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Lay Abstract 

Membranes are used in many industries, such as water treatment, environmental 

remediation, and biopharmaceuticals. In the biopharmaceutical industry, high-throughput 

screening (HTS) tools (e.g., filter plates), which allow for miniaturized experiments, are used to 

perform extensive experimental analysis to determine optimal solution conditions (e.g., pH) for 

biomolecule binding. Unfortunately, commercial filter plates are limited in customizability for 

HTS of membrane materials. To address these limitations, this thesis focuses on designing and 

validating a multi-well device capable of incorporating any membrane adsorber. Different 

biomolecules (proteins, DNA), solution conditions, and membrane materials were evaluated. The 

results of this thesis confirmed this ability to accommodate any membrane adsorber, 

simultaneously compare different membrane materials, and extract the membrane for post-

experimental analysis. This work also discussed using this device for future rapid membrane 

material selection in multiple industries (e.g., biotherapeutics, ion extraction).  
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Abstract 

 Current high-throughput screening (HTS) tools (i.e., single-use 96-well filter plate) are 

limited to the few membrane types that are sold commercially, restricting the ability to screen 

membrane materials for targeted applications.  In this thesis, a multi-well device capable of 

screening any flat-sheet membrane was designed, where multiple devices can be stacked for 

extensive HTS (>32 experiments). Confocal imaging of a Natrix Q cross-section ï a membrane 

type not sold in a commercial filter plate ï was carried out after 24 h in contact with green 

fluorescent protein to visually confirm protein-membrane interactions. The static binding 

capacity (SBC) of bovine serum albumin (BSA) and Herring testes DNA was found for specific 

parameters: membrane type (Mustang Q, Sartobind Q, Natrix Q, Durapore), salt concentration 

(0, 50, 100 mM NaCl), and contact time (1 min, 4 h, 8 h, 24 h). Considering solution conditions, 

the highest BSA SBC was observed with Natrix Q at 0 M NaCl with a contact time of 24 h. The 

DNA and BSA SBC values for Natrix Q were the highest among the membrane types evaluated, 

demonstrating consistency with literature trends. These findings suggest that SBC experiments 

can predict promising membrane materials for scaled-up applications. Finally, the 

chromatography process was replicated in this multi-well device (Natrix Q), showing 50% BSA 

elution from the membrane.  

The results of this thesis confirmed this ability to accommodate any membrane adsorber, 

simultaneously compare different membrane materials, and extract the membrane for post-

experimental analysis. This workôs significance was emphasized in its future potential to aid with 

membrane material selection, particularly with exploring the properties of next-generation 

membrane materials (e.g., 3D-printed membranes). Three future areas for optimization with this 
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multi-well device were highlighted: biotherapeutic purification, sequencing of membrane 

materials within a process, and applying it as a tool to understand ion selectivity.  
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1 Introduction  

1.1 Membrane Separation Technologies 

1.1.1 Membrane Classification 

 The membrane separations industry is well established in industrial applications, such as 

water treatment, environmental remediation, biopharmaceuticals, and it is projected to grow 

substantially from a 2021 market value of $22.1 billion USD to $40.51 billion USD in 2028 [1]; 

one of the reasons for this growth was attributed to the increasing need for membrane products 

across the various sectors. Some benefits promoting this increased membrane use in industrial 

separation applications include their low cost, versatility in material availability, low energy 

requirements, easy operation, and efficient means of separation. With these advantages, 

membrane materials are continuously being investigated for novel applications, particularly 

growing in popularity within the bioprocess industry [2][3].  

 Membrane materials can be classified based on numerous criteria: material composition 

(polymeric, metallic, ceramic), membrane structure (anisotropic, isotropic), membrane 

morphology (porous, dense), geometry (flat-sheet, spiral wound etc.), and separation technique 

(size exclusion, ion-exchange etc.) [4].  Within the broad range of membrane materials, 

polymeric membranes can be further classified based on their molecular structures, with 

common polymer compositions including cellulose, cellulose acetate, polysulfone, 

polyethersulfone (PES), and polyamides [4]. Given the wide range of available membrane 

materials, selecting the optimal option can be quite challenging. However, prior to selecting the 

membrane material, it is important to consider the desired separation mechanism of the process. 



MASc Thesis ï Ana Areģina  Biomedical Engineering ï McMaster University 

2 

 

 For example, membrane materials may be used in separation trains as a filter and/or as an 

adsorber. Membrane filters largely function on the principle of size exclusion, separating 

components based on particle size or molecular weight; particles below the membraneôs 

molecular weight cut-off can pass through while larger particles are blocked or retained (e.g., 

microfiltration) (Figure 1.1). In a separation process, membrane filters are used to initially reject 

permeation of larger components, while allowing permeation of smaller components. In contrast, 

in applications such as trace impurity removal from a liquid stream or purification of expensive 

products from dilute liquid samples, membrane adsorbers are used. Membrane adsorbers 

selectively capture and retain specific target molecules from a liquid stream based on specialized 

membrane chemistry. Membrane adsorbers are commonly functionalized with various ligand 

groups to enhance their affinity for a specific target molecule.  For example, anion-exchange 

membrane adsorbers are functionalized with a positively-charged ligand to enhance the binding 

of negatively-charged components (e.g., DNA).  Continued innovation of membrane chemistries 

with improved properties and enhanced selectivity for target molecules is essential for 

separations, especially in the biotherapeutic industry [2].  
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Figure 1.1. Membrane filters that operate on the size exclusion principle, dependant on pore 

size, demonstrating the membrane train sequence for rejecting components (MF to UF to NF to 

RO). Retrieved from [5].  
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1.1.2 Membrane Adsorbers  

 Most membrane adsorber applications are applied in the biotherapeutic industry. In the 

downstream process of biotherapeutic systems (e.g., virus purification, monoclonal antibody 

purification), there is a particular focus on using membrane adsorbers as the stationary phase 

material in chromatography units (Figure 1.2). This focus is driven by the benefits of membrane-

based purification over traditional chromatography resin materials. While resin materials have 

restricted mass transfer with diffusion-based flow, membranes and monoliths undergo 

convection-based flow (Figure 1.3). Membranes are preferred over resins due to their larger 

pores that result in reduced mass transfer resistance, as well as their scalability potential for large 

biomolecule purification [6]. In addition, membrane adsorbers are readily available for different 

chromatography applications: anion-exchange (AEX), cation-exchange (CEX), hydrophobic 

interaction (HIC), immobilized metal affinity (IMAC), affinity (AC), and multimodal 

chromatography (MMC). Examples of membrane adsorbers that are currently available for 

commercial use with the various chromatography applications can be found by Table 1.1.   

 Membrane chromatography systems operate in one of two modes: bind-and-elute or 

flow-through mode; with either mode, the use of membranes with tailored polymer chemistries 

are required to achieve the target separation application (i.e., IEX, HIC, AC, pseudo-affinity, and 

MMC). In the bind-and-elute mode, the process stream is first passed through the membrane. 

During this stage, the target molecule binds to the membrane, separating it from the unbound 

components that continue to flow through. The membrane is then rinsed to remove any 

remaining unbound components, and the target molecule is subsequently eluted by adjusting 

solution conditions (e.g., increasing salt concentration). In contrast, flow-through mode allows 

the target molecule to pass through the membrane without binding, separating it from undesired 
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molecules that bind to the membrane instead. This mode of operation results in purification 

through effective impurity removal. In these processes, the selectivity of biomolecule binding 

affinity to the membrane in the chromatography system is dependent on factors including ligand 

type, pH, and conductivity [6]. 

