with the radial-flow (thin lines) and the 
laterally-fed (thick lines) membrane chromatography devices (membrane: Sartobind S; 

membrane bed volume: 7 mL; feed concentration: 8 mg/mL; volume injected: 2 mL; 
binding buffer: 20 mM sodium phosphate, pH=7.0; eluting buffer: binding buffer+0.5 M 

NaCl; flow rate: 10 mL/min; UV absorbance: solid lines; conductivity: dashed lines; 
pressure: dotted lines) 

 

 

Fig. 3.8: Lysozyme elution peaks obtained with the radial-flow (thin lines) and the 
laterally-fed (thick lines) membrane chromatography devices (membrane: Sartobind S; 

membrane bed volume: 7 mL; feed concentration: 8 mg/mL; volume injected: 5 mL; 
binding buffer: 20 mM sodium phosphate, pH=7.0; eluting buffer: binding buffer+0.5 M 

NaCl; flow rate: 10 mL/min; UV absorbance: solid lines; conductivity: dashed lines; 
pressure: dotted lines). 
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Table 3.2: Characteristics of lysozyme elution peaks (shown in Figs. 3.7 and 3.8) obtained 
in the bind-and-elute mode with the radial-flow and the laterally-fed devices (membrane: 
Sartobind S; membrane bed volume: 7 mL; lysozyme concentration: 8 mg/mL; binding 
buffer: 20 mM sodium phosphate, pH=7.0; eluting buffer: binding buffer+0.5 M NaCl; flow 
rate: 10 mL/min). 

Reference figure Loop size (mL) Device Peak width at half 
height (mL) 

3.7 2.0 Radial-flow 15.81 

Laterally-fed 4.21 

3.8 5.0 Radial-flow 18.00 

Laterally-fed 6.43 

 

Further single-protein experiments were carried out to assess feasibility of 

separating the model proteins i.e., ovalbumin, conalbumin and lysozyme. Based 

on their pI values, ovalbumin was expected in the flow-through while the other two 

other proteins were expected to bind to the membrane, with conalbumin eluting 

first, followed by lysozyme during salt induced elution. These experiments were 

also useful in determining the operating ranges for the two devices. Fig. 3.9 shows 

an overlay of the three chromatograms obtained in single-protein bind-and-elute 

experiments carried out using the radial-flow device, with 40 mL linear gradient 

elution. Ovalbumin was obtained as a broad single peak in the flow-through. For 

both conalbumin and lysozyme, the eluted peaks contained shoulders, consistent 

with results shown in Figs. 3.7 and 3.8. The peaks were quite jagged and broad, 

clearly showing the effect of uneven flow within the device, and uneven binding on 

the cation-exchange membrane. These results indicate that with the radial-flow 

device, the conalbumin and lysozyme peaks would not be properly resolved with 

a 40 mL linear gradient. A similar set of experiments carried out using the laterally-

fed device (data not shown) showed that the three proteins could potentially be 

separated from each other. 
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Fig. 3.9: Single-protein peaks obtained with ovalbumin (thin line), conalbumin (medium 
line), and lysozyme (thick line) using the radial-flow device (membrane: Sartobind S; 

membrane bed volume: 7 mL; ovalbumin concentration: 0.25 mg/mL; conalbumin 
concentration: 0.5 mg/mL; lysozyme concentration: 0.25 mg/mL; loop size: 2 mL; binding 
buffer: 20 mM citrate, pH=5.5; eluting buffer: binding buffer+0.5 M NaCl; linear gradient 

length: 40 mL; flow rate: 10 mL/min; solid line: UV absorbance; dashed line: 
conductivity). 

 

Some preliminary three-component, protein separation experiments were carried 

out to determine the point at which the elution gradients could be commenced with 

the radial-flow and laterally-fed devices. Fig. 3.10 shows the early part of the 

chromatograms obtained from experiments carried out with the radial-flow device 

were the linear elution gradients were started 10 mL and 20 mL after sample 

injection. When the gradient was commenced 10 mL after sample injection, the 

elution of conalbumin started even before ovalbumin could be completely removed 

in the flow-through. Therefore the ovalbumin and conalbumin peaks were not 

baseline resolvable. When the elution was started 20 mL after sample injection, 

the quality of resolution was much better. With the laterally-fed device (data not 

shown), ovalbumin and conalbumin were completely resolved even when elution 

was started 5 mL after sample injection. The point at which elution gradients can 

be started is of significant importance in large-scale purification processes as this 



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

68 
 

affects buffer usage. Sterile buffers that are typically used in biopharmaceutical 

production can be quite expensive to prepare and their consumption may 

significantly affect the manufacturing cost. 

 

Fig. 3.10: Ovalbumin flow-through and eluted conalbumin peaks obtained from multi-
component separation experiments carried out with the radial-flow device to determine 

the effect of gradient elution start volume on resolution of bound and eluted proteins 
(thick lines: 20 mL start; thin lines:10 mL start; solid line: UV absorbance; dashed line: % 

eluting buffer; membrane: Sartobind S; membrane bed volume: 7 mL; ovalbumin 
concentration: 0.25 mg/mL; conalbumin concentration: 0.5 mg/mL; loop size: 2 mL; 

binding buffer: 20 mM citrate, pH=5.5; eluting buffer: binding buffer+0.5 M NaCl; gradient 
volume: 40 mL; flow rate: 10 mL/min). 

 

Fig. 3.11 shows the chromatograms obtained from three-component protein 

separation experiments carried out with the radial-flow device using linear gradient 

lengths of 40, 60 and 80 mL respectively. In each of these experiments, the 

gradients were started 20 mL after sample injection. As expected based on the 

single-protein experiments, lysozyme and conalbumin could not be resolved using 

the 40 mL linear gradient. The resolution was slightly better with 60 mL gradient 

and near baseline re-solution was obtained using 80 mL gradient. However, the 

ovalbumin peak was very broad, almost occupying almost the entire amount of 

flow-through. The conalbumin and lysozyme peaks, though resolved, were very 
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broad and jagged. Therefore, all the separated proteins were significantly diluted 

in the purification process and it took close to 25 bed volumes of buffer to carry out 

this separation. 

 

Fig. 3.11: Multi-component separation peaks obtained with the radial-flow device using 
40 mL (A), 60 mL (B) and 80 mL (C) linear gradients (membrane: Sartobind S; 

membrane bed volume: 7 mL; ovalbumin concentration: 0.25 mg/mL, conalbumin 
concentration: 0.5 mg/mL; lysozyme concentration: 0.25 mg/mL; loop size: 2 mL; binding 

buffer: 20 mM citrate, pH=5.5; eluting buffer: binding buffer+0.5 M NaCl; flow rate:10 
mL/min; solid line: UV absorbance; dashed line: conductivity). 
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Fig. 3.12 shows the chromatograms obtained from the three-component protein 

separation experiments carried out using the laterally-fed device using linear 

gradient lengths of 20, 30 and 40 mL respectively. In all three experiments, the 

gradient was started 5 mL after sample injection. The flow-through ovalbumin 

peaks were significantly sharper than those obtained with the radial flow device. 

Consistent with the single-protein experiments, the eluted peaks were very sharp 

and symmetrical at all three gradients examined. The sharpness of the eluted 

peaks decreased slightly, while their resolution increased as the gradient length 

was increased. With 20 mL gradient, the conalbumin and lysozyme peaks were 

not completely resolved. However, these peaks were almost completely resolved 

with 30 mL gradient while the resolution increased further when the gradient length 

was increased to 40 mL. Fractionated protein samples obtained from the 

experiment carried out with the laterally-fed device using 40 mL gradient were 

analyzed using SDS-PAGE. Fig. 13 which shows the stained gel thus obtained. 

The results shown in  Figs. 3.12 and 3.13 clearly demonstrate that the three model 

proteins could be efficiently separated using the cation exchange membrane stack 

housed within the laterally-fed device. The three model proteins examined in this 

study could be fractionated in about 10 bed volumes using the laterally-fed device 

as opposed to 25 bed volumes with the radial-flow device. In a large-scale 

separation process, such difference would have a huge impact on the difference 

in processing cost. Also, with the laterally-fed device, the fractionated proteins 

were not diluted to the extent with the radial-flow device. 
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Fig. 3.12: Multi-component separation peaks obtained with the laterally device using 20 
mL (A), 30 mL (B) and 40 mL (C) linear gradients (membrane: Sartobind S; membrane 

bed volume: 7 mL; ovalbumin concentration: 0.25 mg/mL, conalbumin concentration: 0.5 
mg/mL; lysozyme concentration: 0.25 mg/mL; loop size: 2 mL; binding buffer: 20 mM 

citrate, pH=5.5; eluting buffer: binding buffer+0.5 M NaCl; flow rate:10 mL/min; solid line: 
UV absorbance; dashed line: conductivity). 
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Fig. 3.12: SDS-PAGE analysis of samples obtained from the multi-component protein 
separation experiment carried out with the laterally-fed device using 40 mL linear 
gradient elution (1: protein molecular weight markers; 2: flow-through peak, i.e. 

ovalbumin; 3: first eluted peak, i.e. conalbumin; 4: second eluted peak, i.e. lysozyme). 

 

The above results clearly demonstrate the suitability of the laterally-fed device for 

carrying out high-resolution, multi-component protein purification. Its design is 

simple and such devices are relatively easy to fabricate. The prototype device used 

in this study was fabricated by 3-D printing. However, similar devices could easily 

be mass-produced by polymer molding. The flat shape of the laterally-fed device 

as opposed to the cylindrical shape of the radial-flow device is of significant 

advantage as the former can be placed or mounted vertically with significantly 

lower footprint. Other advantages include their stackability which makes it 

convenient to assemble multiplexed systems for complex separations. Laterally-



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

73 
 

fed devices housing membrane stacks in the subliter bed volume range are being 

designed for further studies. Some of the design features in the prototype device 

used in the current study were based on those recommended in our previous paper  

[25]. Firstly, the hydraulic resistance offered in the lateral flow channels had to be 

lower than that offered by the membrane stack. This was to ensure that the entire 

length of the membrane stack was utilized in a uniform manner. Secondly, the 

resistances in these lateral flow channels had to be identical. A higher resistance 

on the feed side would result in greater flow of liquid in the portions of the 

membrane stack closer to the membrane inlet. On the other hand, a higher 

resistance on the permeate side would have the opposite effect, i.e. greater flow 

of liquid in the portions of the membrane stack closer to the outlet. Both these 

conditions would lead to poor membrane utilization. The aspect (i.e. length to 

width) ratio of the lateral channel is likely to be quite important and will be 

investigated in further studies. 

3.5. Conclusions 

Radial-flow membrane chromatography devices while being widely used in the 

biotechnology industry for large-scale polishing applications are unsuitable for bind 

and elute chromatography. The laterally-fed membrane chromatography device 

was found to be suitable for carrying out high-resolution, multi-component protein 

purification in the bind-and-elute mode. It outperformed its equivalent radial-flow 

device in terms of all the attributes examined, i.e. flow distribution, peak shape, 

and resolution of eluted peaks. The superior performance of the laterally-fed 

device could be attributed to lower variability in solute-flow path-length, and smaller 

dead volume. Tracer experiments carried out using salt in the pulse and step 

modes clearly demonstrated the superior hydraulic characteristics and narrower 

residence time distribution of the laterally-fed device. Single-protein experiments 

carried out in the bind-and-elute mode showed that the eluted peaks obtained with 

the laterally-fed device were significantly sharper and more symmetrical. Also, the 

elution step could be commenced much earlier, implying significantly lower buffer 
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usage. Three-component protein separation experiments carried out with the 

radial-flow device resulted in broad and jagged peaks, leading to poor resolution 

and protein dilution. The eluted peaks obtained with the laterally-fed device were 

very sharp and symmetrical at all three gradients examined. The sharpness of the 

eluted peaks de-creased slightly, while their resolution increased as the gradient 

length was increased. Three model proteins could be fractionated in about 10 bed 

volumes using the laterally-fed device as opposed to 25 bed volumes with the 

radial-flow device. The design of the laterally-fed device is simple and could 

potentially be mass-produced by polymer molding. The flat shape of the laterally-

fed device gives it significantly lower footprint and offers additional advantages 

such as stackability and ease of multiplexing. 
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Chapter 4 

Performance Comparison of Laterally-fed Membrane 

Chromatography (LFMC) Devices with Commercial Packed Resin 

Columns: Application Case Study for Preparative Separation of 

IgG1 Charge Variants 



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

79 
 

4.1. Abstract 

The application of the currently available membrane adsorbers has been only 

limited to operations carried out in flow-through format as they fail to give 

acceptable resolution in bind-and-elute processes. The recently developed 

laterally-fed membrane chromatography (LFMC) devices have shown to be an 

efficient solution, greatly suitable for high-resolution membrane chromatography. 

In this study, the performance of LFMC devices is head-to-head compared with 

commercial packed resin columns. The comparison was carried out between 

LFMC devices containing Sartobind S membranes and HiTrap SP high-

performance (HP) columns in 1 mL and 5 mL scale using a three model protein 

system. The cation-exchange separation of ovalbumin, conalbumin, and lysozyme 

were carried out using linear salt gradients at different flow rates. The results 

confirmed comparable resolution for both systems with LFMC devices being highly 

consistent at much higher flow rates. The two systems were then compared for an 

application case study in preparative separation of HIgG1-CD4 charge variants 

with salt gradients. The LFMC device gave immaculate separation of the variants 

at the extensively shallow linear gradients used, whereas in case of the HiTrap 

column, the separations were messy resulting from jagged conductivity profiles.  

Keywords: Membrane chromatography; Laterally-fed; HiTrap; resin 

chromatography; lysozyme; charge variant  
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4.2. Introduction 

Chromatography is the linchpin in separation of biopharmaceuticals as far as high-

resolution of separation is concerned. This is while conventional packed-bed 

column chromatography has remained as the state of the art in downstream 

purification of biological molecules despite its major shortcomings [1-4]. The main 

drawback associated with resin columns is the strong correlation of the resolution 

with the operating flow rate which is due to the diffusion based solute transport to 

the binding sites within the porous resin beads. Operation at low flow rates highly 

affects the productivity whereas increasing the flow rate results in drastic decline 

in the resolution of separation [5,6]. Considering the cleaning and regeneration 

also at limited flow rates, the processes are very low-throughput. The other 

downside of packed-bed chromatography is the high pressure drops which is 

directly proportional to the bed height of the column. Therefore, scale-up of the 

columns is commonly through increasing the column diameter at similar bed height 

based on which the resulting larger cross-sectional area keeps the pressure drops 

below the limiting values. However, in columns with such aspect ratios, problems 

such as uneven packing and insufficient header design yet contribute to broad and 

poorly resolved peaks, the effects which are aggravated at higher flow rates [7,8]. 

In the past few decades, the use of membranes [9-11], monoliths [12,13], and mix-

matrix [14] has been suggested to substitute the conventional resin-based 

stationary phase. Membrane chromatography which uses a stack of adsorptive 

membranes provides an order of magnitude higher productivity. As opposed to 

resin beads, solute mass transport within adsorptive membranes is dominated by 

convection which is the chief advantage of this techniques. Accordingly, the 

performance of membrane chromatography is consistent over a wide range of flow 

rates, offering significantly greater throughputs. Moreover, the pressure drops are 

much lower and devices are used in a single-use manner, eliminating the cleaning 

and validation steps, all contributing to lower overall processing cost [15-17]. In 

spite of all the benefits, membrane adsorbers have been accepted only in niche 
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applications where dilute impurities are removed at high flow rates in flow-through 

operation format [18]. Such applications include late-stage polishing of monoclonal 

antibody (mAb) and therapeutic proteins as well as purification of large 

biomolecules such as viruses and plasmid DNA [19]. In other applications where 

bind-and-elute separations are involved, currently available membrane 

chromatography devices give poor resolutions. The reason lies behind the severe 

design deficiency which results in flow maldistribution within the devices, namely, 

non-uniformity in the solute flow path, uneven solute residence time, and large 

dead volumes which exacerbates the related dispersion effects [20]. Hence, a 

combined high-productivity and high-resolution technology would be a great fit in 

the future downstream processing in the fast-growing commercial environment of 

biopharmaceuticals [9]. 