  Commercial AEX membranes ï Mustang Q (Pall), Sartobind Q (Sartorius), Natrix Q 

(Millipore) ï have been successfully used for chromatography in these bioseparation processes; 

these membrane adsorbers operate in bind-and-elute mode for virus (e.g. MVM, lentivirus, 

adenovirus etc.) [7]ï[10] and plasmid DNA purification [11]ï[13], and they are used in flow-

through mode for monoclonal antibody purification [14]. Binding affinities to AEX membranes 

primarily depend on electrostatics, which requires that solution conditions are carefully 

controlled to optimize binding.  For example, increasing salt concentration has been shown to 

hinder binding, due to reduced electrostatic interactions between the biomolecule of interest and 

the positively-charged ligand of AEX membranes (Figure 1.4A)  [15]; this effect occurs due to 

changes with the Debye length (ə-1),  which represents the distance over which electrostatic 

interactions between charged particles can influence each other in a solution [16]. The Debye 

length is reduced with higher salt conditions, resulting in a decay of the electric field with a 

higher degree of shielding. Consequently, this increased shielding limits the availability of 

electrostatic interactions between the biomolecule and membrane ligand. Similarly, adjusting the 

solution pH can impact biomolecule binding affinity to AEX membranes by influencing the net 

charge of the biomolecule (Figure 1.4B). Consider for example a target protein biomolecule: 

recall that a solution pH above the isoelectric point (pI) generates a net positive charge on the 

protein, whereas a solution pH below the pI creates a net negative charge on the protein. 
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Altogether, solution conditions play a crucial role in driving biomolecule binding to the ligands 

of IEX membranes in chromatography processes.  

 

Figure 1.2. Illustration of process overview for virus purification.  
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Figure 1.3. An illustration demonstrating the different mass transfer flow mechanisms of the 

stationary phase chromatographic materials. Adapted from [17].  
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Table 1.1. The chromatography techniques with examples of commercially available membrane 

adsorbers.  

Chromatography 

Type 

Commercial Membrane Information  

MembraneÀ 

(BackboneÀÀ)  
Pore Size (µm) Company Reference(s) 

AEX 

(Strong) 

Mustang Q 

(PES)  
0.8 Pall [7], [9], [11], [18] 

Sartobind Q 

(SRC) 
> 3 Sartorius [7], [9], [18], [19] 

Natrix Q 

(Porous Polyacrylamide 

Hydrogel) 

0.4 Millipore [12], [19] 

AEX 

(Weak) 

ChromaSorb 

(UHMW PP) 
0.65 Millipore [7] 

Sartobind STIC PA 

(SRC) 
> 3 Sartorius [20] 

Mustang E 

(PES) 
0.2 Pall [10] 

AC 

(Protein A) 

Sartobind Protein A 

(SRC) 
0.45 Sartorius [21], [22] 

Gore Protein Capture 

(ePTFE) 
0.1 Gore [22], [23] 

Purexa PrA 

(n/a) 
0.2 Purologics [3], [22] 

HiTrap Fibro PrismA 

(DEC) 
n/a Cytiva [22] 

CEX 

(Strong) 

Mustang S 

(PES) 
0.8 Pall [24] 

Sartobind S 

(SRC) 
> 3 Sartorius [15] 

HIC 
Sartobind Phenyl 

(SRC) 
> 3 Sartorius [20] 

IMAC 
Sartobind IDA 

(SRC) 
> 3 Sartorius [25][26] 

MMC 
Purexa-MQ 

(n/a) 
1 Purologics [27] 

À Ligand groups: A ï recombinant protein A; D ï diethylamine; E ï polyethyleneimine; IDA  ï  

iminodiacetic acid; PA ï primary amine; Q ï quaternary ammonium; S ï sulfonic acid. 

ÀÀ DEC ï derivatized electrospun cellulose; ePTFE ï expanded polytetrafluoroethylene 

composite; PES ï polyethersulfone; SRC ï stabilized regenerated cellulose; UHMW PP ï 

ultrahigh molecular weight polypropylene; n/a ï not available 
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Figure 1.4. The influence of solution conditions on biomolecule binding to an IEX membrane, 

demonstrating the effects of varying (A) salt concentrations (adapted from [28]) and (B) solution 

pH. 
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1.1.3 Challenges and Limitations in Biotherapeutics 

 With the numerous factors (i.e. media, solution conditions) influencing the final product 

purity in biotherapeutics processes [29], understanding the individual influences of each factor 

becomes challenging. This lack of understanding makes it especially difficult  to optimize the 

desired process for adsorption of target molecules. Additionally, the high cost of biologics 

further limits process optimization feasibility; for instance, it was reported that monoclonal 

antibodies (mAb) can contribute up to 70% of the total bioprocessing cost [4]. Overall, spanning 

a large design space may require executing a large experimental matrix that would be inefficient 

in terms of time, cost, and material use with conventional experimental procedures. 

  In addition, it is suggested that continuous chromatography could be used to limit costs 

and aid in process optimization. Continuous chromatography operates with a constant feed 

stream from a bioreactor that flows across multiple selective membrane columns to maximize 

binding potential.  Some researchers in this field are investigating solution effects through using 

pilot-scale equipment, such as Sartoriusô BioSMB (Simulated Moving Bed) platform [30]; this 

technique can reduce costs compared to conventional methods by maximizing membrane 

binding capacity and minimizing waste with biotherapeutic samples. However, this dynamic 

process also increases the design space of parameters for optimization [31]; thus, high-

throughput screening (HTS) tools, which can quickly screen a broad design space, are necessary 

for optimization. 
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1.2 High-Throughput Screening Tools 

1.2.1 Background Information 

 To address the challenges mentioned in Section 1.1.3, researchers in both academia and 

industry have resorted to HTS tools for miniaturized experiments that reduce sample 

consumption and simultaneously evaluate large experimental matrices (e.g. solution conditions) 

[32].  This ability to carry out multiple experiments simultaneously allows for increased 

efficiency in process optimization compared to conventional lab-scale techniques. In particular, 

HTS techniques have been investigated to optimize the chromatography process in the 

biotherapeutics industry; the use of these promising techniques (e.g. microtitre filter plates, 

micropipette chromatography tips, miniature columns) have been shown to reduce adsorbent 

material usage, decrease sample consumption, and increase downstream productivity (Figure 

1.5) [32]. Membrane materials can be incorporated into the HTS process through the use of a 96-

well filter plate to evaluate a large design space of solution conditions. Moreira et al. have 

demonstrated this HTS analysis with the Acroprep Advance (Pall) and Sartobind 96-well filter 

plates (Sartorius) using AEX to optimize conditions (i.e. virus load, buffer pH, NaCl 

concentration of elution buffer) for virus purification [10]. These HTS filter plates are operated 

with pressure-driven systems via a vacuum manifold or centrifuge to drive flow across the 

membrane into the 96-well collection plate (Figure 1.6); this mechanism results in a flow pattern 

that is normal to the membrane surface.  These filter plates also have the advantage of being able 

to integrate with automated liquid handler systems (e.g.  Eppendorf EpMotion), allowing for a 

reduction in human error, improved reproducibility, and accelerated sample analysis.  

 It is important to recognize that the use of these 96-well filter plates in HTS experiments 

does not fully omit the need for pilot-scale studies; these larger-scale studies are still relevant, as 
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variations in fluid flow and mass transfer upon scaling-up can impact system performance. These 

scaled-up tests are required to verify membrane performance with target molecule binding 

capacity or impurity removal. Regardless, HTS techniques represent valuable tools as rapid and 

cost-effective methods for determining initial parameters in pilot-scale studies. 

 

Figure 1.5. Classification of HTS tools used in the biotherapeutic industry, provided with a 

commercial example.  
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Figure 1.6. HTS filter plates using pressure-driven systems (i.e., centrifuge, vacuum manifold), 

which generate a normal flow path through the membrane. Adapted from [33]. 
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1.2.2 Limitations of Commercial 96-Filter Plates 

 While the advantages of HTS membranes are outlined in the previous section, it must be 

noted that only a few membrane types are currently available in the 96-well filter plate format 

(Table 1.2); for example, Natrix Q, an AEX membrane, is not sold in this HTS format. 

Furthermore, with the limited membranes that are commercially available in 96-well format, the 

majority are sold with one type of ligand for concurrent testing (e.g. Pall sells only Mustang Q or 

Mustang S); while Sartobind membrane adsorbers are the exception ï where you can customize 

ligand types by a select few 8-strip units sold by Sartorius (Sartobind Q, STIC, S, Phenyl) ï 

consumers are still limited to testing the same PES membrane backbone. In addition, it is very 

tedious and difficult to extract the membranes from these commercial 96-well filter plates for 

further post-experimental analysis, where there is risk in damaging the membrane during the 

extraction process (Figure 1.7). Overall, these design features impede current commercial HTS 

advancement in optimizing membrane type for downstream bioprocessing.  