Recently, we have introduced a membrane chromatography technology through 

development of new devices which are very much suitable for high-resolution 

separations in the bind-and-elute format with great potential to expand the 

application of membrane chromatography [20-22]. The Laterally-fed membrane 

chromatography (LFMC) devices house a stack of rectangular membrane sheets 

with identical lateral channels on both sides of the stack. The design and 

fabrication of the latest embodiment of the devices is described in details in our 

previous study [23]. Owing to the novel device design, the solute flow path lengths 

within the device is highly uniform and the pressure is well-balanced over the sides 

of the membranes [24]. These features result in uniformity of permeate flux and 

therefore solute residence times and result in sharp, symmetrical peaks. Thus far, 

the LFMC devices have extensively outperformed the commercially available 

radial-flow devices for bind-and-elute separations [20] and showed excellent 

resolution when used for challenging separation case studies, being purification of 

mono-PEGylated proteins [23] and separation of mAb aggregates. The 

encouraging results, i.e. high resolutions at high flow rates, called for head-to-head 

comparison of the performance of LFMC devices with commercial packed resin 
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columns. In this study, we compare the performance of cation-exchange LFMC 

with the commercially available resin columns having similar ligand chemistries. 

The separation of three model proteins is investigated with major focus on 

resolution at different flow rates. The intentions were to investigate the benefits of 

the LFMC technology when high-resolution of separation is required. 

The performance of the two chromatography systems were examined with model 

proteins were then compared for preparative separation of mAb charge variants 

using linear salt gradients as an application case study [16]. Previous studies have 

shown that charge variants of therapeutic antibodies can have diverse bioactivity 

[25]. More specifically, in mAbs, the intrinsic micro-heterogeneity often as a result 

of spontaneous and non-enzymatic protein degradation might result in undesirable 

reactions in patients [26,27]. Other alterations in the final mAb products may be 

due to intended post-translational modifications. Complete characterization of the 

mAb charge variants requires a combination of techniques commonly involving 

enzyme digestion to study the mAb fragments followed by mass spectroscopy 

[28,29]. However, cation-exchange chromatography is a non-denaturing technique 

which is sensitive to the variations in the charge of the mAb molecules [30,31]. 

This is while diverse parameters should be optimized in order to achieve the 

separation as the structural diversities are very minor and the separation is 

considered rigorously challenging [29,32-34]. All things considered, conventional 

CEX with salt gradients offers great resolving power. Furthermore, cation 

exchange chromatography using pH gradients either by pre-column mixing of two 

buffers or by chromatofocusing has shown to be promising for separation of mAb 

variants [30,35,36]. While elution by pH gradient methods are considered to offer 

multi-product charge sensitive separation as opposed to the product-specific 

typical salt-gradient techniques, it is very challenging to control the slope of the pH 

gradients and the methods often involve extensive column regeneration times [37].  

The LFMC devices used in this study contained Sartobind S membranes from 

Sartorius which were head-to-head compared with HiTrap columns from GE 
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Healthcare Life Sciences commercially packed with SP sepharose high-

performance (SP HP) resins [38]. The comparison was carried out in two different 

scales of 1 mL and 5 mL bed volume using three model proteins. It is notable that 

sepharose HP resins having particle size of 34 µm (24 µm-44 µm) are specifically 

designed for high-resolution applications due to their relatively small particle size. 

This was followed by comparing the performance of the systems at 5 mL bed 

volume for preparative separation of HIgG1-CD4 (campath-9 [39]) charge variants. 

HIgG1-CD4 is a humanized IgG1-type antibody against CD4 antigen which has 

been used in human clinical trials towards rheumatoid arthritis and psoriasis.  

4.3. Materials and Methods 

4.3.1. Materials 

Ovalbumin (A5503), conalbumin (C7786), lysozyme (L6876), citric acid (C0759), 

sodium citrate dihydrate (S4641), sodium phosphate monobasic (S0751), sodium 

phosphate dibasic (S0875), and sodium chloride (S7653) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Humanized monoclonal antibody HIgG1-CD4 

(campath-9) was kindly donated by the Therapeutic Antibody Centre, University of 

Oxford, UK. HiTrap sepharose SP HP strong cation exchange columns (5 mL and 

1 mL) were purchased from GE healthcare Life Sciences (Piscataway, NJ, USA). 

Sartobind S cation-exchange membrane sheets (94IEXS42-001) were purchased 

from Sartorius Stedim Biotech (Gottingen, Germany). Lepage epoxy glue was 

purchased from Henkel (Dusseldorf, Germany). Weld-on 16 glue was purchased 

from IPS Corporation (Compton, CA, USA). All buffers and the solutions were 

prepared using water obtained from a SIMPLICITY 185 water purification unit by 

Millipore (Molsheim, France).  

4.3.2. LFMC device design and fabrication 

The details of the design of the LFMC devices has been previously reported in a 

recently published article [23]. The devices are made of two acrylic plates which 

contain rectangular channels with an array of pillars having the same height of the 
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channel. The plates also contain two ports one for inlet/outlet and one for priming 

the system which is blocked during the chromatographic operations. The plates 

sandwich the middle frame within which the stack of rectangular membrane sheets 

are glued. The LFMC devices fabricated for this study had the bed volume of 4.7 

mL and 1 mL. The design specifications is summarized in Table. 1. The devices 

were then connected to AKTA Prime liquid chromatography system (GE 

Healthcare Biosciences, QC, Canada) via standard PEEK tubings and luer fittings.  

Table 4.1: Design details of the LFMC devices  

Membrane 

bed 

volume 

(mL) 

Number of 

membrane 

layers 

Bed 

height 

(mm) 

Membrane 

dimensions 

(mm × mm)  

Pillar 

array 

Outer 

dimension 

of plate 

(mm × 

mm) 

Dead 

volume 

(mL) 

4.7 12 3.3 70 × 20 28 × 7 150 × 40 5.19 

1.0 10 2.7 38 × 10 15 × 3 120 × 30 1.21 

 

4.3.3. Model protein separation  

The model protein system used for this study was consisted of a solution 

containing three different proteins: ovalbumin (pI 4.5, 0.2 mg/mL), conalbumin (pI 

6.1, 1.0 mg/mL), and lysozyme (pI 11.0, 0.5 mg/mL). The sample volume injected 

was 10 % of the bed volume of the system using 500 µL and 100 µL sample loops. 

Sodium citrate buffer (20 mM, pH 5.5) was used as the binding buffer and the 

eluting buffer contained 0.5 M NaCl prepared in the binding buffer. Linear gradient 

elution was commenced at the same time with the sample injection.  

4.3.4. Lysozyme oxidation and CEX separation 

Lysozyme sample with 2 mg/mL concentration was oxidized with hydrogen 

peroxide, a strong oxidant. Stock solution of 5 mg/mL lysozyme was prepared in 

20 mM sodium phosphate buffer (pH 6.0). Stock solution of 2% hydrogen peroxide 
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was also prepared in the same buffer. The lysozyme solution was diluted to 0.5 

mg/mL with the hydrogen peroxide solution in 1.5 mL vials. The vial was then 

heated at 37ºC water bath (Multi Temp Ш, Amersham Biosciences, UK) for 18 

hours and then allowed to cool off at room temperature for 30 min. The sample for 

the control experiment contained 0.5 mg/mL lysozyme in the same buffer which 

was kept in the water bath along with the main sample. The control sample did not 

contain hydrogen peroxide. 

The oxidized sample and the control sample were injected to the 4.7 mL device 

using a 2 mL sample loop. The binding buffer was 20 mM sodium phosphate (pH 

6.0) and 0.5 M NaCl prepared in the same buffer was used to elute the bound 

lysozyme. The experiments were carried out at 15 mL/min using 20 mL linear 

gradient which was commenced at the same time with sample injection. 

4.3.5. Separation of mAb charge variants 

The HIgG1-CD4 (pI 8.7) stock solution was ~10 times diluted to 0.5 mg/mL using 

20 mM sodium phosphate buffer (pH 6.0). The same buffer was also used as the 

binding buffer in all the experiments. The sample volume injected in every 

experiment was 2 mL and shallow linear gradients to the eluting buffer (0.5 M NaCl 

prepared in binding buffer) was performed to resolve the charge variants. 

4.4. Results and Discussion 

Based on the pI values of the three model proteins and the operating pH, the 

ovalbumin showed up in the flow through which was followed by the elution of 

conalbumin and lysozyme respectively. The results shown in Fig. 4.1 compare the 

performance of the HiTrap SP HP (5 mL) with the 4.7 mL LFMC device with 15 mL 

gradient at three different flow rates. Comparing the ovalbumin flow-through peaks, 

the LFMC device gave sharper peaks whereas the peaks obtained with the HiTrap 

column were broader and further tailed. The peak shapes indicated more uniform 

residence time for the LFMC device which is brought by the uniform solute flow 

path length within the device. This is while in columns the radially outward 
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distribution of the liquid in the inlet and radially inward collection in the outlet 

causes non-uniformity in the flow path lengths. Even though this affects the large-

scale columns with bigger diameters more drastically [8], the effect is still 

observable at this scale. The results acquired from the HiTrap column showed 

high-resolution of separation for the two eluting proteins. This is due to the small 

particle diameter together with the 25 mm bed height which provides high number 

of theoretical plates. Nevertheless, the results were highly affected by flow rate 

which is an expected behavior for resin packed-bed stationary phase owing to the 

diffusion-dominated solute transport. The resolutions obtained with the LFMC 

device were greatly comparable with those attained from the HiTrap column 

although not resolved as nearly to the baseline. This is while the bed height of the 

LFMC device was almost eight time lower being 3.3 mm. It can be inferred that the 

LFMC devices provide a very uniform binding and elution of the solutes based on 

which the resolution of separation is comparable with resin columns at such low 

bed heights. This uniformity is in consequence of the design which gives excellent 

flow distribution within the devices. It is of high value that the performance over the 

range of the flow rates examined was highly consistent for the LFMC device which 

was predictable based on the dominance of convection within the membrane 

stack. We explored this even further by carrying out the same model protein 

separation at higher flow rates. Fig. 4.2 demonstrates the performance of the 

device for 25 and 30 mL/min. The chromatograms obtained clearly showed that 

the LFMC device performed consistently even at flow rates twice the ones 

suggested by the HiTrap column manufacturer being 15 mL/min. This is extremely 

advantageous from the manufacturing point of view, offering much greater 

productivity with trivial sacrifice on the resolution. Regardless, the resin columns 

are still beneficial at low flow rates from the resolution point of view. 
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Fig 4.1: Performance comparison of the CEX-LFMC (thick line) and HiTrap SP HP (thin 
line) for separation of model proteins in 5 mL bed volume scale (membrane: Sartorius S; 
membrane bed volume: 4.7 mL; feed: 0.1 mg/mL ovalbumin, 1.0 mg/mL conalbumin, 0.5 
mg/mL lysozyme; sample volume: 500 µL; binding buffer: 20 mM sodium citrate pH 5.5; 
eluting buffer: binding buffer + 0.5 M NaCl; linear gradient volume: 15 mL (dashed line)) 
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Fig 4.2: Model protein separation using the CEX-LFMC at higher flow rates of 25 
mL/min (thin line) and 30 mL/min (thick line) (membrane: Sartorius S; membrane bed 

volume: 4.7 mL; feed: 0.1 mg/mL ovalbumin, 1.0 mg/mL conalbumin, 0.5 mg/mL 
lysozyme; sample volume: 500 µL; binding buffer: 20 mM sodium citrate pH 5.5; eluting 

buffer: binding buffer + 0.5 M NaCl; linear gradient volume: 15 mL (dashed line)) 

 

Despite the comparable results, the peak shapes obtained from the LFMC device 

were quite different being wider in the base and narrower and sharper closer to the 

tip. Therefore, the resolution of separation (R) which was calculated based on the 

resident volume and peak width at half height values were greater for the LFMC 

device. Looking at the eluting peaks individually, the conalbumin peaks were fairly 

similar for both systems but the lysozyme peaks was preceded by a prepeak which 

was not picked up by the resin column. The prepeak contained the variants of the 

molecule with lower pI, i.e. more acidic variant with lesser net positive charge at 

the working pH. Different retention volumes of charge variants on cation 

exchangers has been widely studied for antibodies of subclasses IgG1 and IgG2 

as discussed earlier in this paper [32,40,41]. Nevertheless, for lysozyme, due to 

the higher stability of the molecule in comparison, charge variants are less of a 

concern. In order to investigate the separation of lysozyme charge variants by the 

CEX-LFMC device, samples containing oxidized lysozyme as well as the control 
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were experimented with the device. As it is shown by the chromatograms in Fig. 

4.3, the oxidized lysozyme peak was shifted to left due to the presence of more 

acidic variants of the molecule as a result of oxidation. Based on the 

chromatograms, the prepeak seen preceding the lysozyme peak contained the 

acidic variant of lysozyme. Based on the results obtained, great resolution of 

separation for lysozyme charge variants was confirmed by the LFMC device in the 

model protein separation.  

 

Fig 4.3: Elution behavior of oxidized lysozyme (thick line) and the control sample (thin 
line) using the CEX-LFMC (membrane: Sartorius S; membrane bed volume: 4.7 mL; 

feed: 0.5 mg/mL lysozyme; sample volume: 2 mL; binding buffer: 20 mM sodium 
phosphate pH 6.0; eluting buffer: binding buffer + 0.5 M NaCl; linear gradient volume: 20 

mL; flow rate: 15 mL/min) 

 
The performance comparison of the two systems using the same model proteins 

was studied in the 1 mL bed volume scale (Fig. 4.4). The same trends seen at the 

5 mL scale was factual in the smaller scale: baseline resolution of separation at 1 

mL/min flow rate by the HiTrap column in common with tailed flow-through peak 

and the flow rate dependent performance. Also, wider peak bases, separation of 

lysozyme charge variants, and consistency over the range of the flow rates 

examined, for the LFMC device. It is notable that the bed height of the 1 mL LFMC 
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was nine times lower than the equivalent HiTrap column. Likewise with the larger 

scale, the performance of the 1 mL LFMC device was studied at higher flow rate 

this time even as high as 10 and 20 membrane bed volume (MBV)/min (Fig. 4.5). 

Considering that these flow rates were much higher than the maximum flow rates 

suggested by the column manufacturer, the performance of the LFMC device was 

fairly consistent, representing the great potential of this technology in performing 

high-resolution and high productivity bind-and-elute processes.  

 

Fig 4.4: Performance comparison of the CEX-LFMC (thick line) and HiTrap SP HP (thin 
line) for separation of model proteins in 1 mL bed volume scale (membrane: Sartorius S; 
membrane bed volume: 1 mL; feed: 0.1 mg/mL ovalbumin, 1.0 mg/mL conalbumin, 0.5 
mg/mL lysozyme; sample volume: 100 µL; binding buffer: 20 mM sodium citrate pH 5.5; 
eluting buffer: binding buffer + 0.5 M NaCl; linear gradient volume: 10 mL (dashed line)) 

 



Ph.D Thesis – Pedram Madadkar McMaster University – Chemical Engineering 
 

91 
 

 

Fig 4.5: Model protein separation  of the CEX-LFMC at higher flow rates of 10 mL/min 
(thin line) and 20 mL/min (thick line) (membrane: Sartorius S; membrane bed volume: 

1.0 mL; feed: 0.1 mg/mL ovalbumin, 1.0 mg/mL conalbumin, 0.5 mg/mL lysozyme; 
sample volume: 100 µL; binding buffer: 20 mM sodium citrate pH 5.5; eluting buffer: 

binding buffer + 0.5 M NaCl; linear gradient volume: 10 mL(dashed line)) 

 

Fig. 4.6 shows the performance of the 4.7 mL device in charge variant separation 

of HIgG1-CD4. The three peaks showed the acidic, main (neutral), and basic 

variants of the IgG1 molecule, the behavior which has been previously studied on 

cation exchangers [40,41]. Separation of IgG1 charge variants has been also 

attained using affinity chromatography, mostly with FcRn columns [42] as well as 

hydrophobic interaction chromatography (HIC) [43]. Owing to the similarities 

between the charge variants, the shallow gradients of 250 mL and 350 mL were 

used. This is while due to the high operating flow rate (15 mL/min), the separation 

was achieved in 7 min. The device provided very stable linear conductivity gradient 

which highly contributed to the immaculate separation of the variants which have 

trivial differences in their binding strengths to the stationary phase. This was made 

possible by the uniform flow distribution as a result of the device design. 
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Fig. 4.6: Charge variant separation of HIgG1-CD4 using the CEX-LFMC with 250 mL 
(thin line) and 300 mL (thick line) salt gradients (membrane: Sartorius S; membrane bed 
volume: 4.7 mL; feed: 0.5 mg/mL HIgG1-CD4; sample volume: 2 mL; binding buffer: 20 
mM sodium phosphate pH 6.0; eluting buffer: binding buffer + 0.5 M NaCl; flow rate: 15 

mL/min) 

 

The same separation was performed with the 5 mL HiTrap column at 5 mL/min 

which is the recommended flow rate suggested by the manufacturer. As it was 

shown in Fig. 4.1, the column gave very high resolution at this flow rate due to 

which it was chosen for carrying out the challenging separation of charge variants. 

The results shown in Fig. 4.7 demonstrate jagged conductivity profiles obtained 

with the linear gradient from the binding to the eluting buffer. This is caused by the 

non-uniform flow distribution within the resin column. The resulting abrupt changes 

in the conductivity causes the jumbled elution of the mAb charge variants. Although 

the peak heights obtained are larger for HiTrap column, the resolution of 

separation is very poor. The results clearly show the unsuitability of the HiTrap 

column for separations in which extremely shallow gradients are required. This is 

while the LFMC device offered very stable linear conductivity profiles for such 

conditions even at three times higher flow rates. 
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Fig 4.7: Charge variant separation of HIgG1-CD4 using the HiTrap SP HP column with 
250 mL (thin line) and 300 mL (thick line) salt gradients (column volume: 5.0 mL; feed: 

0.5 mg/mL HIgG1-CD4; sample volume: 2 mL; binding buffer: 20 mM sodium phosphate 
pH 6.0; eluting buffer: binding buffer + 0.5 M NaCl; flow rate: 5 mL/min) 

 

The results concluded that the LFMC devices are capable of performing bind-and-

elute separations with comparable resolution with their equivalent commercial 

packed resin columns. While columns still offer improved results at lower flow 

rates, their performance is drastically affected by increasing the speed of 

operation. This is while the LFMC devices perform consistently at a wide range of 

speeds which is highly outstanding from the manufacturing point of view. It is 

notable that the great resolutions of separation were acquired at much lower bed 

heights compared to the equivalent resin columns. The low bed heights contribute 

to having significantly lower pressure drops compared to packed bed columns, 

making possible operating at high flow rates without the need for high-pressure 

pumps and sealing. The average pressure drops for all the experiments are listed 

in Table. 4.2 While commercially available radial-flow membrane adsorbers are 

also known for their low pressure drops as a result of low bed height to frontal 

surface area ratio, they are not suitable for bind-and-elute separations. The LFMC 
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device combines both features in one device, offering high-resolution and high-

productivity with relatively low pressure drops. 

Table 4.2: Pressure drops 

Device Bed volume (mL) Flow rate (mL/min) Pressure drop (MPa) 

HiTrap SP HP 1  1 0.05 

5 0.20 

5 5 0.07 

10 0.15 

15 0.23 

LFMC 1 1 0.02 

5 0.06 

10 0.12 

20 0.27 

4.7 

5 0.04 

10 0.08 

15 0.13 

25 0.26 

30 0.33 

 

4.5. Conclusions 

The performance of the LFMC devices were head-to-head compared with HiTrap 

high-performance columns for cation-exchange chromatography in 1 mL and 5 mL 

bed volume scales. The three model proteins used for this study were ovalbumin 
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(pI 4.5), conalbumin (pI 6.1), and lysozyme (pI 11.0). Although the high-

performance resins with relatively small diameters target high-resolution 

separations, the results obtained with the LFMC device were greatly comparable. 

At low flow rates, baseline resolution was only achieved with the resin column, 

while the LFMC device performance was consistent even at flow rates twice the 

maximum speed suggested by the column manufacturer. This characteristic 

makes these devices highly beneficial from the manufacturing point of view, 

offering much lower processing time with insignificant sacrifice on the resolution. 

Comparable resolution of separation were accomplished with the LFMC devices 

while the bed heights were 8 and 9 times lower which adds value to the application 

of these devices as they offer considerably low pressure drops even at high speed 

of operation. The LFMC devices also separated the acidic charge variant of 

lysozyme, which was not the case with the HiTrap column, highlighting the 

capabilities of the device in performing high-resolution bind-and-elute separations. 

Lastly, the performance of the two systems were compared in preparative 

separation of IgG1 charge variants at the 5 mL scale. Charge variant separation 

with CEX chromatography requires extensively shallow gradients due to 

similarities between the moieties. While the HiTrap column failed to provide stable 

conductivity profiles at 5 mL/min, the LFMC device gave greatly stable linear 

gradients at 15 mL/min leading to clean separation of the variants. The results 

absolutely highlighted the high-productivity and capability of the LFMC devices for 

carrying out CEX membrane chromatography also at such conditions. 
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5.1. Abstract 

We discuss the use of a laterally-fed membrane chromatography (or LFMC) device 

for single-step purification of mono-PEGylated lysozyme. Recent studies have 

shown such LFMC devices to be suitable for high-resolution, multi-component 

separation of proteins in the bind-and-elute mode. The device used in this study 

contained a stack of rectangular cation-exchange membranes having 9.25 mL bed 

volume. PEGylation of lysozyme was carried out in batch mode using 5 kDa 

methoxy-polyethyleneglycol propionaldehyde (or m-PEG propionaldehyde) in the 

presence of sodium cyanoborohydride as reducing agent. Membrane 

chromatographic separation was carried out at 1.62 membrane bed volumes per 

minute flow rate, in the bind-and-elute mode. When a salt gradient was applied, 

the higher PEGylated forms of lysozyme (i.e. the byproducts) eluted earlier than 

mono-PEGylated lysozyme (the target product), while lysozyme eluted last. Under 

elution conditions optimized for resolution and speed, the separation could be 

carried out in less than 15 membrane bed volumes. High purity and recovery of 

mono-PEGylated lysozyme was obtained. The resolution of separation of mono-

PEGylated lysozyme obtained under the above condition was comparable to that 

reported in the literature for equivalent cation-exchange resin columns while the 

flow rate expressed in bed volumes/min was 21.7 times higher. Also, the number 

of theoretical plates per meter was significantly higher with the LFMC device. 

Therefore the LFMC based purification process discussed in this paper combined 

high-productivity with high-resolution. 

Keywords Membrane chromatography; Device; PEGylated proteins; Laterally-

Fed membrane chromatography; Protein purification 
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5.2. Introduction 

Membrane chromatography has been proposed as a fast and cost-effective 

alternative to resin-based packed-bed chromatography [1–4]. This technique takes 

significantly less processing time, uses less buffer and can be operated at 

significantly lower pressure drop. Moreover, the devices are disposable, which 

eliminates the requirement for cleaning and validation [5, 6]. However, application 

of membrane chromatography using currently available devices is largely 

restricted to flow-through polishing processes [7]. For instance, anion-exchange 

membrane chromatography has been successfully used for the removal of 

contaminants such as viruses, DNA, host cell proteins (HCPs), and endotoxins 

from monoclonal antibodies (mAbs) [8–10]. The impurities removed are mostly 

large molecules or fine particles present in dilute feed samples. Membranes, on 

account of their superior mass transport, outperform resin based columns in such 

applications. However, for applications involving high-resolution protein separation 

in bind- and-elute mode, column chromatography remains the technique of choice, 

despite significant limitations such as low productivity and poor scalability. 

Membrane chromatography devices are currently available in two major formats: 

stacked-disk and radial-flow. Stacked-disk devices are widely used in small-scale, 

process development type application but their separation performance 

deteriorates as the membrane diameter is increased, primarily on account of the 

high radial to axial dimension ratio which results in tailed peaks and thereby low 

resolutions. Incorporation of radially-aligned flow distribution channels [11] have 

only worked in devices less than 50 mm in diameter. Therefore stacked-disc 

devices are considered unsuitable for large-scale applications. Radial-flow devices 

are the current state-of-the-art for large-scale membrane chromatography [12–14]. 

However, there are some crucial design deficiencies that make these devices 

unsuitable for bind-and-elute separations [15]. Firstly, there is huge variability in 

flow path length in these devices which contributes towards broadening and even 

splitting of eluted peaks, and consequently very poor resolution [15, 16]. Moreover, 
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these devices tend to have relatively large dead volumes, with potential for back-

mixing, which aggravate all the problems associated with flow path variability. In a 

radial-flow device, the membrane area decreases in a radially inward direction and 

there- fore the superficial velocity increase along the bed height, a factor not 

conducive to high-resolution separations. Lastly, the presence of an open channel 

on one side of the membrane roll and a relatively constricted collection channel on 

the other makes pressure balancing along the length of the membrane extremely 

difficult and this in turn contributes to flux variability. The availability of a membrane 

chromatography device which addresses the above issues would make it possible 

to carry out high-resolution multi-component bind-and-elute separations while 

ensuring high-productivity. We have attempted to address these through the 

development of a laterally-fed membrane chromatography (or LFMC) device [15–

18]. As described in our previous papers, an LFMC device houses a stack of 

rectangular membrane pieces with lateral channels with identical hydraulic 

resistances on both sides of the stack. As shown in Fig. 5.1, liquid pumped into the 

device is distributed laterally over the membrane stack, passes through it, emerges 

on the other side, and is eventually collected in the permeate channel and directed 

to the outlet. This arrangement reduces variability in flow path length, makes it 

easy to balance pressure between the two sides of the stack (and thereby ensure 

uniform flux), and maintain uniform superficial velocity along bed height [15, 16, 

18]. In a recent paper [18] we have discussed in detail the factors responsible for 

the above based on theoretical and experimental analysis of hydraulic flow-paths. 

Also, factors likely to affect efficiency of LFMC are discussed using a simple 

electrical circuit analogy. Moreover, these devices can be constructed with quite 

low dead volume. The prototype version of the LFMC device out- performed its 

equivalent radial-flow device (both containing 7 mL stacks of strong cation 

exchange S membrane) when used for multi- component separation of model 

proteins in bind-and-elute mode [15]. The LFMC device gave significantly sharper 

flow-through and eluted peaks and thereby significantly higher resolution, with the 
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separation being feasible in much lower number of bed volumes. The prototype 

LFMC device described in our earlier study [15] was 3D printed. The LFMC device 

used in our current study (see Fig. 5.2) is a modified version which was fabricated 

by machining and is described in detail in the Materials and Methods section. 

Overall, it was inexpensive, easier to fabricate and assemble, and gave better 

separation performance than the prototype device. 

 

Fig. 5.1 Schematic diagram of laterally-fed membrane chromatography (or LFMC). 

 

Protein PEGylation [19] which involves the covalent attachment of a synthetic 

polymer polyethyleneglycol (or PEG) to a protein has been widely examined as a 

therapeutic efficacy enhancement strategy for protein biopharmaceuticals [20–23]. 

Generally, PEGylation increases the solubility and stability of therapeutic protein 

molecules, thereby making them less prone to aggregation and degradation. It also 

increases their biological half-life by reducing renal clearance. Therefore 

PEGylated protein drugs have to be administered less frequently than their non-

PEGylated counterparts. Most chemical reactions for protein PEGylation result in 

the synthesis of a target product (generally a mono-PEGylated protein) along with 

several by-products (i.e. higher PEGylated protein). The mono-PEGylated protein 

is generally preferred for therapeutic application as it is easier to characterize (i.e. 

less positional isomers), and higher PEGylated forms can sometimes be less bio- 

logically active due to shielding of the active sites on a protein molecule. The 

separation of the mono-PEGylated protein from byproducts and the unreacted 
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reagents is challenging primarily because most of these substances have physical 

and chemical properties that are fairly similar to the target product [24, 25]. 

Amongst the different separation strategies for PEGylated proteins, ion exchange 

chromatography has been the most successful [26]. PEGylated proteins have 

shorter retention compared to unmodified protein due to the charge-shielding effect 

of the inert polymer molecule, the extent of which is affected by degree of 

PEGylation. Since separation and purification of PEGylated proteins is considered 

quite challenging, we decided to test the feasibility of carrying out such separations 

using our LFMC device. 

In this paper, we discuss the preparative purification of mono-PEGylated lysozyme 

in a single-step, bind-and-elute process using an LFMC device housing a 9.25 mL 

stack of strong cation exchange S membrane. Lysozyme is widely used as a model 

protein to study protein PEGylation and purification of products obtained thereof. 

Strong cation-exchange S ligands have been widely studied for purification of 

PEGylated lysozyme [27–31]. More specifically, Moosmann et al. [29] successfully 

carried out single step preparative purification of mono-PEGylated lysozyme 

(modified with 5 kDa PEG) using a Toyopearl GigaCap S–650 M resin column 

having a bed volume of 13.4 mL. A linear gradient was utilized to fraction- ate the 

higher PEGylated forms, primarily di-PEGylated lysozyme from mono-PEGylated 

lysozyme. This gradient was followed by a step-change to 100% eluting buffer to 

rapidly elute unmodified lysozyme from the column to speed up the process. We 

used a similar approach, i.e. a linear gradient followed by step-change elution in 

our work using the LFMC device. The processing conditions were systematically 

optimized for resolution and productivity. The results obtained are discussed. 

5.3. Materials and Methods 

5.3.1. Materials 

Lysozyme (L6876), glycine (G8898), sodium cyanoborohydride (156159), acetic 

acid (A6283), sodium acetate trihydrate (S8625), sodium chloride (S7653), 30% 
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acrylamide solution (A3699) ammonium persulfate (A3678), hydrochloric acid 

(258148), glycerol (G2025), bromophenol blue (B0126), Brilliant blue R 

concentrate (B8647), sodium dodecyl sulfate (L3771), Trizma- hydrochloride 

(T3253), Trizma base (T1503), N,N,N’,N’-tetramethyl ethylenediamine (T9281), 

and DL-dithiothreitol (43817) were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Methoxy-PEG-propionaldehyde 5000 (P1PAL-5) was purchased from 

Sunbio Inc. (Anyang, South Korea). Methanol (6700-1) and acetic acid (1000- 1) 

were purchased from Caledon Laboratories LTD. (Georgetown, ON, Canada). 