 Additionally, membranes with the same ligand (i.e., Mustang Q, Sartobind Q, and Natrix 

Q) and differences in membrane properties (Table 1.2) have been shown to have different 

purification performance [19]. Another limitation of current commercially available HTS 96-

well plates is the inability to reliably benchmark membranes under the same conditions, where 

even the same membrane adsorber was shown to have different purification performance. For 

example, bovine serum albumin (BSA) binding capacity for Sartobind Q has been reported as 18 

and 29 mg/mL,  enforcing the need for testing multiple membranes for reliable results [19], [20]. 

Furthermore, some groups have reported the possibility of cross-contamination with 96-well 

filter plates via traditional HTS equipment, such as a vacuum manifold (e.g. Vac96, Vac8 from 



MASc Thesis ï Ana Areģina  Biomedical Engineering ï McMaster University 

15 

 

Sartorius) or bench-top centrifuge [34]. Altogether, these challenges support the idea of 

designing a reproducible technique allowing for membrane performance benchmarking.  

Table 1.2. Commercial membrane adsorbers available in 96-well plate formats with one 

exception of Natrix Q. All AEX membranes are highlighted in blue.  

Company 
Membrane  

(Backbone) 

Pore Size  

(µm) 

HTS Tool 

Format 
Reference(s) 

Pall 

Mustang Q  

(Polyethersulfone) 
0.8 Yes [35][36] 

Mustang S 

 (Polyethersulfone) 

Sartorius 

Sartobind Q 

(Stabilized Reinforced Cellulose) 

> 3 Yes [20] 

Sartobind PA 

(Stabilized Reinforced Cellulose) 

Sartobind S 

(Stabilized Reinforced Cellulose) 

Sartobind Phenyl   

(Stabilized Reinforced Cellulose) 

Millipore 
Natrix Q  

(Porous Polyacrylamide Hydrogel) 
0.45 No [19] 

 

 

Figure 1.7. An extracted membrane from an 8-strip format of a Sartobind Q 96-well plate. 

Adapted from [20]. 
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1.2.3 High-Throughput Screening Developments for Membranes in Literature and Industry 

 To address limitations of commercially available HTS filter plates, researchers have 

investigated alternative solutions by developing modifications to existing plates or by developing 

new HTS designs. Zhou et al. combined a high-throughput platform (i.e. 96-well filter plate with 

a polyethersulfone (PES) backbone) with a photo-induced graft polymerization method to obtain 

a variety of ligand chemistries for HTS [37]. They streamlined the process of ligand selection 

from a library of 66 monomers to find the optimal ligand chemistry. Next, they demonstrated 

reliability of this technique by validating the HTS results with bench-scale experiments [37]; 

while these results truly demonstrated the effectiveness of a HTS platform, they neglect to 

evaluate other biomolecules (e.g. DNA) and limit the HTS to membranes with the same 

backbone (PES). McKechnie et al. also used a HTS methodology, where proprietary membrane 

ligands with a commercial PES filter plate (Sartorius) were used to evaluate monoclonal 

antibody binding under varying solution conditions (pH and salt concentration) [38]; this work 

showed the applicability of HTS membranes for biotherapeutic process optimization. However, 

it highlighted the idea that membrane material development is restricted to larger companies with 

the available funding and technical expertise to create proprietary filter plates with tailored 

membrane ligands.  

 Previous work also involved the development of a reusable ó96-well likeô HTS platform 

that was designed by clamping a single flat-sheet membrane adsorber between two blocks 

(Figure 1.8) [39]. This clamping design created wells with a 96-well filter plate format by 

allowing areas where the membrane sheet was not fully encapsulated by the two blocks and 

instead was accessible to solution. Consequently,  a large quantity of the expensive membrane 

material remained unused in between the wells of this clamping design. This device design also 
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had the potential to damage the membrane during the sealing process between the two blocks, 

possibly affecting membrane performance. Although any flat-sheet membrane could be used 

with the device (Figure 1.8), this design allowed only for testing with the same membrane 

adsorber and thus was incapable for HTS multiple membrane backbones and ligand types 

simultaneously.  

 

Figure 1.8. A HTS platform design that clamps a flat-sheet membrane adsorber between two 

blocks. Retrieved from [39].  
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1.3 Project Motivation & Scope 

 Given the technical limitations of current commercial membrane adsorbers, increasing 

biotherapeutic demand, and continuous advancement of membrane material development, there 

is a need for a HTS tool that can rapidly and effectively evaluate membrane materials. 

Addressing this technology gap to HTS membrane materials is the primary focus of this thesis. 

With a thorough investigation of existing HTS membrane technologies facing multiple 

limitations (Sections 1.2.2 and 1.2.3) and these technologies using pressure-driven flow 

mechanisms normal to the membrane surface, an alternative fluid flow design incorporated 

within the tissue engineering industry has been considered.  

 The tissue engineering industry had incorporated growing tissues within miniaturized 

microfluidic devices ï referred to as organ-on-a-chip ï to replicate the physiological and 

mechanical properties of human organs for disease modelling and drug testing applications. In 

particular, organ-on-a-chip applications have been shown with rocker platforms to ensure 

continuous perfusion (e.g. IFlowPlate) (Figure 1.9) [40]. This IFlowPlate design of 

interconnected wells combined with a rocker platform demonstrated that the fluid path across the 

middle well was sufficient in growing tissue in a miniaturized setting [40]; inspired by this work, 

a HTS method for membrane chromatography involving laterally-fed, gravitational flow driven 

by a perfusion rocker was developed. Overall, this thesis work will contribute to the 

advancement of membrane-based technologies, specifically supporting the development of more 

effective and reliable biotherapeutic processes. The specific objectives of this thesis are defined 

below: 

¶ Design a multi-well device with HTS capabilities that is customizable and can 

incorporate any flat-sheet membrane adsorber (Section 2). 
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¶ Validate the device design through static binding experiments with the adjustment 

of multiple parameters: DNA/protein (GFP, BSA), membrane type (Natrix Q, 

Mustang Q, Sartobind Q, Durapore), contact time (1 min, 4 h, 8 h, 24 h), or salt 

concentration (0, 50, 100 mM NaCl) (Sections 3 & 4). 

¶ Use the device to replicate an entire chromatography run (load-wash-elute) 

(Sections 3 & 4). 

 

Figure 1.9. Organ-on-a-chip plate design (i.e., IFlowPlate) used with perfusion rocker. Adapted 

from [40].  
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2 Apparatus Design for Screening Membrane Adsorbers 

2.1 Device Design, Components, and Considerations 

2.1.1 Multi -well Device Design 

 The design of this multi-well device incorporated similar exterior plate dimensions (131.8 

mm by 89.5 mm) and well-to-well spacing that was based on standard 96-well plate sizing 

(Figure 2.1); in particular, its 9 mm vertical well-to-well spacing design allowed for ease-of-use 

with 8-channel pipettes for manual or automated handling. The multi-well device was designed 

to carry up to 32 experiments, whereby each experiment contained two square wells 

interconnected by a circular membrane cell via flow channels (Figure 2.2A). These groupings of 

interconnected wells were designed to be easily identifiable with letter (A-H) and number 

labelling (1-4) for the deviceôs rows and columns, respectively. Each grouped interconnected 

well can accommodate a liquid volume ranging from 0.6 to 1.5 mL within the device; this upper 

limit was due to the capacity constraint and the lower limit was determined due to poor flow and 

subsequent binding results. Additionally, a singular 8 mm membrane disc from any single flat-

sheet membrane was enclosed in the membrane cell with a silicone O-ring (McMaster-Carr, 

9396K13) on a 3D-printed plug (Figure 2.2A).  

 The plug was designed to sit on the top of the circular membrane cell ï located between 

the two square wells ï of the multi-well device. It was held up by the larger diameter of the 

upper part of the plug to constrain the internal channel height to 1.65 mm (Figure 2.2A). This 

channelôs height was sufficient in accommodating a single membrane disc during experiments. 