Ultra-4 centrifugal filters (3 kDa MWCO, UFC800324) were purchased from EMD 

Millipore Co. (Billerica, MA, USA). Sartobind S cation-exchange membrane sheets 

(94IEXS42-001) were purchased from Sartorius Stedim Biotech (Gottingen, 

Germany). This membrane has a rated lysozyme binding capacity of 29 mg/mL 

(manufacturer’s data). Lepage epoxy glue was purchased from Henkel 

(Dusseldorf, Germany). Weld-on 16 glue was purchased from IPS Corporation 

(Compton, CA, USA). All buffers and the solutions were prepared using water 

obtained from a SIMPLICITY 185 water purification unit Millipore (Molsheim, 

France). 

5.3.2. LFMC device design and fabrication 

The different components of the LFMC device used for this study are shown in Fig. 

5.2A. The top and bottom plates (transparent acrylic) which were of identical 

design had overall dimensions of 150 mm × 40 mm. Each of these plates contained 

two ports as well as a pillared lateral channel (70 mm × 20 mm) which was 0.5 mm 

deep and contained a 28 × 7 array of pillars (1 mm diameter). The channels were 

tapered on both sides leading to two ports, the tapered length on one side being 

significantly more than the other. When used as the feed plate, the port 

corresponding to the longer tapered length served as the inlet while when used as 

the permeate plate, the port corresponding to the longer tapered length served as 

the outlet. The other ports which were blocked during actual chromatographic 

separation were used for removing bubbles and priming the device. The middle 
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frame which had the same length and width as the plates was made of PVC, had 

a rectangular slot for housing the membrane stack. The slot was tapered to provide 

enough space for application of the potting gluing around the membrane stack. 

The thickness of the middle frame which corresponded to the bed height of 

membrane stack was 6.6 mm. Rectangular pieces of cation exchange membranes 

(24 numbers) with dimensions corresponding to the rectangular channels (i.e. 70 

mm × 20 mm) were cut out using a metal stamp cutter. The membrane layers were 

held in place within the slot in the middle frame and potted using epoxy glue. During 

the potting process, the membrane stack was held in place within the frame using 

a heavy metal block having the same dimension as the membrane. This was to 

ensure that epoxy did not spread into the membrane and also to reduce the intra-

membrane void volume. After the epoxy was cured (24 h), the three layers of the 

device were glued together using Weld-on 16 adhesive. The glue was let to cure 

for 48 h before using the device. The resulting LFMC device which had 9.25 mL 

bed volume is shown in Fig. 5.2B. Prior to use in separation experiments, the 

number of theoretical plates of the LFMC device was measured using 0.4 M and 

0.8 M sodium chloride solutions as mobile phase and tracer respectively.  

  

Fig. 5.2: A. Different components of the LFMC device: Acrylic top and bottom plates 
(shaded dark grey), and PVC middle frame (shaded light grey). B. Fully assembled 

LFMC device used in the current study (membrane bed volume: 9.25 mL; membrane: 
strong cation exchange S) 
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This measurement was carried out at 15 mL/min flow rate using a 100 µL sample 

loop (∼1% membrane bed volume). The number of theoretical plates per meter 

was calculated as recommended in the literature [32] and was found to be 

14444/m. 

5.3.3. Lysozyme PEGylation 

PEGylation of lysozyme was carried out at room temperature in 100 mM sodium 

acetate buffer (pH 5.0) in small glass vials with constant mixing using magnetic 

stirrer [33]. The reaction volume was 15 mL and the reaction mixture consisted of 

different lysozyme concentrations (1 and 5 mg/mL), different P1PAL-5 con- 

centration (5:2 or 4:10 PEG to protein on molar ratio in low and high molar ratio 

experiments respectively), and 10 mM sodium cyanoborohydride. Two reaction 

times, 4 h (short) and 10 h (long) were examined and at end of each reaction, the 

reaction mixture was quenched with glycine, its final concentration 100 mM. The 

quenched reaction mixture were desalted using 3 kDa MWCO centrifugal ultra-

filters (3750 rpm, 30 min) and were diluted to the final required concentrations (2 

mg/mL and 10 mg/mL) for cation exchange separation using 100 mM sodium 

acetate buffer (pH 5.0), which was also used as binding buffer. 

5.3.4. Cation exchange LFMC 

The LFMC device was integrated with an AKTA prime liquid chromatography 

system (GE Healthcare Biosciences, QC, Canada) using appropriate peak tubing. 

The samples were injected using a 5 mL sample loop. The eluting buffer consisted 

of 0.5 M sodium chloride prepared in the binding buffer, i.e. 100 mM sodium 

acetate buffer (pH 5.0). All experiments were carried out at 15 mL/min flow rate 

(∼1.62 bed volumes per minute). The eluted peaks were collected, desalted using 

ultra-centrifugation, and further analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS- PAGE) [34]. 
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5.4. Results and Discussion 

Lysozyme PEGylation was carried out using different protein concentration and 

PEG: protein ratios in the reaction mixture, and for different lengths of reaction 

time. This was done to generate reaction mixtures obtained in typical protein 

PEGylation reactions. Initial PEGylation experiments were carried out using a low 

protein concentration (1 mg/mL), a high PEG: protein molar ratio (4:1), and a short 

reaction time (4 h) to rapidly generate samples for preliminary cation exchange 

LFMC experiments. The reaction mixture was desalted and concentrated to 2 

mg/mL. Fig. 5.3 shows the chromatogram obtained using a linear gradient of 200 

mL, starting at the same time as sample injection. The tiny flow-through peak 

corresponding to 1 bed volume was due to unreacted P1PAL-5, as verified by PEG 

staining on SDS-PAGE gel (not shown). P1PAL- 5 being uncharged was not 

expected to bind to the membrane stack. The shoulder around 6 bed volumes 

corresponded to the small amount of higher-PEGylated lysozyme present in the 

sample. This was followed by the di-PEGylated lysozyme peak (∼7 bed volumes) 

followed by mono-PEGylated lysozyme (∼10 bed volumes), and eventually by 

unreacted lysozyme (∼18 bed volumes). This observation is consistent with the 

expectation that lysozyme would bind more strongly to the S membrane stack than 

its PEGylated forms, and amongst these, strength of binding would decrease with 

degree of PEGylation [28]. Quite clearly, the elution conditions needed to be 

modified to increase the resolution between mono- and di-PEGylated lysozyme. 

Also, by reducing the considerable gap between the mono-PEGylated and 

unreacted lysozyme peaks, productivity of the process could be enhanced. 
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Fig 5.3: Single-step purification of mono-PEGylated lysozyme using 200 mL linear 
gradient (membrane: Sartorius S; membrane bed volume: 9.25 mL; lysozyme 

concentration in reaction mixture: 1 mg/mL; molar ratio: 4:1; reaction time: 4 h; protein 
concentration in feed: ∼2 mg/mL; sample volume: 5 mL; binding buffer: 20 mM sodium 
acetate pH 5.0; eluting buffer: binding buffer +0.5 M NaCl; flow rate: 15 mL/min; thick 

line: UV absorbance; dotted line: gradient; dashed line: conductivity). 

 

Two changes were made to increase the resolution and speed of separation: a 

shallower linear gradient (i.e. 150 mL) to resolve di- PEGylated and mono-

PEGylated lysozyme peak, followed by a step change just after the mono-

PEGylated lysozyme peak (i.e. after 50% eluting buffer). The results obtained are 

shown in Fig. 5.4. Using this approach, the mono- and di-PEGylated lysozyme 

peaks were completely resolved while unreacted lysozyme was eluted 

immediately after the mono-PEGylated lysozyme peak reached the baseline. This 

approach of using the combination of a linear gradient and step change to 

simultaneously increase both resolution and speed of separation of PEGylated 

proteins has also been in earlier studies [30, 31]. In addition to speeding up the 

separation process, the step change resulted in elution of the unreacted lysozyme 

as a sharp peak. This would make it easier to recycle the unreacted protein drug. 
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Fig 5.4: Single-step purification of mono-PEGylated lysozyme using 150 mL linear 
gradient to 50% eluting buffer followed by a step-change (membrane: Sartorius S; 

membrane bed volume: 9.25 mL; lysozyme concentration in reaction mixture: 1 mg/mL; 
molar ratio: 4:1; reaction time: 4 h; protein concentration in feed:∼2 mg/mL; sample 
volume: 5 mL; binding buffer: 20 mM sodium acetate pH 5.0; eluting buffer: binding 

buffer +0.5 M NaCl; flow rate: 15 mL/min; thick line: UV absorbance; dotted line: 
gradient; dashed line: conductivity). 

 

A close inspection of chromatogram shown in Fig. 5.4 suggested that the 

separation time could be further reduced by using a higher salt concentration 

during sample injection, i.e. by moving the starting point of the salt gradient closer 

to the origin while maintaining its slope. Accordingly, the initial buffer consisted of 

20% eluting buffer, corresponding to a conductivity of 15 mS/cm. Fig. 5.5 show two 

chromatograms obtained using samples for 4 and 10 h reactions respectively. As 

the samples were still prepared in the original binding buffer, there was a slight 

decrease in conductivity immediately following sample injection. However, this did 

not result in any PEGylated protein flow through and the conductivity recovered 

very rapidly and followed the gradient. The effect of reaction time on the extent of 

PEGylation can be clearly observed by comparing the two chromatograms in Fig. 

5.5. The longer reaction time resulted in increase in the higher- and di-PEGylated 

lysozyme peaks and a corresponding decrease in the unreacted lysozyme peak. 

However, the amount of mono-PEGylated lysozyme peak remained almost 
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unchanged. Comparing the chromatograms in Figs. 5.4 and 5, the benefit of 

shifting the salt gradient is quite evident. While in the former case, the separation 

could be carried out in about 22 bed volumes, in the latter, the same separation 

could be carried out in about 15 bed volumes. The resolution obtained was 

comparable with those reported for preparative purification of mono-PEGylated 

lysozyme using 13.4 mL GigaCap 650S columns [30, 31]. However, the LFMC 

experiments were carried out at a flow rate of 1.62 bed volumes/min, which was 

21.7 times higher than that used with the resin columns. Also, the separation could 

be carried out at a backpressure of 0.3 MPa which was significantly lower than that 

with the resin column. Figs. 5.6A and B show the SDS-PAGE results obtained with 

samples collected during experiments represented in Fig. 5.6. The mono-

PEGylated lysozyme samples obtained in both experiments were very pure as 

evident from the single bands in each case. The above results clearly demonstrate 

that LFMC combined both high-speed and high-resolution in multi-component 

protein separations carried out in the bind and elute mode. 

 

Fig 5.5: Single-step purification of mono-PEGylated lysozyme using 90 mL linear 
gradient to 50% eluting buffer followed by a step-change (sample injection condition: 

20% eluting buffer; membrane: Sartorius S; membrane bed volume: 9.25 mL; lysozyme 
concentration in reaction mixture: 1 mg/mL; molar ratio: 4:1; protein concentration in 

feed: ∼2 mg/mL; sample volume: 5 mL; binding buffer: 20 mM sodium acetate pH 5.0; 
eluting buffer: binding buffer +0.5 M NaCl; flow rate: 15 mL/min; thick line: 10 h 
residence time; thin line: 4 h reaction time; dotted line: gradient; dashed line: 

conductivity). 
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Fig. 5.6: SDS-PAGE analysis of samples obtained from the single-step purification of 
mono-PEGylated lysozyme carried out by experiment represented in Fig. 5 (A: 4 h 
reaction time; B: 10 h reaction time; lane 1: molecular weight marker; lane 2: pure 

lysozyme; lane 4: reaction mixture; lane 5: first peak with shoulder; lane 6: second peak; 
lane 7: third peak). 

 

In order to assess the performance of the LFMC device with high protein 

concentration samples, a PEGylation experiment was carried out using 5 mg/mL 

lysozyme concentration, with 4:1 PEG: protein molar ratio, and 10 h reaction time. 

The reaction mixture was desalted and concentrated by centrifugal ultrafiltration 

such that the total protein concentration in the product thus obtained was 10 

mg/mL. This was further purified using three different chromatographic separation 

protocols (see Figs. 5.7A–C). In each of these experiments, the initial buffer 

consisted of 20% eluting buffer, i.e. corresponding to a conductivity of 15 mS/cm. 

Increasing the gradient length (i.e. making it shallower) resulted in better resolution 

of the mono- and di-PEGylated lysozyme peaks, but led to the broadening of the 

product peak. Fig. 5.8 shows the SDS-PAGE results obtained with samples 

collected during the experiment represented by Fig. 5.7A. Quite clearly, mono-

PEGylated lysozyme obtained even with the steepest gradient was very pure as 

evident from the single intense band on the gel. Therefore the separation could be 

carried out in less than 15 bed volumes. These results demonstrate that LFMC 

was able to deliver both high-speed and high-resolution in multi-component protein 
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separations even when the protein concentration in the sample to be purified was 

high. 

 

Fig. 5.7: Comparison of different elution conditions for single-step purification of mono-
PEGylated lysozyme (sample injection condition: 20% eluting buffer; A: 90 mL linear 

gradient to 50% eluting buffer followed by a step-change; B: 120 mL linear gradient to 
50% eluting buffer followed by a step-change; C: 80 mL linear gradient to 30% eluting 

buffer +60 mL linear gradient to 50% eluting buffer followed by a step-change; 
membrane: Sartorius S; membrane bed volume: 9.25 mL; lysozyme concentration in 

reaction mixture: 5 mg/mL; molar ratio: 4:1; reaction time: 10 h; protein concentration in 
feed: ∼10 mg/mL; sample volume: 5 mL; binding buffer: 20 mM sodium acetate pH 5.0; 

eluting buffer: binding buffer +0.5 M NaCl; flow rate: 15 mL/min; thick line: UV 
absorbance; dotted line: gradient; dashed line: conductivity). 
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Fig. 5.8: SDS-PAGE analysis of samples obtained from the single-step purification of 
mono-PEGylated lysozyme carried out by experiment represented in Fig. 7A (lane 1: 

pure lysozyme; lane 4: reaction mixture; lane 5: peak 1, lane 6: peak 2; lane 7: peak 3). 

 

PEG: protein ratio is one of the important parameters in a protein PEGylation 

process. The samples purified in all the experiments discussed so far were 

obtained using a high (i.e. 4:1) molar ratio. In order to examine the performance of 

the LFMC based separation with low molar ratio samples, a PEGylation 

experiment was carried out for 10 h using 5 mg/mL lysozyme concentration and 

5:2 PEG: protein molar ratio. As in the previous set of experiments, the reaction 

mixture was desalted and concentrated by centrifugal ultrafiltration such that the 

total protein concentration in the product thus obtained was 10 mg/mL. Fig. 5.9 

shows the chromatogram obtained using the same gradient as that used in 

experiment represented by Fig. 5.7A. Consistent with all earlier experiments, 

purification of mono-PEGylated lysozyme could be carried out with excellent peak 

resolution in less than 15 bed volumes. 
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Fig. 5.9: Single-step purification of mono-PEGylated lysozyme using 90 mL linear 
gradient to 50% eluting buffer followed by a step-change (sample injection condition: 

20% eluting buffer; membrane: Sartorius S; membrane bed volume: 9.25 mL; lysozyme 
concentration in reaction mixture: 5 mg/mL; molar ratio: 5:2; reaction time: 10 h; protein 
concentration in feed: 10 mg/mL; sample volume: 5 mL; binding buffer: 20 mM sodium 
acetate pH 5.0; eluting buffer: binding buffer +0.5 M NaCl; flow rate: 15 mL/min; thick 

line: UV absorbance; dotted line: gradient; dashed line: conductivity). 

 

In our previous studies [15, 16, 18] we have demonstrated that LFMC devices give 

superior separation performance than other type of membrane chromatography 

devices. The results discussed in this paper clearly show that resolution of 

separation obtained with an LFMC device comparable to those obtained resin-

based columns, while maintaining the high-productivity attribute of membrane 

chromatography. The LFMC devices therefore represent a win-win situation, i.e. 

combination of high-productivity with high-resolution. This is also evident from the 

number of theoretical plates per meter obtained with the LFMC device (14444/m) 

which was significantly higher than with high-performance resin columns. For 

instance, the Toyopearl (grade S) column used by Moosmann et al. [30] is reported 

to have 6000 theoretical plates per meter [35]. Based on above, we feel confident 

that the LFMC would find acceptance in the biotechnology industry as an efficient 

purification technique. 
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5.5. Conclusions 

This study demonstrated that laterally-fed membrane chromatography (or LFMC) 

could be used to carry out high-resolution, multi-component separation of proteins 

in bind-and-elute mode. Purification of PEGylated proteins is challenging as the 

species being separated differ only very slightly in term of their physical properties. 

The results discussed in this paper clearly demonstrate that mono-PEGylated 

lysozyme could be efficiently separated from PEGylation reaction mixture as a 

single step purification process using an LFMC device fitted with a stack of strong 

cation exchange S membranes. A combination of an optimized linear salt 

concentration gradient followed by a step change in eluting buffer was found to be 

suitable for fast, high-resolution separation of mono- PEGylated lysozyme. The 

separation time could be further reduced by using a higher salt concentration 

during sample injection, i.e. by moving the starting point of the salt gradient closer 

to the ori- gin while maintaining its slope. The resolution of separation of mono-

PEGylated lysozyme obtained under the above condition was comparable to that 

reported in the literature for equivalent cation-exchange resin columns. The 

separation could be carried out within 15 bed volumes which compared favorably 

to separation with resin columns. This is also supported by the significantly higher 

number of theoretical plates per meter offered by the LFMC device. The LFMC 

experiments were carried out at a flow rate of 1.62 bed volumes/min, which was 

21.7 times higher than that used with resin columns. LFMC therefore combines 

high-productivity with high-resolution, an attribute highly desirable in a separation 

technique for purification of biopharmaceutical proteins. 
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Chapter 6 

Preparative Separation of Monoclonal Antibody Aggregates by 

Cation-Exchange Laterally-Fed Membrane Chromatography 
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6.1. Abstract 

Cation exchange (or CEX) chromatography is widely used for large-scale 

separation of monoclonal antibody (or mAb) aggregates. The aggregates bind 

more strongly to CEX media and hence elute after the monomeric mAb in a salt 

gradient. However, monomer-aggregate resolution that is typically obtained is 

poor, which results in low product recovery. In the current study we address this 

challenge through the use of cation-exchange laterally-fed membrane 

chromatography (or LFMC). Three different LFMC devices, each containing a bed 

of strong cation-exchange (S) membranes were used for preparative-scale 

removal of mAb aggregates. Trastuzumab (IgG1) biosimilar derived from human 

embryonic kidney 293 (293) cells was used as the primary model mAb in our study. 

The other mAbs investigated were Chinese hamster ovary (or CHO) cell line 

derived Alemtuzumab (Campath-1H) and a heavy chain chimeric mAb EG2-hFc. 

In each of these case-studies, aggregates were well-resolved from the respective 

monomer. The separated and collected monomer and aggregate fractions were 

analyzed using techniques such as hydrophobic interaction membrane 

chromatography (or HIMC), native polyacrylamide gel electrophoresis (or PAGE), 

and size-exclusion high-performance liquid chromatography (or SE-HPLC). The 

high efficiency of separation obtained in each case was due to a combination of 

the small membrane pore size (3-5 microns), and the use of LFMC technology, 

which has been shown to be suitable for high-resolution, multi-component protein 

separations. Also, the LFMC based separation processes reported in this study 

were more than an order of magnitude faster than equivalent resin-based, cation 

exchange chromatography.  

Keywords: Monoclonal antibody; aggregates; laterally-fed membrane 

chromatography; device; protein purification; bioseparation 
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6.2. Introduction 

Monoclonal antibodies (or mAbs) comprise the most widely used class of 

therapeutic proteins which have found a wide range of applications [1, 2]. Currently 

available mAbs are manufactured at large-scale using recombinant DNA 

technology, through which the formulation at high concentrations makes these 

molecules more prone to aggregation than serum antibodies. Monoclonal antibody 

aggregation could occur during all the different stages of the manufacturing 

process, and this results in problems such as reduced solubility, loss of biological 

activity, and increased immunogenicity [3]. Certain specific processing conditions 

such as use of low pH for mAb elution from protein-A columns further exacerbates 

aggregation.  

Techniques such as size exclusion chromatography (or SEC) aka size-exclusion 

high-performance liquid chromatography (SE-HPLC) [4,5], hydrophobic interaction 

membrane chromatography (HIMC) [6], and asymmetric flow field fractionation 

(AFFF) [7] are generally used for both qualitative and quantitative analysis of mAb 

aggregates. However, SEC is very slow and poorly scalable, and is therefore rarely 

used for preparative separation of aggregates and it gives relatively poor 

monomer/dimer resolution. While HIMC is both scalable and fast, it has not found 

much use for large-scale mAb aggregate removal, presumably due to the 

requirement of large quantities of ammonium sulfate in the feed solution. AFFF, 

while promising in analytical applications is clearly not a preparative separation 

technique. In the “three column process”, commonly used for mAb purification, 

aggregates are separated along with high levels of other product-related impurities 

such as antibody fragments during the intermediate cation exchange (CEX) 

chromatography step [2, 8-12]. Such separation is carried out in the bind-and-elute 

mode as the antibody aggregates bind slightly more strongly than the monomeric 

form, to chromatographic media. However, monomer/aggregates resolution tends 

to be poor and the shallow salt gradients typically used for elution from the CEX 

column results in low mAb recovery. Solvent modulators such as 
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polyethyleneglycol (or PEG) have shown to improve mAb monomer aggregate 

resolution [13,14] based on hydration of the protein and the stationary phase by 

the neutral hydrophilic molecule, leading to increase in retention time in the ion 

exchange column. While this approach enhances mAb recovery in the CEX step, 

it introduces new challenges such as the possibility of protein precipitation at 

higher PEG concentrations and the need for PEG/mAb separation further down 

the line. While the first of these challenges could be addressed through the use of 

solubility enhancers [14], the latter continues to be a limiting factor. Aggregates 

removal using a two-column (anion and cation exchange in tandem) downstream 

process has been proposed [15] as an alternative. However, this method is not 

suitable for antibodies with higher pI values (≥9) and also when high levels of 

aggregates are present. 

Membrane chromatography has been proposed as a cost-effective alternative to 

column chromatography [16-19]. It is significantly faster due to the predominance 

of convective mass transport. The separation of mAb aggregates using 

hydrophobic interaction membrane chromatography (or HIMC) using environment-

responsive hydrophilized polyvinylidene fluoride (or PVDF) membranes has been 

reported in several earlier papers from our group [6, 20, 21].   Monomeric mAb was 

separated from aggregates based on the hydrophobicity difference, and it was 

found that the hydrophobicity increased with degree of aggregation [6]. It has also 

been shown that immunoglobulin G (or IgG) class of antibodies bind to 

hydrophobic surfaces through the segment containing the hinge and CH2 domain 

of Fc which also explained why aggregates have greater hydrophobicity [22]. HIMC 

gives excellent monomer/aggregates resolution in analytical-scale separation and 

is much faster and cheaper than SEC. However, it would be difficult to use HIMC 

for preparative separations, primarily due to the need for high salt concentration in 

the binding buffer, which would limit the mAb concentration in the feed solution. 

Generally, the application of membrane chromatography in the process scale mAb 

manufacture has been limited to the late stage polishing steps [23, 24]. The 
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primary reason is that currently used membrane adsorbers perform poorly (i.e. 

have poor resolution) when employed in the bind-and-elute mode [25]. In some 

recent papers we have discussed a new separation technique called laterally-fed 

membrane chromatography (or LFMC) which not only gives high productivity but 

is highly suitable for carrying out high-resolution multi-component separations in 

the bind-and-elute mode [26-28]. Some of the attributes of the LFMC device 

responsible for its superior performance include ease of pressure balancing, 

uniformity in solute residence time, low dead volume and low back-mixing, all of 

which contribute towards sharp and better resolved peaks [29].  

In this paper we examine if cation-exchange LFMC could be used for separation 

of mAb aggregates. Three different devices housing strong cation-exchange S 

membrane stacks having bed volumes ranging from 1 to nearly 10 mL were used 

in the current study. Trastuzumab (IgG1) biosimilar, derived from human 

embryonic kidney 293 (or 293) cells, was used as the primary model mAb. The 

effect of salt gradient on the resolution of mAb monomer and aggregate peaks was 

studied. Next, the separation of Campath-1H (or Alemtuzumab) aggregates was 

examined using two different samples, i.e. with low and high aggregates. 

Campath-1H is a humanized IgG1 type mAb against human leukocyte antigen 

CD52 [30]. Separation of aggregates from chimeric heavy chain mAb EG2-hFc 

samples was also examined. EG2-hFc is a recombinant camelid antibody in which 

the camelid Fc is replaced with human [31-33]. Heavy chain antibodies have 

shown enhanced tissue penetration and more efficient antigen binding compared 

to whole IgG mAbs and are therefore being examined for certain niche therapeutic 

applications [34]. The purified samples obtained in the above studies were 

analyzed using analytical techniques such as analytical HIMC, size-exclusion high-

performance liquid chromatography (or SE-HPLC) and native polyacrylamide gel 

electrophoresis (PAGE). The results obtained are discussed.  
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6.3. Materials and Methods 

6.2.1. Materials 

Human embryonic kidney 293 (293) cell derived IgG1 (Trastuzumab biosimilar) 

was produced by large-scale transient gene expression [35] and purified by 

protein-A chromatography [36]. Humanized monoclonal antibody Campath-1H and 

its aggregate-rich sample (or “dimers”) were kindly donated by the Therapeutic 

Antibody Centre, University of Oxford, UK. EG2-hFc (~80 kDa MW) was produced 

by cell culture as described in the literature [33]. Sodium phosphate monobasic 

(S0751), sodium phosphate dibasic (S0876), ammonium sulfate (A4418), sodium 

citrate (S4641), citric acid (C0759), sodium chloride (S7653), hydrochloric acid 

(258148), glycine (G8898), 30% acrylamide solution (A3699), ammonium 

persulfate (A3678), glycerol (G2025), bromophenol blue (B0126), Brilliant blue R 

concentrate (B8647), sodium dodecyl sulfate (L3771), Trizma-hydrochloride 

(T3253), Trizma base (T1503), N,N,N’,N’-tetramethyl ethylenediamine (T9281), 

and DL-dithiothreitol (43817) were purchased from Sigma-Aldrich, St. Louis, MO. 

Methanol (6700-1) and acetic acid (1000-1) were purchased from Caledon 

laboratories LTD. (Georgetown, ON, Canada). Sartobind S cation-exchange 

membrane sheets (94IEXS42-001) were purchased from Sartorius-Stedium 

Biotech (Gottingen, Germany). Hydrophilized polyvinylidene fluoride (PVDF) 

membranes (GVWP 14250; 0.22 µm pore size) and Amicon centrifugal filters (30 

kDa MWCO) were purchased from EMD Millipore Co. (Billerica, MA, USA). HiTrap 

protein-A HP column (1 mL) was purchased from GE Healthcare (Baie-d’Urfe, QC, 

Canada). Lepage epoxy glue was purchased from Hankel (Dusseldorf, Germany). 

Weld-on 16 glue was purchased from IPS Corporation (Compton, CA, USA). All 

buffers and solutions were prepared using deionized water obtained from a 

SIMPLICITY 185 water purification unit Millipore (Molsheim, France).  

6.2.2 Device fabrication 

The general design of the LFMC devices used for this study has been previously 

reported [37]. Three devices were fabricated to house rectangular stacks of 
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Sartobind S membranes with 1, 4.6 and 9.2 mL bed volume. Each device consisted 

of two acrylic plates with lateral pillared channels and a middle frame within which 

the membrane stack was glued in-place. The channel depth was 0.5 mm and the 

diameter of the pillars was 1.5 mm. The design specifications for the three devices 

are summarized in Table. 6.1.  

Table 6.1: Design details of the LFMC devices  

Membrane 

bed 

volume 

(mL) 

Bed 

height 

(mm) 

Number of 

membrane 

layers 

Membrane 

dimensions 

(mm × mm)  

Pillar 

array 

Outer 

dimension 

of plate 

(mm × mm) 

Dead 

volume 

(mL) 

9.2 6.6 24 70 × 20 28 × 7 150 × 40 8.87 

4.6 3.3 12 70 × 20 28 × 7 150 × 40 5.19 

1.0 2.7 10 38 × 10 15 × 3 120 × 30 1.21 

 

6.2.3. EG2-hFc Preparation  

Heavy chain EG2-hFc mAb was prepared by cell culture as describe elsewhere 

[32, 33]. Day 7 culture samples were centrifuged (1500 rpm, 5 min) and the 

supernatant was clarified by sterile filtration using 25 mm syringe filters (hydrophilic 

polyethersulfone, 0.2 µm pore size, Acrodisc®, Pall Corporation, Port Washington, 

NY). The filtrate was then concentrated 10-folds and buffer exchanged using 

centrifugal ultrafilters (30 kDa MWCO, Pall Corporation, Port Washington, NY). 

EG2-hFc was then purified using a HiTrap protein-A HP column using PBS (pH 

7.4) as running buffer and 0.1 M sodium citrate buffer (pH 3.6) as eluting buffer. 

The eluted monoclonal antibody was neutralized to pH 7.0 with 0.5M Tris-HCl 

buffer (pH 9.0).  
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6.2.4. Cation-exchange laterally-fed membrane chromatography (LFMC) 

The LFMC devices were integrated with AKTA Prime liquid chromatography 

systems (GE Healthcare Biosciences, QC, Canada) using luer fittings and 

appropriate PEEK tubing. Purification of mAb aggregates using cation-exchange 

chromatography is based on their stronger interaction with the chromatographic. 

All cation-exchange LFMC experiments carried out in this study were done using 

20 mM sodium phosphate buffer (of appropriate pH) as the binding buffer 0.5 M 

sodium chloride was used as eluent.  

The purity values were calculated based on the ratio of the peak areas obtained 

with the CEX-LFMC chromatograms and the feed samples. The former was found 

using the Primeview Evaluation software (GE Healthcare Biosciences) with zero-

baseline integration whereas the latter was measured based on size-exclusion 

chromatography which was previously carried out for the feed samples (not 

shown). 

6.2.5. Hydrophobic interaction membrane chromatography (HIMC) 

The peaks collected from the cation-exchange LFMC experiments for 

Trastuzumab (IgG1) aggregates separation were analyzed by hydrophobic 

interaction membrane chromatography (HIMC) using a stack of hydrophilized 

PVDF membranes which have previously been shown to have stimuli-responsive 

surfaces, i.e. the hydrophobicity of the surface can be manipulated by 

environmental conditions such as salt concentrations [6, 20]. The mAbs along with 

their aggregated forms bound on these membranes in the presence of high anti-

chaotropic salt concentration conditions and were released by lowering the salt 

concentration in the order of increasing hydrophobicity. Feed solutions for the 

HIMC experiments were prepared by mixing the cation-exchange LFMC samples 

with concentrated ammonium sulfate solution so that the effective final salt 

concentration was 1.5 M. The presence of salt decreases mAb solubility and so 

the mAb concentration was adjusted to about 0.2 mg/mL [33, 38]. The HIMC 

module which housed ten layers of PVDF membrane disks (20 mm diameter) was 
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fabricated in-house based on an earlier-reported design reported [39].  The module 

was connected to an AKTA Prime liquid chromatography system (GE Healthcare 

Biosciences, QC, Canada) using appropriate PEEK tubing. The binding buffer 

consisted of 20 mM sodium phosphate buffer (pH 7.0) containing 1.5 M ammonium 

sulfate. The eluting buffer was the same except for the presence of ammonium 

sulfate. The HIMC experiments were run at 4.0 mL/min flow rate and samples were 

injected using a 500 µL loop. A 40 mL linear gradient was used to elute the bound 

mAb and aggregates.  