This height configuration also has the potential to accommodate the stacking of additional 

membrane discs in a single membrane cell, which was investigated through red dye studies. 
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Figure 2.3 shows the replicate results of stacking 1 to 4 membrane discs (Natrix Q) in a 

membrane cell. This dye study demonstrated limited dye-membrane interactions when stacking 

more than 2 membrane discs per membrane cell. While the introduction of spacer materials (e.g., 

nylon) could improve the dye-membrane interactions, this avenue was not explored extensively 

throughout the work of this thesis. Overall, the dye tests showed that dye-membrane interactions 

were influenced by membrane stacking, which resulted in the decision to proceed with only one 

membrane disc per membrane cell.  

 Additionally, the base of the plug was designed to be equipped with a silicone O-ring to 

prevent liquid capillary action, effectively eliminating the risk of sample cross-contamination. 

The upper portion of the plug was designed to maintain a height below the square wells of the 

multi-well device to accommodate the well-plate lid during experiments, which prevented 

solution evaporation and ensured accurate experimental results. The effortless removal of plugs 

occurred by hooking tweezers through the top opening in the upper portion of the plug (Figure 

2.4). This plug removal allowed for membrane extraction from the circular membrane cell, 

enabling post-experimental membrane analyses (confocal imaging). The entire workflow of this 

device set-up can be seen by Figure 2.5.  
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Figure 2.1. Exterior dimensions of multi-well device and 96-well plate design, highlighting 

ease-of-use with 8-channel pipette due to 9 mm vertical well-to-well spacing. 
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Figure 2.2. Schematic illustration of a (A) 3D-printed multi-well device (131.8 mm by 89.5 mm) 

capable of 32 experiments, where each was designed with two square wells interconnected by a 

middle, circular membrane cell that contained the 8 mm membrane disc (Natrix Q). It also shows 

(B) gravity-driven perfusion fluid flow across the membrane adsorber in one inter-connected 

well of the device.   
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Figure 2.3. Dyes studies using 0.02 v/v% red food colouring (20 mM Tris HCl) solution with 1 

to 4 membrane discs per membrane cell in replicates (800 µL per membrane cell, Natrix Q). 

Procedure is outlined in Appendix A.3. 

 

Figure 2.4. Demonstrating ease-of-removal of plugs from multi-well device via hooking 

tweezers through the opening on the top of the plug. 



MASc Thesis ï Ana Areģina  Biomedical Engineering ï McMaster University 

25 

 

 

Figure 2.5. Workflow of multi-well device setup with membrane discs prior to solution 

insertion.  

2.1.2 Perfusion Rocker 

 The device was designed to sit on a perfusion rocker for gravity-driven lateral fluid 

mixing (Figure 2.2B). The aforementioned flow channels between the circular membrane cell 

and adjacent square wells in the device allowed for this fluid to flow across the membrane. A 

visual representation of this flow path, featuring a single membrane disc per interconnected well, 

can be seen through observing the remnants of dye on the bottom of a previous device prototype 

(Figure 2.6). The rockerôs tilting action, which tilted to a 17° angle from the horizontal, resulted 

in a fluid height difference across the square wells, generating hydrostatic pressure that 

facilitated fluid flow from the higher square well to the lower square well within the device on 

the rocker platform. The pressure head per interconnected well was found to be 88 Pa for a 

solution volume of 1000 µL (Appendix A.4). A two second period of tilting was observed to be 
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necessary to reach fluid level equilibration with this rocker, and so it was operated at the rockerôs 

maximum tilting frequency of one tilt  per six seconds (Figure 2.2B).  

 A key design change that differentiates this device from commercially available HTS 

tools (e.g. Acroprep) or research investigated HTS tools, as seen by Leutholdôs work [41], is the 

fluid flow path. With these previously designed HTS tools, the fluid flows perpendicular to the 

membrane surface due to a pressure-driven process via a vacuum manifold or centrifuge (Figure 

1.6). This pressure-driven process drives the entirety of the fluid sample only once through the 

membrane barrier, and into the 96-well collection plate for further sample analysis. However, 

with this device design, the fluid flow occurs due to gravity-driven flow by the perfusion rocker, 

allowing for efficient mixing of sample solution; this fluid flows in a tangential flow pattern 

rather than the normal flow pattern of the traditional HTS tools (Figure 2.7). Also, this device 

undergoes multiple tilts on the rocker to ensure repeated interactions between the liquid solution 

and membrane. This repetitive process improves the biomolecule contact time with the 

membrane, which can subsequently improve biomolecule-membrane interactions via adsorption.  

 Finally, while this thesis carried out experiments with the rocker and the device at room 

temperature conditions, temperature can be an important parameter to consider for optimizing 

binding interactions. The use of this perfusion rocker set-up with the multi-well device was 

considered in different temperature-controlled environments. Specifically, the versatility of this 

device set-up was demonstrated in both a colder and warmer setting (3°C and 37°C, respectively) 

(Figure 2.8). 
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Figure 2.6. The bottom view of the interconnected wells from an earlier prototype design, 

highlighting the flow path (tryptophan dye, Mustang Q).  

 

 

Figure 2.7. Comparing the different flow paths of traditional HTS membrane tools and this 

multi-well device.  

 

 

Figure 2.8. Device and rocker set-up at different temperature-controlled environments within 

(A) a fridge (3°C) or (B) an incubator (36°C).  
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2.1.3 High-Throughput Screening Considerations 

 Given that each multi-well device accommodates up to 32 experiments, a single device 

alone was insufficient for extensive HTS purposes. Instead, a layout was shown that offers 

significant potential as a HTS method by enabling the simultaneous execution of 256 

experiments through the rocking action of eight multi-well devices, which were organized into 

four stacks of two devices on the rocker platform (Figure 2.9); here, 1 mL of solution was 

inserted within each of the 32 inter-connected wells of all of the devices on the rocker, 

demonstrating that the rocker can still operate with this added solution weight. This deviceôs 

stackable design ï featuring an extended border edge ï and compatibility with the rocker 

platform for parallel operation ï a two by two device layout in this case ï facilitated the 

simultaneous rocking of multiple device combinations (Figure 2.10). These HTS design features 

can be further adjusted for future scalability to accommodate an even larger HTS analysis (>256 

experiments). The high-throughput potential of this device was further highlighted by showing 

its automation capabilities with a robotic liquid handler system (Eppendorf epMotion) (Figure 

2.11).  The 9 mm vertical well-to-well spacing design of the multi-well device enabled the liquid 

handler system to transfer 200 µL of solution from each interconnected well in a column of the 

device to the corresponding well of a standard 96-well plate.  
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Figure 2.9. The demonstration of HTS feasibility through the simultaneous rocking action of 8 

multi-well devices by the perfusion rocker (6 seconds per tilt), with each of the 256 experiments 

containing 1 mL of MilliQ water solution.  

 

Figure 2.10. The design features that allow for stacking multiple devices in four stacks of two on 

the rocker, enabling up to 256 total experiments. 
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Figure 2.11. Incorporation of an automated liquid handler system (Eppendorf EpMotion) with 

the multi-well device design, showing multiple steps: (A) multi-well device and 96-well plate 

set-up, (B) approach of the liquid handlerôs pipette to A1 layout of the multi-well device for 

liquid uptake, (C) uptake of 200 µL sample from A1 by pipette, (D) transfer of this sample to the 

A1 well of the 96-well plate, and (E) the completed 200 µL sample transfers from each of the 

wells of one column of the multi-well device into corresponding wells of the 96-well plate. 
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2.2 Comparative Analysis of 3D-Printer Output   

 Three types of 3D-printers and multiple proprietary resins were investigated and 

compared in terms of resolution, printing accuracy, and available printing volume, as reported by 

the manufacturers (Table 2.1). This comparison aimed to understand the capabilities of these 

printers for the specific requirements of the multi-well device design. Note that the XY 

resolution refers to the 3D-printerôs ability to print fine details in the horizontal plane, the Z layer 

thickness impacts the vertical resolution, the spatial accuracy reports the precision of the printing 

nozzle, and the print volume refers to space available for printing. Table 2.1 suggests that the 

Photon S 3D-printer would have been the optimal choice due to its high XY resolution and low 

spatial accuracy error. Unfortunately, the Photon S 3D-printer was limited in its build 

dimensions in the XY plane and would not be able to accommodate the multi-well device design. 

Alternatively, the ProJet and Form 3D-printers had larger available print volumes that were 

suitable to accommodate the printing of this device design. 

 Regardless, 3D-printed outputs based on an older device design were obtained from the 

three 3D-printers (ProJet, Form, Photon S) (Figure 2.12). Among the different 3D-printer 

outputs, the ProJet 3D-printed part stood out with its exceptionally high-resolution appearance. 

In particular, the resolution around the lettering of the name written on the device was clearly 

apparent with the ProJet 3D-printer, whereas it was not as apparent in the outputs of the other 

3D-printers. It is important to recognize that each 3D-printer used different proprietary resins 

that were specifically designed for the corresponding commercial printer. While the proprietary 

resin type used could have had an impact on the 3D-printed part resolution, these resins could 

not be interchanged between the 3D-printers. In addition, leaching from the ProJet 3D-prints was 

observed to be negligible (Appendix A.1). Thus, considering 3D-printed part quality, it was 
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decided to proceed with the ProJet 3D-printer and its associated resin materials (M2R-CL). Note 

that the ProJet 3D-prints were post-processed according to the procedure in Appendix A.2. 

Table 2.1. The comparison of the 3D-printer properties with corresponding photoresponsive 

resins. 

3D- 

Printer 

(Company) 

3D-Printer Properties 

Photoresponsive 
Resin(s) 

Ref. 
XY 

Resolution(µm/

dpi) 

Z Layer 

(µm) 

Spatial 
accuracy 

(mm) 

Print 
Volume 

 (mm3) 

ProJet 2500 
Plus 

(3D Systems) 

1600×900 dpi 32 0.002ÀÀ 
294×211

×144 

VisiJet Resins  
(M2R-CL, M2R-

WT) 

[42] 

Form 3B+ 

(Formlab) 
25 µm 25-300À 0.0015ÀÀ

 145×145

×185 

Clear Resin 

(FLGPCL04) 
 

Surgical Guide 

Resin  
(FLSGAM01) 

[43] 

 
[44] 

Photon S 

(Anycubic) 

47 µm 
(2560×1440  

dpi) 

10-200 0.00125 
115×65×

165 

zPMMA 

 

Anycubic White 
Standard resin 

[45] 

À For the Clear and Surgical Guide resins specifically, the layer thickness is 100 and 25 µm, 

respectively. 

ÀÀ The values provided for ProJet and Form 3D-printers were calculated from the reported value 

of ±0.04 per 27 mm and ±0.0508 per 25.4, respectively.  

 

 

Figure 2.12. The 3D-printed parts of an older device prototype from 3 different 3D-printers 

(ProJet P2500 Plus, Form 2, and Photon S), highlighting the excellent resolution of the ProJet 

3D-printer output. 
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3 Materials and Methods 

 The previous section introduced and discussed the unique features of the multi-well 

device design set-up, the perfusion rocker, and the 3D-printed material considerations. It is 

important to note that this section will highlight the specific methodology with using this multi-

well device for the static binding experiments.  

3.1 Materials 

3.1.1 Buffers 

 The 20 mM and 25 mM Tris HCl buffer stock solutions were made using MilliQ  water, 1 

M NaOH (VWR), and Tris-HCl salt (OmniPur, MW 157.60 g/mol). Higher salt buffer solutions 

(50 mM, 100 mM, 1.25 M NaCl) were created by mixing NaCl salt (BioShop) with 20 mM Tris 

HCl stock solution. All the 20 and 25 mM Tris HCl buffers were pH corrected to 7.5 and 8, 

respectively, through using a pH meter (Hanna, HI 5522),  

3.1.2 Biomolecule Loading Solutions 

 Different biomolecule loading solutions were used for the static binding experiments 

carried out in this thesis. The majority of these experiments were performed through creating 6 

mg/mL BSA (BioShop, 2A74814) loading solution with each 20 mM Tris HCl salt solution (0, 

50, and 100 mM NaCl). Green fluorescent protein (GFP), which was obtained from a previous 

work [46] and stored in freezer conditions until use, was diluted 10× with 20 mM Tris HCl (0 M 

NaCl, pH 7.5) to create the GFP loading solution for the multi-well device. The GFP loading 

solution for the syringe pump control, which has a circular membrane active area with a diameter 

of 9.5 mm, was diluted by approximately 9× with 20 mM Tris HCl (0 M NaCl, pH 7.5). Note 

that the difference in GFP loading solutions between the multi-well device and the syringe pump 
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(which accessed 8 and 9.5 mm diameters of the membrane discs, respectively) ensured that the 

same GFP amount was available per membrane volume. For the DNA static binding 

experiments, two loading solutions of 200 and 800 µg DNA/mL were made by diluting a 10 

mg/mL Herring testes DNA (Invitrogen, 15634-017) stock solution with the 25 mM Tris HCl 

buffer solution (0 mM NaCl, pH 8). All biomolecule loading solutions were well mixed and 

these solutions were stored at 4 °C until experimental use.  

3.1.3 Membrane Materials  

 Three types of AEX flat-sheet membrane adsorbers functionalized with quaternary 

ammonium groups ï Sartobind Q (Sartorius, 94IEXQ42-001), Mustang Q (Pall), Natrix Q 

(Millipore, NATQ04725) ï and an uncharged Durapore (Millipore, DVPP02500) membrane 

were selected for this work. The properties of the flat-sheet membrane types used in this work 

are reported (Table 3.1), with dry membrane volumes (MV) used for the multi-well device 

ranging from 0.00628 to 0.0151 mm3. These MV values were used to determine binding capacity 

(mg BSA per mL dry membrane).  

Table 3.1. Properties of membranes (Sartobind Q, Mustang Q, Natrix Q, Durapore).  

Membrane Type  Backbone 
Dry Membran e Thickness 

(cm) 

Pore Size 

(µm) 

Sartobind Q 
Stabilized reinforced 

cellulose 
0.0275 > 3 

Mustang Q Polyethersulfone 0.01375 0.8 

Natrix Q 
Porous polyacrylamide 

hydrogel 
0.0200-0.0300À 0.4 

Durapore Polyvinylidene fluoride 0.0125 0.65 
À Note that a thickness of 0.0300 cm was used for Natrix Q static binding capacity calculations.  
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3.2 Methods 

3.2.1 SEM Membrane Imaging  

 Two 13 mm membrane discs were obtained for each of the membrane materials (Natrix 

Q, Sartobind Q, Mustang Q, Durapore) through using a 13 mm punch. One set of these discs was 

used for SEM imaging of the top membrane surface at 500× and 1500×. The other set of discs 

were used to generate a membrane cross-section for SEM imaging; these discs were first frozen 

(-30°C) with cryostat embedding media (VWR, 95057-838). Then, the cryostat microtome 

(Thermo Shandon Cryotome E) was used to cut the membranes about halfway into a 13 mm 

membrane disc. The halfway-cut membrane samples were then removed from the cryostat 

microtome to enable the cryostat embedding media to return to its room temperature liquid state, 

facilitating the extraction of the membranes for SEM cross-section imaging. Subsequently, the 

membrane samples were rinsed with MilliQ water to remove any remnants of the cryostat 

embedding media. The cross-sectioned membrane samples were imaged at 500×. All SEM 

imaging was performed after the membrane samples were coated with 5 nm of platinum and 

obtained through using a JEOL7000F field emission SEM at a 3 kV acceleration voltage for each 

respective magnification. 

3.2.2 Biomolecule Binding Studies 

  Each biomolecule binding experiment that assessed membrane materials in the multi-

well device required an 8 mm membrane disc per experiment from a flat-sheet membrane (Natrix 

Q, Sartobind Q, Mustang Q, Durapore); this 8 mm membrane disc was obtained through using a 

handheld 8 mm diameter hole-puncher (Allwin, Oregon Lamination Premium). Experiments 

conducted within the multi-well device were covered by a plate lid, while sitting on this gravity 

perfusion rocker.   
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3.2.2.1 GFP-Membrane Interactions via Confocal Microscope 

 As a control, Natrix Q was evaluated with a normal flow pattern via a syringe pump. 

First, the membrane was cut into a 13 mm membrane disc and placed into a syringe filter holder. 