6.2.6. Native polyacrylamide gel electrophoresis 

Samples collected from the Trastuzumab (IgG1) separation experiments were also 

analyzed by native PAGE [40]. Using this technique the proteins were separated 

based on their intrinsic size and charge. The mAb aggregates, due to their bigger 

size and similar charge density moved slower than the monomer, and could be 

visualized as distinct bands. The samples were first desalted and concentrated 

using 30 kDa MWCO centrifugal ultrafilters and then loaded on 7% polyacrylamide 

gels. Sample buffer, containing acetic acid, Tris-base, glycerol, and pyronin 

imparted positive charge to the mAbs. Electrophoresis was carried out using 

reversed polarity at 200 V for 2 hrs. in a Hoefer miniVE system (GE healthcare 

biosciences, Baie-d’Urfe, QC, Canada). Tris-HCl buffer was used to prepare the 

separating (pH 4.8) and the stacking (pH 6.0) gels. The gels were then stained 

using Coomassie Brilliant Blue dye for 20 min and destained using a mixture of 

methanol (10%), acidic acid (15%), and water. The gels were then photographed 

using a digital camera.  

6.2.7. Size-exclusion high-performance liquid chromatography (SE-HPLC) 

Peaks from the EG2-hFc aggregates separation experiments were analyzed using 

size-exclusion high-performance liquid chromatography (SE-HPLC). The samples 

were initially concentrated using 10 kDa MWCO centrifugal ultrafilters at 4000 rpm 

for 30 minutes. During the process, the buffer was exchanged to 20 mM sodium 

phosphate buffer (pH 7.0) also containing 250 mM NaCl. The samples (10 µL) 
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were then run on a TSK-GEL G3000SWXL column (7.8 mm× 300 mm, Tosoh 

Bioscience, Montgomeryville, PA) integrated with Alliance HPLC system (Waters 

Corp., Milford, MA, USA). The same buffer was used as the mobile phase at a flow 

rate of 0.3 mL/min and the peaks were monitored by UV absorbance at 280 nm. 

6.2.8. Theoretical plate number determination 

Number of theoretical plates for the 9.2 mL LFMC devices was determined using 

sodium chloride as tracer (Figure. 6.S1). The experiments were carried out at a 

flow rate of 15 mL/min. The mobile phase was 0.4 M sodium chloride solution while 

0.8 M NaCl was injected to generate the conductivity peak. The injection volume 

was 0.1 mL which was roughly 1% of the membrane bed volume. The number of 

theoretical plates were calculated based on the conductivity peaks as described 

by in the literature [41]. 

 

Fig 6.S1: Salt tracer using NaCl for determination of number of theoretical plates 
(membrane: Sartorius S, membrane bed volume: 9.2 mL, feed concentration: 0.8 M, 

sample volume: 100 µL, running buffer: 0.4 M NaCl, flow rate: 15 mL/min) 
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6.3. Results and Discussion 

The performance of a chromatography column is typically measured in terms of 

the number of theoretical plates. This parameter is also used to ensure robustness 

and reproducibility [41]. For Capto S resin, which is widely used in the 

biopharmaceutical industry for monoclonal antibody purification, the numbers of 

theoretical plates were reported to be 5000 and 3704 plates per meter respectively 

for 1 and 40 mL columns [42]. When high-performance resin particles of 

significantly smaller diameter were incorporated in the same columns, the values 

increased to 11111 and 7142 plates per meter [42]. For the 9.2 mL LFMC device 

used in this study, the number was found to be 13922 plates per meter, which was 

even higher than high-performance resins. Accordingly, it was expected that sharp 

and well resolved peaks would be obtained with the LFMC devices. Aggregates 

were separated from 293 derived IgG1 Trastuzumab using the 4.6 mL LFMC 

device. Initial experiments were performed to determine the effect of the length of 

linear gradient on the resolution of the mAb monomer from aggregates. These 

experiments were carried out at 20 mL/min flow rate (4.34 membrane bed volumes 

per min or MBV/min) by injecting 2 mL of 0.5 mg/mL mAb feed solution prepared 

in binding buffer (i.e. 20 mM sodium phosphate, pH 6.0). Figure.6.1 shows the 

chromatograms obtained using 100, 200, 250, and 300 mL linear gradients from 

binding to eluting buffer (0.5 M sodium chloride). With 100 mL linear gradient, the 

aggregates eluted as the tail following the mAb monomer peak. Well-resolved 

monomer and aggregates peak could be obtained using 250 and 300 mL 

gradients. A further increase in gradient length led to unnecessary peak 

broadening without a significant increase in resolution (data not shown). Therefore, 

preparative separation of the 293 derived Trastuzumab was carried out using 300 

mL linear gradient at 20 mL/min. 
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Fig 6.1: Optimization of gradient elution for separation of 293 derived IgG1 Trastuzumab 
aggregates (top to bottom: 100 mL, 200 mL, 250 mL, 300 mL gradient, membrane: 

Sartorius S, membrane bed volume: 4.6 mL, feed concentration: 0.5 mg/mL, sample 
volume: 2 mL, binding buffer: 20 mM sodium phosphate pH 6.0, eluting buffer: binding 

buffer + 0.5 M NaCl, flow rate: 20 mL/min) 

 

The concentration of the mAb in the feed solution was increased to 5 mg/mL, while 

the sample volume was increased to 5 mL. The chromatogram obtained during the 

preparative separation experiment is shown in Figure. 6.2. The linear gradient was 

started 20 mL (or 1 min), i.e. after the tiny flow-through peak. The monomer which 

appeared around 4 minute retention time was sharp and symmetrical peak. The 

dimer was then eluted as a distinct peak, followed by a tail consisting of higher 
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aggregates. Thus, separation of aggregates could be carried out at high speed 

with resolution comparable to that reported in the literature [14], without the use of 

resolution enhancing additives. The separation time was less than 8 minutes, 

which was considerably faster than 150 minutes, reported for a similar separation 

using a 5 mL column [14]. It is also worth pointing out that in our experiments, the 

device was loaded with high-concentration mAb sample of volume comparable to 

the membrane bed volume, i.e. the separation was challenging. Orthogonal 

analytical methods were used to confirm the outcome of the above separation. 

 

Fig 6.2: Preparative LFMC separation of Trastuzumab aggregates (membrane: 
Sartorius S, membrane bed volume: 4.6 mL, feed concentration: 2.5 mg/mL, sample 

volume: 5 mL, binding buffer: 20 mM sodium phosphate pH 6.0, eluting buffer: binding 
buffer + 0.5 M NaCl, linear gradient length: 300 mL, flow rate: 20 mL/min, solid line: UV 

absorbance, dashed line: percent eluting buffer) 
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Samples from the flow through, the separated monomer, and aggregate peaks 

from the above-mentioned experiments were collected and analyzed by HIMC. 

Monoclonal antibody aggregates have previously shown to be more hydrophobic 

than the monomer, and therefore eluted later [20]. Figure 6.3 shows the different 

chromatograms obtained by the above HIMC analysis, carried out using 500 µL 

samples. A broad composite peak consisting of the monomer peak followed by a 

tail consisting of the aggregates was obtained from the feed sample. This was 

consistent with the profile obtained in the cation-exchange LFMC experiments. The 

first fraction which was expected to contain mainly monomer gave a sharper peak 

than the feed sample. The shoulder observed with the feed sample around 5-6 min 

was absent in this chromatogram, clearly indicating that this fraction consisted 

mainly of monomer with trace amounts of aggregates. The chromatogram obtained 

with the second fraction indicated a very small monomer content and a significantly 

greater aggregates content. Figure 6.4 shows the native PAGE gel obtained with 

the above samples. Consistent with the HIMC results, the feed sample contained 

both monomer and aggregates, the first fraction contained mainly monomer, while 

the second fraction contained mainly aggregates. Notably, the flow-through was 

free from any form of mAb. The above HIMC and native-PAGE results clearly 

indicate that mAb aggregates could be very efficiently and rapidly removed using 

cation-exchange LFMC.  
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Fig 6.3: Analytical HIMC chromatograms obtained using samples collected from the 
preparative Trastuzumab aggregates separation experiment shown in Figure 6.2 

(membrane: hydrophilized PVDF (0.22 µm pore size), membrane bed volume: 0.4 mL, 
feed concentration: 0.2 mg/mL, sample volume: 500 µL, binding buffer: 1.5 M 

ammonium sulfate in 20 mM sodium phosphate pH 7.0, eluting buffer: 20 mM sodium 
phosphate pH 7.0, linear gradient length: 40 mL, flow rate: 4 mL/min) 

 

 

Fig 6.4: Native PAGE analysis of the samples collected from the preparative 
Trastuzumab aggregates separation experiment shown in Fig 6.2. 

 

The removal of Campath-1H aggregates was attempted using the 1 mL LFMC 

device. Preliminary experiments were carried out using different linear gradient 

lengths (results not shown) and 150 mL linear gradient was found to be optimum 
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for aggregates separation. Experiments were carried out using both a monomer-

rich and an aggregates-rich (or “dimers”) sample, by injecting 500 µL of the 0.75 

mg/mL feed solutions and the chromatograms thus obtained are shown in Figure. 

6.5. The monomer-rich sample showed one major peak followed by a small 

shoulder, indicating that it contained mainly monomer and trace amounts of 

aggregates. The “dimers” sample contained mostly dimer and some higher 

aggregates and very small amount of monomer. The above results show that even 

at a very high flow rate of 10 mL/min (i.e. 10 MBV/min), the cation-exchange based 

LFMC technique was suitable for resolving and thereby removing aggregates from 

Campath-1H samples. While the resolution of dimer and higher aggregates was 

not as high as that attainable with preparative HIMC technique reported in the 

literature [6]; the cation-exchange based LFMC technique was much faster and 

free from difficulties caused by the high salt concentration binding buffer used for 

HIMC, namely, low protein solubility and thereby low processing capacity. The 

purity of the monomer was calculated for the chromatograms obtained with 

campath-1H. The values were 93.42% and 33.95% for the campath-1H and the 

dimers sample respectively.  
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Fig 6.5: Preparative cation-exchange LFMC for separation of Campath-1H samples 
(thick solid line: UV absorbance for monomer-rich sample, thin solid line: UV absorbance 
for aggregates-rich sample or “dimers”, membrane: Sartorius S, membrane bed volume: 
1.0 mL, feed concentration: 0.75 mg/mL, sample volume: 500 µL, binding buffer: 20 mM 

sodium phosphate pH 6.0, eluting buffer: binding buffer + 0.5 M NaCl, linear gradient 
length: 150 mL, flow rate: 10 mL/min, dashed line: percent eluting buffer) 

 

The above results demonstrate that the cation-exchange LFMC technique was 

suitable for aggregate removal from whole IgG mAbs. As the next step, we 

explored the potential for using this technique for removing aggregates from 

chimeric heavy chain mAb samples. In the initial experiments, the LFMC device 

with 4.6 mL bed volume was used. As the first step, the optimum pH for separating 

aggregates from protein-A purified EG2-hFc was determined. Chromatograms 

obtained at pH values 5.0, 5.5, and 6.0 respectively, using 5 mL of the 0.05 mg/mL 
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feed samples (see Figure 6.6). These pH optimization experiments were carried 

out at 20 mL/min flow rate (i.e. 4.34 MBV/min), using 30 mL linear gradient for 

elution. The best monomer/dimer separation was obtained at pH 6.0 and this pH 

value was used in all subsequent EG2-hFc aggregates removal experiments. As 

the next step, the effect of length of linear gradient elution on EG2-hFc 

monomer/dimer was examined. Figure 6.7 shows the chromatograms obtained 

using 30 and 60 mL linear gradients. Clearly, better peak resolution was obtained 

using 60 mL linear gradient. Therefore, preparative aggregate removal from EG2-

hFc samples was carried out at pH 6.0 using 60 mL linear gradient elution (see 

Figure 6.8). This experiment was carried out at a flow rate of 20 mL/min (i.e. 2.17 

MBV/min) using the 9.2 mL LFMC device by injecting 45 mL of 0.05 mg/mL EG2-

hFc sample using a superloop. The linear gradient was applied immediately after 

the sample injection to reduce the separation time. In this experiment, the 

aggregates were excellently resolved from the monomer in less than 7 minutes. 

The flow through peak seen in Figures 6.6 and 6.7 consisted of unbound impurities 

which had remained in the protein-A affinity purified EG2-hFc sample. The peaks 

collected during the above preparative EG2-hFc aggregates separation 

experiment were analyzed by SEC (see Figure 6.9). The LFMC separated 

presumed monomer fraction gave a single SEC peak (~26 minute retention time), 

indicating that it contained only EG2-hFc monomer. The LFMC separated 

aggregates fraction also gave a single SEC peak (~16 minute retention time), 

indicating that it contained EG2-hFc aggregates. The SEC peak obtained with the 

aggregate sample was negatively skewed, which indicated that the proportion of 

higher aggregates was low, i.e. it consisted mainly of dimer. The above results 

demonstrate that the cation-exchange LFMC technique was indeed suitable for 

removing aggregates from EG2-hFc samples. 
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Fig 6.6: Optimization of operating pH for separation of EG2-hFc aggregates (thick solid 
line: pH 5.0, medium solid line: pH 5.5, thin solid line: pH 6.0, membrane: Sartorius S, 

membrane bed volume: 4.6 mL, feed concentration: 0.05 mg/mL, sample volume: 5 mL, 
binding buffer: 20 mM sodium phosphate, eluting buffer: binding buffer + 0.5 M NaCl, 

linear gradient length: 30 mL, flow rate: 20 mL/min, dashed line: percent eluting buffer) 
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Fig 6.7: Optimization of gradient length for separation of EG2-hFc aggregates (thin line: 
30mL linear gradient, thick line: 60 mL linear gradient, membrane: Sartorius S, 

membrane bed volume: 4.6 mL, feed concentration: 0.05 mg/mL, sample volume: 5 mL, 
binding buffer: 20 mM sodium phosphate pH 6.0, eluting buffer: binding buffer + 0.5 M 

NaCl, flow rate: 20 mL/min, dashed line: percent eluting buffer) 

 

The results discussed in this paper clearly demonstrate the suitability of cation-

exchange LFMC for separation of mAb aggregates. The bind-and-elute separation 

processes performed with the LFMC devices gave excellent monomer/aggregates 

resolutions. This can be explained based on the high theoretical plate numbers 

obtained with these devices. The LFMC devices were also able to sustain stable 

conductivity gradients, even when very shallow gradients were applied. The high-

resolution combined with high-productivity makes LFMC device very attractive for 
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use in different stages in downstream processing of biopharmaceuticals, thereby 

extending the application range of membrane chromatography. The LFMC devices 

used in the current study could be manufactured quite inexpensively, allowing 

these to be disposable, thereby making these consistent with the bigger mandate 

of membrane chromatography, i.e. single-use bioprocessing. 