Since the o-ring of the syringe filter had an inner diameter of 9.5 mm, only a circular membrane 

area with a diameter of  9.5 mm was exposed to solution. 1 mL of GFP solution was loaded into 

a 5 mL syringe and then the syringe filter was attached to it. The syringe apparatus was then 

connected to the syringe pump (PHD ULTRA Harvard Apparatus) to push the GFP solution in a 

normal-flow pattern at 1 mL/min. The GFP loading solution was also placed in contact with 

Natrix Q in the multi-well device for 24 h. Following each procedure, the membrane was 

extracted for confocal imaging.  

 A cross-section of this extracted membrane was obtained using the cryostat microtome 

(Thermo Shandon Cryotome E).  The extracted membrane was frozen (-30°C) using cryostat 

embedding media (VWR, 95057-838) to allow for the cryostat microtome to cut a membrane 

cross-section sample with a 60 µm thickness, which was then transferred onto microscope slides 

(Eisco, BI0082B) for confocal imaging. The confocal microscope (NIKON Upright Confocal, 

A1R HD25) was operated at a specific laser power (2 mW) and gain (13) using a Nikon 10× 

objective and FITC channel (ɚex [excitation wavelength] = 488 nm, ɚem [emission wavelength] 

= 525 nm) to capture the fluorescence of the entire membrane cross-section (13006 × 2868 

pixels), as well as a magnified view in the same z-plane. Figure 3.1 shows the workflow of this 

confocal process. From these confocal images of the membrane, the average and standard 

deviation (SD) values of the membrane length and thickness were determined from 5 

measurements using ImageJ. In addition, ImageJ software was used to obtain individual intensity 

profiles with approximately 500 µm separation across the membrane thickness for confocal 
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images of the cross-sectioned membranes obtained from the syringe pump and multi-well device 

experiment. These individual profiles were adjusted so that the fluorescence at the membrane 

surface was aligned, and subsequently the average profil es were obtained.  

 

Figure 3.1. The process workflow to obtain a confocal image of a Natrix Q cross-section 

extracted from the multi-well device.  

3.2.2.2 Biomolecule Binding Experimental Procedure 

 Prior to any experimentation, the multi-well device was set-up as described in Section 2. 

Static binding tests in the multi-well device were carried out through a series of steps, including 

equilibration, load, and analysis. Figure 3.2 shows these steps with the example of using BSA 

for the load step. First, equilibration involves loading the device with fresh buffer to wet the 

membrane and remove any potential contaminants. After the equilibration steps, 800 µL of 

loading buffer ï that is the buffer containing the biomolecule of interest (e.g., BSA or DNA) ï 

was inserted for each interconnected wells of the device. It is important to recognize that a total 

of 1 mL of Tris HCl buffer solution was maintained throughout the different steps in the 
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experiment until the analysis stage. Then, 200 µL samples were collected from each experiment 

in the multi-well device for further analysis (Section 3.2.2.3). 

 The BSA-membrane binding experiments were evaluated in the 3D-printed multi-well 

devices and were carried out in 20 mM Tris HCl (pH 7.5) with at least four samples per 

condition: membrane type (Table 3.1), loading solution contact time (1 min, 4 h, 8 h, or 24 h), 

and salt buffer concentration (0, 50, or 100 mM NaCl). Among all the membrane types, the 

Natrix Q membrane ï which has MV of 15.1 µL (Table 3.1) ï reported the highest binding 

capacity of 242 mg BSA per mL membrane, suggesting that the theoretical maximum binding 

per 8 mm Natrix Q disc would be 3.65 mg BSA [19]. To ensure the BSA loading concentration 

was above the reported theoretical maximum binding capacity (Table 3.2), the BSA loading 

concentration per interconnected wells of the multi-well device was set to be 4.8 mg/mL (800 µL 

of 6 mg/mL loading solution) for each membrane type. Additionally, 6 mg/mL BSA solution 

controls were placed aside in 24-well plates (VWR, 10062-894) for the same time duration as the 

loading step of the multi-well device and were used as the starting concentration for the 

calibration curve. A 2× dilution was created using the same salt buffer conditions as the loading 

solutions (i.e., 0, 50, or 100 mM NaCl) for the calibration plot.  

 The DNA-membrane binding experiments consisted of analyzing quadruplicate replicates 

with each of the three AEX membranes (Natrix Q, Sartobind Q, Mustang Q) for 24 h in the 

multi-well device. Note that the buffer conditions for the DNA experiments are slightly different 

from the BSA, where DNA used 25 mM Tris HCl (pH 8). Also, during the loading step, Herring 

testes DNA was loaded into the device instead of the BSA loading solution. To ensure maximum 

binding was achieved, each membrane was loaded with at least 1.5 times more DNA mass (mg) 

than the reported theoretical mass bound from literature (Table 3.3). The corresponding loading 
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solution concentration for each membrane type was reported (Table 3.4). The DNA loading 

solution controls (800 µg/mL and 200 µg/mL) were placed in 24-well plates (VWR, 10062-894) 

for the same 24 h as the multi-well device experiment. The DNA controls were used as the 

starting concentration for the calibration curve; a calibration curve for each loading solution was 

prepared through performing a 2-fold serial dilution in 25 mM Tris HCl (pH 8, 0 M NaCl), 

including a blank sample. Note that the 800 µg/mL DNA loading solution, which was used for 

the calibration and as the loading solution for Natrix Q for the 24 h multi-well DNA experiment, 

had exceeded the limit of detection for the analytical tool; consequently, these samples were 

diluted by a factor of 4, which was accounted for later in analysis.  
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Figure 3.2. Illustration demonstrating the protein (BSA) binding experiments under specific 

conditions with membrane adsorbers starting with the equilibration stage (20 mM Tris HCl, pH 

7.5), followed by a load stage (6 mg/mL BSA in 20 mM Tris HCl, pH 7.5), and finally is 

analyzed in a UV-transparent 96-well plate for absorbance reading measurements (Tecan Spark 

10M, 280 nm).   
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Table 3.2. Dynamic binding capacity (DBC) of BSA (10% breakthrough) reported by literature 

under varying salt conditions for three commercially available AEX membranes (Natrix Q, 

Sartobind Q, Mustang Q). Note that the bolded DBC values were from the same source, and thus 

used for trend comparison with static binding values. Retrieved from [19], [29].  

Membrane Type 
BSA DBC with varying Salt Concentration (mg BSA/mL membrane) 

0 mM NaCl 50 mM NaCl 100 mM NaCl 

Natrix Q 242, >300 192 86 

Sartobind Q 18, 29 14 8 

Mustang Q 56, 82 55 33 

 

Table 3.3. Dynamic binding capacity (DBC) of DNA (10% breakthrough) reported for three 

commercially available AEX membranes (Natrix Q, Sartobind Q, Mustang Q) and the associated 

theoretical maximum mass bound (mg) per 8 mm membrane. Note that the bolded DBC values 

were from the same literature source, which were used for trend comparison with static binding 

values. DBC values retrieved from [18], [19].  

Membrane 

Type 

Reported DNA DBC Membrane Volume (MV) 
Theoretical maximum  

mass bound 

(mg/mL; µg/µL) (µL) (mg) À 

Natrix Q 26.9 15.1 0.406 

Sartobind Q 0.8, 3.4 13.8 0.047 

Mustang Q 1.5, 17.1 6.9 0.118 

À Calculation (using bolded DBC values): Theoretical maximum mass bound (mg) = DNA DBC 

(µg/µL) × MV (µL) / 1000 

 

Table 3.4. The DNA loading concentrations for each membrane type to ensure excess DNA 

mass in solution, calculated based on DNA binding to AEX membranes from literature [19].  

Membrane 

Type 

Loading Solution 

Concentration 
Total mass % of mass left over À 

(mg/mL) (mg / interconnected well) (%) 

Natrix Q 0.8 0.64 38% 

Sartobind Q 0.2 0.16 71% 

Mustang Q 0.2 0.16 31% 

À Calculation: (Total mass ï Theoretical maximum mass bound) / (Total mass) 
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3.2.2.3 Biomolecule Binding Analysis 

 After the duration of the contact time, samples (including controls and calibration) were 

extracted and analyzed using the Tecan Spark 10M plate reader (Tecan Austria GmbH, 

30104686) at 280 nm or 260 nm on an Eppendorf 96-well plate (F-film bottom, Eppendorf 

Plates, Germany, 0030741048) for BSA and DNA, respectively. The calibration was prepared by 

plotting absorbance against the corresponding concentration, and residual plots were obtained 

(Appendix B). The mass in each sample was determined by establishing the absorbance-

concentration relationship from the upper linear portion of the calibration and by maintaining a 

solution volume of 1 mL per interconnected well for each experiment. The mass bound per 

membrane replicate was determined from the biomolecule amount depleted in solution by 

subtracting the mass in the presence of the membrane from the absence of the membrane. Then, 

these mass bound values were used with the MV (Table 3.1) to calculate the static binding 

capacity (SBC) of each replicate, which was reported as mass bound per membrane volume. 

Average SBCs and standard deviation (SD) were then determined for each membrane type at 

each time duration and salt concentration, if applicable. All subsequent statistical analysis was 

carried out using SPSS software.  

 For the BSA statistical analysis, Leveneôs test was used to verify equal variances. If 

Leveneôs test demonstrated equal variances, then a one-way ANOVA with Tukey HSD post-hoc 

analysis was carried out. In the case of unequal variances, ANOVA was carried out with post-

hoc analysis of Games-Howell. The Natrix Q replicates per salt condition (0, 50, 100 mM) at 

each time point were compared with a one-way ANOVA (  θ= 0.05) statistical test.  Additionally, 

a one-way ANOVA (  θ= 0.05) evaluated if there was a statistical difference between time points 
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at each salt concentration. The same was applied for the BSA binding experiments when 

comparing membrane types (Natrix Q, Mustang Q, Sartobind Q, Durapore).  

 For the DNA binding, Leveneôs test was used to assess variance homogeneity, followed 

by Welchôs test. A one-way between groups ANOVA (θ = 0.05) was carried out to observe if 

there were statistical differences among the membrane types (Natrix Q, Sartobind Q, Mustang Q) 

with a Games-Howell post-hoc analysis to identify those statistically different groups.  

 Note that while these SBC values were calculated based on dry MV reported by the 

manufacturer, an adjustment factor to account for membrane swelling was determined through 

swelling tests for each membrane material. Prior to the start of the 1 h swelling test, three 8 mm 

membrane discs for each material were hole-punched and imaged. Then, one disc remained dry, 

while the other two were placed in separate microcentrifuge tubes that contained 1 mL of 20 mM 

Tris HCl buffer with different salt conditions (0 or 1 M NaCl). Following 1 h, the 3 membrane 

discs were re-imaged to compare the membrane thickness variation via ImageJ. This variation 

allowed for the comparison between the dry and wet MV to determine the adjustment factor (mL 

wet MV per mL dry MV) for each membrane material (Appendix B.4).  

3.2.3 Chromatography: Load-Wash-Elute Steps 

 This experimental procedure consisted of replicating a chromatographic process (i.e., 

load-wash-elute steps) with Natrix Q within the multi-well device. The BSA loading solution 

calibration controls (6 mg/mL) and loading samples in contact with Natrix Q (0.8 mL of 6 

mg/mL; ~4.8 mg/mL) for 24 h were carried out as described in the previous method (Section 

3.2.2.2). Subsequently, wash steps (3×) of fresh 20 mM Tris HCl buffer (0 mM NaCl, pH 7.5) 

were inserted into the multi-well device to extract any unbound BSA. Finally, the elution steps 

(3×) were carried out with 20 mM Tris HCl buffer (1.25 M NaCl, pH 7.5). Note that at the end of 
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each of the loading, wash, and elution steps, the extracted volumes were set aside for subsequent 

sample analysis; the recovered BSA mass amount of these samples for each step of this process 

was determined as described previously (Section 3.2.2.3).  Statistical analysis was carried out 

using SPSS software to perform two-tailed independent t-tests (θ  = 0.05) to evaluate significant 

differences between the mass values of the two groups of replicates: Natrix Q membrane and no 

membrane.  
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4 Results and Discussion 

4.1 Evaluation of Protein Binding to Natrix Q 

 To assess protein-membrane interactions, static binding experiments were first carried 

out in the multi-well device using a Natrix Q membrane under consideration of multiple 

variables: protein (BSA, GFP), protein contact time (1 min, 4 h, 8 h, or 24 h), and salt buffer 

conditions (0, 50, or 100 mM NaCl). Natrix Q was selected as a candidate membrane for 

membrane material evaluation, due to it being an AEX membrane that is not commercially sold 

in the HTS filter plate format.  

 With different flow patterns between the traditional commercial filter plates and this 

multi-well device ï operating in normal flow pattern and tangential flow pattern to the membrane 

surface, respectively (as discussed in Section 2.1.2.) ï validation of protein penetration was first 

considered. Inspired by this deviceôs ease-of-use and previous work performed with membrane 

adsorber cross-section imaging [47], [48], the GFP loading solution was placed in contact with 

Natrix Q for 24 h in the multi-well device to allow for post-experimental imaging analysis. 

Previous confocal studies performed on membrane materials have reported that imaging 

throughout the membrane was restricted by the penetration limit of the microscope [49]. 

Specifically, PES materials (Sartobind S, Sartobind Q) had a penetration depth limit  of no more 

than 60 µm [50]. With all AEX membranes studied in this thesis reporting a membrane thickness 

larger than 100 µm (Table 3.1), it quickly became apparent that imaging throughout the entire 

membrane depth would be infeasible. To overcome this issue, Marroquin et al. had demonstrated 

performing confocal imaging with membrane cross-sections instead [47], [48]. Thus, in this 

experiment, a cross-section of this extracted 8 mm Natrix Q disc was imaged, where the resulting 
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GFP fluorescence was visualized via a confocal microscope (Figure 4.1A & 4.1B). The length 

of the entire Natrix Q cross-section was determined to be about 8 mm (8.07 ± 0.03 mm, ImageJ), 

and displayed GFP fluorescence across the entire membrane (Figure 4.1A); this image was 

characterized with an even stronger saturation along the membrane edge, as observed via the 

average intensity profile of the confocal image (Appendix B.5, Figure B.9C). GFP penetration 

across the thickness of the membrane (456 ± 7 µm) was emphasized with the magnified view 

(Figure 4.1B). Note that the Natrix Q membrane thickness nearly doubled in size upon contact 

with solution when compared to the reported dry state thickness (Table 3.1); this change in 

dimensions could be attributed to the swelling behaviour of the Natrix Q material, where its 

polyacrylamide hydrogel backbone has an affinity for water. This swelling behavior of 

membrane materials has been reported throughout literature, where the degree of swelling can be 

further impacted by experimental conditions (e.g., temperature, salt concentration) [51]ï[54]. As 

a result, swelling tests were carried out with all membrane materials used throughout this thesis 

to observe the change in MV (Appendix B.4); in particular, it was confirmed that Natrix Q had 

demonstrated significant swelling behaviour (Figure B.6).  

 In addition to the multi-well device experiment, GFP loading solution was driven across 

the Natrix Q membrane in a normal flow pattern via a syringe pump. This GFP fluorescence was 

also visualized via a confocal microscope (Figure 4.1A), where the exposed length and thickness 

were estimated to be 10085 ± 129 µm and 476 ± 22 µm, respectively (ImageJ). Note that the 

intensity profiles of the GFP-membrane confocal images, which were extracted from the syringe 

pump experiment and multi-well experiment, were obtained (Appendix B.5). While numerous 

intensity profiles were obtained, an approximate intensity value of 300 was estimated for the 

syringe pump experiment (Figure B.8). On the other hand, the membrane from the multi-well 
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device experiment was characterized with estimated intensity values of about 300 and 200 for the 

edges and the center of the membrane thickness, respectively (Figure B.9). This result suggests 

that regardless of the flow pattern to the membrane surface (i.e., normal flow, gravity-driven 

lateral flow), both techniques were sufficient in allowing the protein to be accessible throughout 

the entire membrane.  

 While these confocal images predominately exhibited fluorescence, there were some 

areas that lacked a GFP signal. The SEM image of a Natrix Q cross-section indicated the 

presence of the polymer fibers that provide the support structure for the hydrogel formation 

(Figure 4.1C); these inert support fibers were mentioned by the membrane manufacturer [55]. 