 

Fig 6.8: Preparative cation-exchange LFMC for separation of EG2-hFc aggregates 
(membrane: Sartorius S, membrane bed volume: 9.2 mL, feed concentration: 0.05 

mg/mL, sample volume: 45 mL, binding buffer: 20 mM sodium phosphate pH 6.0, eluting 
buffer: binding buffer + 0.5 M NaCl, linear gradient length: 60 mL, flow rate: 20 mL/min, 

dashed line: percent eluting buffer) 
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Fig 6.9: Size exclusion chromatography (SEC) of the samples collected during 
preparative separation of EG2-hFc aggregates (thin line: monomer peak, thick line: 

aggregate peak, column: TSK-GEL G3000SWXL 7.8 mm× 300 mm, sample volumes: 10 
µL, running buffer: 20 mM sodium phosphate buffer + 250 mM NaCl, flow rate: 0.3 

mL/min) 

 

6.4. Conclusions 

This study demonstrated the suitability of cation-exchange laterally-fed membrane 

chromatography (or LFMC) for rapid and high-resolution separation of monoclonal 

antibody (or mAb) aggregates. Aggregates were removed from three different 

mAbs: two whole IgG mAbs Trastuzumab and Campath-1H, and one heavy chain 

mAb EG2-hFc. Separation of aggregates was demonstrated using orthogonal 

analytical techniques such as hydrophobic interaction membrane chromatography 

(or HIMC), native polyacrylamide gel electrophoresis (or native PAGE) and size 

exclusion chromatography (or SEC). Three different devices containing cation-
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exchange S membranes having bed volumes of 1, 4.6, and 9.2 mL were employed 

in this study. All these devices showed excellent performance in the aggregate 

removal experiments. All three preparative aggregative separations (i.e. for 

Trastuzumab, Campath-1H and EG2-hFc) could be carried out in 8 minutes. 

Different flow rates ranging from 2 - 10 membrane volumes per minute were used 

in the LFMC experiments. Consistently high resolution separations were obtained 

at all these flow rates. Higher monomer/aggregates resolution was obtained with 

EG2-hFc than with the whole IgG mAbs. Based on the results reported in this 

paper, it could be confidently stated that LFMC combines high-resolution with high-

productivity and would be very effective in a wide range of bio-manufacturing 

applications, including mAb production.  
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Chapter 7 

Ultra-Fast Separation of Monoclonal Antibody Aggregates Using 

Analytical Laterally-Fed Membrane Chromatography (LFMC) 
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7.1. Abstract 

We discuss the rapid analysis of monoclonal antibody (mAb) aggregates using a 

greatly cost-effective technique based on hydrophobic interaction membrane 

chromatography (HIMC). HIMC which was previously shown to be highly suitable 

for analytical separation of mAb aggregates was carried out in the format of the 

recently developed laterally-fed membrane chromatography (LFMC) technology. 

A stack of rectangular PVDF membranes (pore size of 0.22 µm) were integrated 

with a modified version of LFMC devices adapted to analytical scale operations. 

Chinese hamster ovary (or CHO) cell line derived Alemtuzumab (campath-1H) was 

used as the model mAb. High-resolution separations were achieved at 40 

membrane bed volume (MBV)/min, offering analysis times below 1.5 min. The 

assay time challenges the currently developed size exclusion ultra-performance 

liquid chromatography (SE-UPLC) techniques; this is while the operating pressure 

was below 200 kPa, eliminating the need for high pressure pumps and 

chromatography systems. The analysis time was further improved by decreasing 

the dead volume within the LFMC device through increasing the pillar sizes 

embedded within the device. The validity of the technique was approved for other 

mAb samples. 

Keywords: Analytical separation; hydrophobic interaction membrane 

chromatography; HIMC; Laterally-fed; UPLC; monoclonal antibodies 
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7.2. Introduction 

Over the course of monoclonal antibodies (mAbs) manufacturing, the presence of 

soluble aggregates is monitored at different stages. Due to their potential 

immunogenicity, aggregate level should be kept below an acceptable grade in the 

final clinically used products [1]. Size exclusion chromatography (SEC) using 

HPLC systems (SE-HPLC) has been the standard technique in monitoring the 

aggregate levels [2]. Despite the simplicity which is owing to the isocratic nature of 

operation, conventional SEC is very slow, giving average throughput of roughly 

two samples per hour [3,4]. The productivity of SEC has been improved without 

sacrificing the resolution by using small resin particles within shorter columns via 

ultra-performance liquid chromatography (UPLC) systems. The so called SE-

UPLC columns contain packing resins with sizes in the range of couple of microns 

with diverse pore sizes, the use of which brings down the solute diffusion path 

lengths. This is also reflected in the values of height equivalent to the theoretical 

plates (HETP), i.e. the measure of peak variance normalized for separation length 

[5], which is considerably lower for UPLC columns. Accordingly, the typical assay 

times for UPLC-based SEC is below 10 minutes which contributes to a dramatic 

increase in the analysis throughput [3,6,7]. UPLC systems benefit from having very 

low dead volumes and consequently an order of magnitude lower dispersion. This 

underestimated feature of UPLC is achieved by using zero dead-volume fittings, 

auto-sampling minute volumes, and smaller UV cells [8]. The current state-of-the-

art in fast analysis of aggregates by UPLC makes use of sub-2 µm packing material 

which are capable of characterizing recombinant mAbs in 3-4 minutes [9-11]. 

Furthermore, parallelization and interlacing the sample injections on such columns 

have reduced the processing time down to two minutes [3].  

Nevertheless, the improved productivity and resolution is at the cost of pressure, 

the primary shortcoming of SE-UPLC [12]. While the pressure limit for conventional 

HPLC (Tosoh Biosciences, TSKgel) is below 100 bars, the number is often as high 

as 1000 bars for commonly used UPLC columns (Waters, AQUITY UPLC) [8]. The 
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result is the need for costly pumps and seals as well as intricate packing 

techniques [13]. Furthermore, the following friction heating might affect the 

temperature-sensitive proteins to the point of denaturation or further on-column 

aggregation [14]. The application of recently developed sub 3 µm core-shell 

packing material has offered lower operating pressures. The particles are 

superficially porous material with a central core due to which they have higher 

mass transfer rates, higher packing density, and consequently smaller plate 

heights (HETPs). This is while the new generation of core-shell particles with sizes 

in the range of 1.3-1.7 µm still deliver very high operating pressures [15]. Although 

it is expected that the particle sizes for chromatography goes down to 500 nm in 

the approaching decade, the concerns involve the analytes to heat-up under such 

high pressures and cause skewed results [16]. This remains controversial based 

on nano-fluidic studies which suggest that the needed pressure at such particle 

sizes would be lower than the theoretical limits due to the “slip-flow” conditions 

which can give flow enhancements [5,17].  

Although UPLC is the most versatile approach in analysis of closely related 

species such as mAb aggregates, it is not the only one. Moving towards 

incorporation of lesser sample volumes and enhancing the sensitivity of the 

analysis, capillary SEC, capillary electrophoresis (CE), and light scattering (LS) 

are also capable of determining the aggregate levels in a mAb. However, the 

expansion of the application requires major changes in the liquid chromatography 

systems and neither of the techniques complement both the required speed and 

prevailing sample variability in the industry [2,18,19]. Hydrophobic interaction 

membrane chromatography (HIMC) has been used as a non-size-based method 

for analytical separation of mAb aggregates [20,21]. The technique is based on the 

reversible binding of the mAb and the aggregates on microporous poly(vinylidine 

fluoride) (PVDF) membranes. The binding occurs under high concentrations of 

antichaotropic salts followed by elution of the bound solutes using negative salt 

gradients. The aggregates are fractionated from the native form of the mAb due to 
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their higher hydrophobicity. In addition to the satisfactory resolution of separation, 

advantages include the inherent higher productivity associated with membrane 

chromatography and the insensitivity of resolution to the sample size as opposed 

to size-based assays [20,22]. This is while the currently used stacked-disk 

membrane adsorbers are fabricated in small diameter and operated at relatively 

low flow rates accordingly. The fabrication of these devices in bigger diameters 

would be at the sacrifice of resolution of separation [20,21,23,24]. 

In this work, we discuss the application of the hydrophobic interaction membrane 

chromatography in the format of the newly developed laterally-fed membrane 

chromatography devices (HI-LFMC) devices making use of PVDF membranes for 

mAb aggregate analysis. The LFMC technology offers high resolution membrane 

chromatography [24-26]. This is provided by balanced pressure over the stack of 

rectangular membranes, the evenness of flow-path lengths within the devices, and 

the uniformity of solute residence time as a result of these two factors. Therefore, 

it is possible to construct LFMC devices with higher membrane surface area and 

operate at significantly greater flow rates without disturbing the resolution. The 

device used in this work was fabricated based on a new layout which was designed 

to serve the analytical scale operations. Three layers of rectangular PVDF 

membranes were stacked within the device (0.4 mL membrane bed volume). 

Monoclonal antibody samples containing low and high aggregate levels of Chinese 

hamster ovary (or CHO) cell line derived Alemtuzumab (campath-1H), were used 

as the primary model mAbs. The campath-1H sample containing low level of 

aggregate is referred to as “monomer-rich” and the one containing high level of 

aggregates is referred to as “dimer-rich” for the rest of the paper. The optimized 

condition for achieving highest efficiency of aggregate fractionation was 

determined. Moreover, the system was further modified to give faster analysis 

through adapting the device to smaller dead volumes. Finally, the validity of the 

analytical LFMC system was tested for other mAb samples. 
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7.2. Experimental 

7.2.1. Materials 

Campath-1H (humanized monoclonal antibody monomer-rich and dimer-rich) and 

HIgG1-CD4 (campath-9 [27]) were kindly donated by the Therapeutic Antibody 

Centre, University of Oxford, UK. Human embryonic kidney 293 (HEK) cell derived 

IgG1 (Trastuzumab biosimilar) was kindly donated by the National Research 

Council of Canada. Ammonium sulfate (A4418), sodium phosphate monobasic 

(S0751), sodium phosphate dibasic (S0876), sodium chloride (S7653), 

hydrochloric acid (258148), 30% acrylamide solution (A3699), sodium dodecyl 

sulfate (L3771), glycine (G8898), glycerol (G2025), ammonium persulfate (A3678), 

N,N,N’,N’-tetramethyl ethylenediamine (T9281), bromophenol blue (B0126), 

Brilliant blue R concentrate (B8647), Trizma-hydrochloride (T3253), Trizma base 

(T1503), and DL-dithiothreitol (43817) were purchased from Sigma-Aldrich, St. 

Louis, MO. Acetic acid (1000-1) and methanol (6700-1) were purchased from 

Caledon laboratories LTD. (Georgetown, ON, Canada). Hydrophilized 

poly(vinylidene fluoride) (PVDF) membranes (GVWP14250; 0.22 µm pore size) 

and Amicon centrifugal filters (30 kDa MWCO) were purchased from EMD Millipore 

Co. (Billerica, MA, USA). The buffers and solutions used for this work were all 

prepared using deionized water obtained with a SIMPLICITY 185 water purification 

unit Millipore (Molsheim, France). 

7.2.2. Size exclusion chromatography (SEC) 

Campath-1H monomer-rich and dimer-rich samples which were used as the model 

mAbs for this work were initially analyzed using SE-HPLC. Stock solutions were 

diluted to 0.25 mg/mL using 20 mM sodium phosphate buffer (pH 7) containing 

250 mM NaCl. The SEC column, TSK-Gel G3000SWXL (7.8 mm×300 mm Tosoh 

Bioscience, Montgomeryville, PA) was integrated with Alliance HPLC system 

(Waters Corporations, Milford, MA, USA). The column was initially equilibrated with 

the same buffer until stable baseline was achieved. The experiments were run at 
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0.3 mL/min with 10 µL sample volumes. UV absorbance at 280 nm wavelength 

were monitored for 30 minutes. 

7.2.3. Native polyacrylamide gel electrophoresis 

Further analysis of feed samples were carried out using acidic native PAGE by 

which the protein molecules are separated based on their intrinsic size and charge. 

The mAb samples were first desalted and concentrated using 30 kDa MWCO 

ultracentrifugal filters (3750 rpm, 30 min). They were then mixed with the sample 

buffer containing acetic acid, glycerol, Tris-base, and pyronin imparting positive 

net charge to the molecules and were loaded on 7% polyacrylamide gel. 

Accordingly, reverse polarity electrophoresis was carried out at 200 V for 2 hr using 

a Hoefer miniVE system (GE healthcare biosciences, Baie-d’Urfe, QC, Canada). 

Coomassie Brilliant Blue dye solution diluted to 1 liter was used to stain the gel for 

20 min. The gels were then destained using a solution containing methanol (15%), 

acetic acid (10%), and water (75%) and were documented using a Bio-imaging 

MiniBis pro system (24-25-PR) (DNR-Imaging Systems, Jerusalem, Israel). 

7.2.4. Device fabrication 

The analytical LFMC device consisted of three layers: the top and bottom acrylic 

plates and the middle spacer which was made of plastic shims (figure. 7.1). The 

outer dimension of all the three rectangular components was 150 mm × 40 mm. 

The plates had identical design and each contained a rectangular channel (100 

mm × 10 mm) curved at the endings with the radius of 5 mm. The channels 

contained 140 cylindrical pillars with hexagonal arrays of 3 and 4 over the width of 

the channel. The height of the pillars were similar to the depth of the channel being 

0.2 mm. Two ports were embedded on each side of the channel (109 mm center-

to-center distance) which were compatible to luer fittings and were tapered down 

to 1 mm over the thickness of the plates. The middle spacer contained a 

rectangular slot which was 2.5 mm wider than the rectangular channels from each 

side (115 mm × 15 mm). Three layers of the PVDF membrane having the same 

dimension with the rectangular slot were cut, placed within the spacer, and 
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sandwiched between the plates. It is notable that the spacer thickness (317.5 µm) 

was slightly lower than the thickness of the membrane stack (375 µm) for the 

purpose of sealing. Nine screws on each side of the device over its length, 15 mm 

far from one another, were used to hold the three layers together. 

 

Fig 7.1: Blowout diagram of the analytical laterally-fed membrane chromatography 
device (LFMC), A: acrylic top plate; B: membrane stack (three layers of hydrophilized 

PVDF membranes; 0.22 µm pore size; GVWP14250); C: plastic shim spacer; D: acrylic 
bottom plate. 

 

The resulting device had the membrane bed volume (MBV) of 0.4 mL. The inlet 

and outlet ports were on the opposite ends of each plate. The other two ports were 

used for removing the bubbles and priming the device prior to the experiments and 

were kept closed via blocked fittings during the chromatographic operations.  

7.2.5. HETP determination 

The HETP of the LFMC device was determined using sodium chloride as the tracer 

agent. The device was integrated with the AKTA prime liquid chromatography 

system (GE Healthcare Biosciences, QC, Canada) via the luer fittings and 

appropriate PEEK tubing. The running buffer was 0.4 M NaCl and 5 µL of 0.8 M 

NaCl was injected as the sample. The sample volume was set to be almost 1% of 
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the device bed volume and the experiment was carried out at 16 mL/min (40 

MBV/min). The conductivity peaks were attained and the HETP values were 

calculated based on the equations explained by Rathore et al.[28]. 

7.2.6. Hydrophobic interaction LFMC 

The samples were injected using a 250 µL sample loop. The eluting buffer was 20 

mM sodium phosphate buffer (pH 7.0). The binding buffer was the same buffer 

containing 1.5 M ammonium sulfate as the antichaotropic salt. Liner gradient 

elution volume was 40 mL which was commenced at the same time with sample 

injection. All the experiments were run at feed concentration of 0.2 mg/mL and flow 

rate of 16 mL/min (40 MBV/min). 

7.3. Results and Discussion 

7.3.1. Feed analysis 

CHO cell line derived Alemtuzumab (campath-1H) monomer-rich and dimer-rich 

samples were analyzed by SE-HPLC and native PAGE (Figure. 7.2).  Based on 

the chromatogram obtained with the dimer-rich campath-1H, the sample contained 

considerable amount of higher aggregates whereas that was not the case for the 

monomer-rich sample (figure 7.2, A). The peak was followed by mainly dimers and 

some monomers, retention time of which were consistent with the monomer-rich 

mAb sample. The results well-matched with the Native PAGE analysis (figure. 7.2, 

B). 
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Fig 7.2: Feed analysis of the CHO cell line derived Alemtuzumab (campath-1H), A: SE-
HPLC (thick line: monomer-rich sample; thin line: dimer rich sample; column: TSK-Gel 

G3000SWXL 7.8 mm× 300 mm; feed concentration: 0.25 mg/mL; sample volume: 10 µL; 
running buffer: 20 mM sodium phosphate pH 7.0 + 250 mM NaCl; flow rate: 0.3 mL/min); 

B: native PAGE, 7% (1: monomer-rich sample; 2: dimer-rich sample) 

 

7.3.2. Analytical HI-LFMC separation 

Figure. 7.3 shows the HI-LFMC results of the samples discussed above. In case 

of the monomer-rich sample (figure. 7.3, B), the separation was achieved in less 

than 1.5 min with very high monomer/dimer resolution. The assay time is 

comparable with the fastest SE-UPLC techniques available [3,29]. The analytical 

LFMC device was also capable of separating the higher aggregates depicted as 

the peak shoulder for the mAb dimers in the dimer-rich sample (figure. 7.3, A). The 

results acquired matched very well with the SE-HPLC shown in figure. 7.1, A.  The 

higher aggregates were further resolved from the dimers using shallower gradients 

for dimer-rich campath-1H mAbs. As it is shown in figure. 7.4, baseline resolution 

of monomer/dimer as well as excellent separation of higher aggregates was 

achieved within 3 minutes.  
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Fig 7.3: Analysis of CHO cell line derived Alemtuzumab (campath-1H) aggregates using 
HI-LFMC (A: dimer-rich sample; B: monomer-rich sample; membrane: hydrophilized 

PVDF, 0.22 µm pore size, GVWP14250; membrane bed volume: 0.4 mL; feed 
concentration: 0.2 mg/mL; sample volume: 250 µL; eluting buffer: 20 mM sodium 
phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 M ammonium; linear 

gradient: 40 mL; flow rate: 16 mL/min; dashed line: % eluting buffer) 
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Fig 7.4: Analysis of dimer-rich CHO cell line derived Alemtuzumab (campath-1H) 
aggregates using HI-LFMC (A: 40 mL gradient; B: 80 mL gradient; C: 120 mL gradient; 

membrane: hydrophilized PVDF, 0.22 µm pore size, GVWP14250; membrane bed 
volume: 0.4 mL; feed concentration: 0.2 mg/mL; sample volume: 250 µL; eluting buffer: 

20 mM sodium phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 M 
ammonium; flow rate: 16 mL/min) 

 

As evident by the results, the utmost highlight of this technique is the rapidness 

while operating at very low pressure drops (~165 kPa). Having low bed heights 

and large membrane area made possible operating at flow rates as high as 40 min. 

At the same time, adequate resolution is provided even though the bed height was 

375 µm which is due to two major factors: using PVDF membranes with submicron 

pore sizes which offers low diffusion paths as well as having enhanced flow 

distribution which avoids peak broadening. This is evident from the very small 

HETP for the device used in this study which was found to be 8.19 µm (equivalent 

to 122,109.33 theoretical plates/m). This is while with the currently available 

stacked-disk devices the flow rate is limited due to the use of small devices. 

Increasing the membrane area to work with higher flow rates would disturb the 

resolution which is due to the flow path variability over the central and peripheral 

regions and the resulting flow maldistribution within such devices. Assuming 
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having similar bed volume for the stacked-disk and LFMC, the LFMC device can 

be fabricated with much higher membrane area and utilized at much higher flow 

rates without sacrificing the resolution. 

7.3.3. Further improvement at lower dead volume 

The LFMC device used to attain the results up to this point had pillars with diameter 

of 1 mm in both the top and bottom channels. New plates were fabricated with 

larger pillars having the same pattern as it is shown in figure. 7.1. The hexagonal 

pattern of the pillars in rows of 3 and 4 were kept unchanged, only that the 

diameters of the pillars were increased to 2 mm and 1.75 mm respectively, leading 

to decreasing the dead volume in each channel from 194 µL to 139 µL. The design 

criteria for the LFMC devices necessitates that the resistance in the top and bottom 

channels should be identical and smaller than the resistance of membrane stack. 

Otherwise, the balance in the pressure over the sides of the membrane stack 

would be disturbed [24]. Although increasing the pillar diameter even further would 

be in favor of having lower dead volumes, higher lateral resistance in the channels 

versus the membrane stack would contradict the design criteria. This would results 

in variety of permeate flux over the length of the membrane stack with the two ends 

[24]. The result would be the disruption of resolution which is highly unwanted.  

Figure. 7.5, B demonstrates the results obtained with the identical experimental 

conditions when the low dead volume device was used. The monomer and dimer 

peaks acquired were much sharper and the resolution was improved. In order to 

benefit from this enhancement, the elution was further pushed to steeper gradient 

of 30 mL to facilitate even faster analysis. The analysis times achieved was 1.1 

minute accordingly (figure. 7.5, A). 
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Fig 7.5: Analysis of monomer-rich CHO cell line derived Alemtuzumab (campath-1H) 
aggregates using HI-LFMC (A: 30 mL gradient, lower dead volume; B: 40 mL gradient, 
lower dead volume; C: 40 mL gradient, higher dead volume; membrane: hydrophilized 

PVDF, 0.22 µm pore size, GVWP14250; membrane bed volume: 0.4 mL; feed 
concentration: 0.2 mg/mL; sample volume: 250 µL; eluting buffer: 20 mM sodium 

phosphate buffer pH 7.0; binding buffer: eluting buffer + 1.5 M ammonium; flow rate: 16 
mL/min) 

 

7.3.4. Validation 

Finally, the validity of the technique was approved for two other monoclonal 

antibody samples: Human IgG1-CD4 as well as HEK derived IgG1 (Trastuzumab 

biosimilar) (figure. 7.6). The HIgG1-CD4 mAbs contain very low amounts of 

aggregates which was previously studied using SE-HPLC (not shown). The results 

were obtained with the device with lower dead volume. 
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Fig. 7.6: Analysis of monoclonal antibody (mAb) aggregates using HI-LFMC (A: HIgG1-
CD4; B: HEK cell line derived IgG1; membrane: hydrophilized PVDF, 0.22 µm pore size, 
GVWP14250; membrane bed volume: 0.4 mL; feed concentration: 0.2 mg/mL; sample 
volume: 250 µL; eluting buffer: 20 mM sodium phosphate buffer pH 7.0; binding buffer: 

eluting buffer + 1.5 M ammonium; linear gradient: 40 mL; flow rate: 16 mL/min) 

 

7.4. Conclusions 

Ultra-fast separation of monoclonal antibody aggregates was achieved using a 

new method benefitting from laterally-fed membrane chromatography (LFMC) 

technology. Previous studies proved that HIMC is greatly suitable for separation of 

mAb aggregates. In this work, hydrophilized PVDF membranes were integrated 

with a modified version of LFMC device appropriate for analytical hydrophobic 

interaction membrane chromatography (HIMC). The HI-LFMC technique was 

capable of completing mAb aggregate analysis in less than 1.5 minutes with 

operating pressures lower than 200 kPa. The assay time outclassed many of the 

currently available UPLC based techniques which deal with high pressure and high 

cost operations. This was feasible making use of relatively low membrane bed 

heights and high membrane area offered by the LFMC design due to which the 

separations were carried out at 40 MBV/min. Although having such low bed 
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heights, owing to the flow distribution within the device and the low diffusion paths 

brought by the submicron porosity of the PVDF membranes, the 

monomer/aggregate resolution was outstanding which is also evident from the very 

low HETP values measured. The assay time were even further enhanced 

decreasing the dead of the device. The separation technique discussed is highly 

rapid and cost-effective and has great potential for the analysis of aggregate 

content both in different stages of the process development as well as the quality 

control in mAb manufacturing and related biopharmaceutical processes. 
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8.1. Contributions 

The overall body of the work presented in this thesis discusses the design, 

development, and applications of laterally-fed membrane chromatography 

devices. Owing to the unique and novel design features which provide uniform 

solute flow path lengths and balanced pressure over the sides of the housed 

membrane stack, the superficial velocity over the membrane area is unvarying, all 

contributing to highly uniform solute residence time within the devices. As opposed 

to the currently available membrane chromatography devices, these features 

make the LFMC technology highly suitable for high-resolution separations in the 

bind and elute mode. Together with the intrinsic advantages of adsorptive 

membranes, the devices address an ongoing deficiency in downstream processing 

of biopharmaceuticals which is the combination of high-throughput and high-

resolution. Remarkably, this progression has been brought about by simple design 

and easy fabrication which make the LFMC devices very cost-effective. In addition, 

owing to their rectangular and flat shape, the devices are stackable with low 

footprints and greatly suitable for multiplexing.  

The comparison of novel laterally-fed modules with the conventional stacked-disk 

modules which are the most widely used in lab-scale studies demonstrated how 

uniform solute flow path lengths can revolutionize the chromatographic efficiency 

(chapter 1). The differences in flow distribution were clearly shown by investigating 

dye pulses in non-binding conditions. It was demonstrated that the enhanced flow 

distribution leads to significantly higher breakthrough binding capacities. The 

results reported almost five times higher incipient (1%) breakthrough binding 

capacity as well as two times higher 10% breakthrough binding capacity for 

membrane bed volume as small as 0.34 mL with only one membrane layer. The 

early breakthrough in stacked-disk adsorbers is caused by the uneven flow path 

lengths and variety of superficial velocity between the central and peripheral 

regions; the same reason behind tailed eluted peaks obtained and the unsuitability 

for scale-up. This issue is completely resolved in LFMC devices, giving sharp and 
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symmetrical flow through and eluting peaks, efficient binding capacity utilization, 

and great scalability. 

The results discussed in chapter 3 clearly stated that LFMC devices are highly 

suitable for separation of multi-component proteins in bind and elute mode of 

operation. This feature makes the LFMC devices the only membrane adsorbers 

capable of performing high-resolution separations. Owing to the enhanced flow 

distribution, both the binding and elution stages are carried out in a uniform 

manner, giving sharp eluted peaks which can be resolved in significantly low 

volumes, contributing to excessively lower sterile buffer usage. The resolutions 

obtained with LFMC devices are highly comparable with resin columns (chapter 4) 

which is the direct contribution of the device design. The pressure drops obtained 

were also noticeably lower. Moreover, performance of LFMC devices are highly 

consistent over a wide range of flow rates as opposed to the resin columns which 

is outstanding from the manufacturing point of view. This is clearly regarded to the 

nature of solute transport within the adsorptive membranes and resins. The 

consistency was approved even at flow rates as high as twice the maximum 

operating limit for the equivalent columns, this is while resin columns still give 

better resolutions at very low flow rates. The results from these two chapters 

evidently concluded that using the LFMC technology, membrane chromatography 

can be employed in wide range of applications beyond the flow through polishing. 

Different case study applications with major focus on purification of monoclonal 

antibodies discussed in this thesis confirmed the findings in the earlier chapters. 

This was also approved by the measured number of theoretical plates prior to the 

experiments. Separation of mAb charge variants using CEX chromatography is a 

very challenging separation with regards to the close physicochemical properties 

of the acidic and basic variants of the mAbs. The separation demands for very 

shallow gradients. LFMC devices undoubtedly provided the required resolution of 

separation as well as stable shallow conductivity gradients (chapter 4). Single-step 
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purification of mono-PEGylated lysozyme in significantly short times also approved 

the combined high resolution and high productivity of CEX-LFMC (chapter 5). 

Industrial application of the currently available membrane adsorbers in production 

of mAbs is only limited to polishing steps through flow-through anion-exchange 

separations. The results manifested in chapter 6 clearly stated that the LFMC 

devices can be used in earlier stages of mAb downstream purification based on 

offering high-resolution for separation of mAb aggregates. The results reported 

preparative separation of aggregates in less than 10 minutes when a 5 mL (MBV) 

LFMC device was used with relatively high amounts of the target molecule. The 

technology would then be highly advantageous in improving the processing times 

in downstream purification of mAbs considering for the simple and cost-efficient 

scale-up of these devices. 

Although the development of LFMC devices targets the large-scale downstream 

purifications in biotechnology, the devices were shown to be highly beneficial in 

analytical separations. The HI-LFMC device discussed in chapter 7 showed that 

fabrication of devices based on the concept of LFMC, at the same time with being 

very simple and cost effective, can deliver improved assay times of when 

compared with UPLC columns. It is notable that such devices can be used in a 

single-use manner while UPLC columns are very costly. Therefore, analytical 

applications is definitely another avenue in which the LFMC devices should be 

explored. 

8.2. Recommendations for Future Work 

This work notifies the importance of device design in chromatographic processes 

and stimulates research on the area of device development. Concerning the LFMC 

devices, modeling and simulation is of high importance. Despite the simplicity of 

the design, there are many parameters which would affect the efficiency of 

separation with regards to the targeted unit operation. The optimization of these 

parameters should be studied in advance by CFD modeling and simulation tools 
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such as COMSOL. Aspect ratio of the channels and membrane stack, channel 

heights, arrangement and diameter of pillars (void percentage within the lateral 

channels), as well as inlet and outlet flow distribution are among the suggested 

parameters for future studies. It is notable that comprehensive understanding of 

these design features is necessary for scale-up studies. 

The application of LFMC devices for affinity membrane chromatography, with 

considerations on protein-A membrane chromatography is another area which was 

not studied in this thesis. This would expand the application of LFMC devices 

specifically in downstream processing of mAbs. 

With biotechnology companies constantly looking for lower costs of manufacturing, 

future trends in downstream purification will target higher productivity, low 

manufacturing costs, single-use operations, and faster speed of development [1]. 

Based on the findings presented in this thesis, the LFMC technology would be a 

great fit.  

The outcomes of this thesis have already opened a new pathway in resin 

chromatography. The application of rectangular boxes compared to columns with 

high radiuses was shown to highly impact the efficiency even when resins are 

employed as the chromatographic media [2]. The enhancement in the flow 

distribution giving more uniform solute residence times is highly advantageous for 

large-scale separations. The initial studies showed much less peak broadening for 

flow through and eluted peaks and higher resolution for binary and tertiary protein 

separation.  

Conventional packed-bed chromatography involves loading (binding), washing, 

and elution in sequence which makes it inherently a batch process. This is while 

continuous manufacturing is beneficial both in terms of productivity and reducing 

the footprint. Moreover, in case of labile molecules, variations in the final product 

would be avoided [3]. In order to operate chromatographic separation in the 

continuous mode normally several columns are integrated in a way through which 
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loading, washing, and elution steps are occurring at the same time followed by 

switching the columns to other steps [4]. This is while membrane chromatography 

and LFMC devices would be highly advantageous in the sense that they offer much 

higher cycling speeds and would be highly suitable for continuous operations [5]. 

Utilization of the devices in series or in parallel would be something to consider in 

advance [6] 

Finally, with increasing the number of the biopharmaceutical products and their 

biosimilars, improved characterization and fast quality control are required. High-

throughput and high precision analytical methods are developing to evaluate the 

micro-heterogeneity among the biological products [7,8]. LFMC devices would 

greatly serve this section. 
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