The inert nature of the support fibers suggested that there would be no interactions with GFP, 

thereby presenting a plausible explanation for this absence in GFP signal [55]. It is important to 

note that the SEM sample was obtained through using the cryostat, since initial attempts via 

cryo-fracturing had failed in yielding a sample for analysis; this unsuccessful attempt was 

thought to be attributed to the presence of support fibers within the membrane, as was seen by 

the SEM image. This experimentôs incorporation of this multi-well device demonstrated easy 

membrane extraction ï a feat that was not viable with current commercial HTS filter plates 

without potential membrane damage ï that subsequently allowed for post-experimental analysis; 

this imaging provided valuable insights to GFP penetration across the entire membrane and 

suggested that a contact time of 24 h was sufficient.  

 Following validation of the experimental design, a BSA static binding experiment was 

carried out to examine the impact of solution effects. BSA was chosen as a model protein in this 

thesis due to its accessibility, cost-effectiveness, and its reported interactions with AEX 

membranes in literature (Table 3.2). In preparation for the static binding experiment, the multi-
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well device was equilibrated with a 20 mM Tris HCl solution at pH 7.5 with specific NaCl 

concentrations (0, 50, or 100 mM). Subsequently, 800 µL of 6 mg/mL BSA loading solution 

(~4.8 mg BSA per interconnected well) was inserted into the device in the same salt buffer 

conditions to determine the SBC. To account for background binding to the multi-well device 

itself, controls without a membrane were included. These controls were used to determine the 

SBC values (Section 3.2.2.3). The average SBC with standard deviation (SD) on Natrix Q 

membranes (mg BSA per mL membrane) at four contact times (1 min, 4 h, 8 h, 24 h) and three 

salt conditions (0, 50, 100 mM NaCl) was determined (Figure 4.2). While these SBC values 

were reported throughout this thesis based on dry MV dimensions, swelling behaviour had been 

observed earlier with Natrix Q. To account for the change in MV when the membrane is wetted, 

an adjustment factor can be applied to this thesisô reported SBC values (Appendix B.4, Table 

B.6). When comparing the dry MV to the wet MV, the results indicated almost a 3-fold MV 

increase for Natrix Q and insignificant membrane swelling for the remaining AEX membrane 

materials. A comparison of the SBC values based on dry and wet MV dimensions was shown for 

Natrix Q (Figure B.7). Further discussion about the swelling tests can be found in Appendix B.4. 

 Recall that operating at a solution pH (pH = 7.5) above the pI of BSA, which was 

reported to be 4.7 [56], would result in it having a net negative charge.  It was anticipated that 

BSA would penetrate and electrostatically interact throughout the entire AEX membrane in the 

multi-well device, due to its protein properties (i.e.,  net negative charge, a molecular mass of 66 

kDa, and nominal size of 7.1 nm) [57]. From this BSA SBC experiment, it was revealed that the 

highest BSA SBC with Natrix Q was achieved at 24 hours with 0 mM NaCl (Table 4.1, Figure 

4.2). No significant differences were observed between salt concentrations at a contact time of 4 

and 8 h (Table B.4). In contrast, at 24 h, the SBC in a solution of 0 mM NaCl was about 1.8 
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times larger than 100 mM NaCl. This trend was further confirmed via an ANOVA with Games-

Howell post-hoc, where reported statistical differences for all salt concentrations were observed 

at 24 h of contact time (p-value < 0.001, Table B.4). Also, note that 0 mM and 50 mM samples 

were statistically different at 1 minute with a p-value < 0.05 (Table B.4); however, this statistical 

difference might be attributed to human error from leaving the 50 mM samples in contact with 

the membrane in the device slightly longer than the 0 mM samples. With 1 minute being a very 

short time duration, the exact time of sample extraction for analysis could directly impact 

performance results. Additionally, these BSA SBC trends were in agreement with previous 

literature findings (Tables 3.2 and 4.2, respectively), suggesting that a decrease in salt 

concentration increases BSA binding potential [19]; this observation is thoroughly observed with 

ion-exchange chromatography, where increasing salt concentration results in ions that interact 

with the charged ligands of the membrane to increase electrostatic screening [15]. This increased 

electrostatic screening resulted in a decreased Debye length ï recall the concept was introduced 

in Section 1 ï and reduced electrostatic interactions between the net negatively-charged BSA and 

positively-charged ligands of the membrane. This reduced interaction meant that BSA adsorption 

was also decreasing, resulting in a reduced SBC value.  This phenomenon can also be used to 

explain the interesting finding that SBC reached a plateau at an earlier contact time for samples 

with 100 mM NaCl compared to 0 mM NaCl. The 100 mM samples at 8 h were not statistically 

different from the 24 h samples (Table B.5). In contrast, the 0 mM NaCl samples were 

statistically different at each time point (p-value < 0.05, Table B.5). This statistical difference 

suggests that the 100 mM NaCl solution samples reach a plateau earlier than the 0 M NaCl 

samples. This result supports the idea that increased salt would result in reduced accessibility of 

membrane surface area for BSA interaction, resulting in a plateau occurring earlier. Furthermore, 
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as expected, negligible BSA binding to the membrane occurred within the first minute of contact, 

irrespective of the salt condition (Figure 4.2). With a shorter contact time to interact with the 

membrane surface due to less mixing opportunity by the rocker, the adsorption of BSA is also 

reduced, leading to a decrease in reported SBC.  

 Overall, these Natrix Q studies proved that any flat-sheet membrane adsorber could be 

easily incorporated in this multi-well device. Post-experimental membrane analysis with this 

device was also demonstrated, which allowed for valuable insight into membrane-protein 

interactions and demonstrated protein penetration across the membrane at 24 h. Furthermore, it 

was shown that this device can be utilized similarly to current HTS tools for evaluating optimal 

solution conditions (e.g., pH, salt concentration), as proven by the correlation between the trends 

observed in BSA SBC and BSA dynamic binding capacity (DBC) values from literature. It is 

important to recognize that while a single DBC value was used for trend comparison, there was a 

disparity among reported DBC values for the same solution conditions (Table 3.2). This 

variation motivates the use of this multi-well device with replicate membrane samples to 

generate an accurate range of binding capacity values.  

 While this work demonstrated the ability to address solution effects on biomolecule-

membranes interactions, there are other parameters that can influence binding capabilities. 

Earlier, it was demonstrated that temperature could be manipulated by placing the rocker and 

device in specific temperature-controlled environments (Figure 2.8).  While the influence of 

temperature had been largely regarded as insignificant in the past, Miheliļ et al. has 

demonstrated that binding to weak AEX materials can be impacted with temperature changes 

[58]; it was shown that the binding capacity for BSA and soybean trypsin inhibitor increased 

with increasing temperature, whereas L-glutamic acidôs peak binding was reported at 20 °C [58].  
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Similarly, Voswinkel et al. demonstrated that ɓ-lactoglobulin was found to exhibit optimal 

binding at 10 °C compared to 50 °C, where a higher temperature resulted in the protein dimer 

dissociating into monomers [59]. The conformational changes in protein structure impacted the 

surface charge, reducing the proteinôs binding capabilities [59].  

 Altogether, this literature investigation indicated that temperature effects should be 

considered to optimize system performance, particularly when higher temperatures impact 

protein binding via denaturation. On the other hand, while low temperatures (10 °C) can be 

effective in limiting microbial growth, it might not be the optimal temperature condition for the 

system [59]. Understanding the specific requirements of the components being purified and 

identifying their optimal temperature binding conditions will aid in improving membrane 

performance. The ability to manipulate temperature conditions with the multi-well device 

apparatus allows for the consideration of operating at optimal temperature conditions in order to 

increase protein binding capabilities. 
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Figure 4.1. Comprehensive Imaging of Natrix Q: (A) confocal imaging of GFP fluorescence on 

the entire membrane cross-section that was retrieved from the syringe pump and multi-well 

device experiments; (B) a magnified view of the membrane from the multi-well device 

experiment with a membrane thickness of approximately 450 µm (ImageJ); and (C) SEM 

imaging (500×) showing support fibers within the Natrix Q cross-section. The corresponding 

scale bars are indicated on each of the images.  
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Figure 4.2. BSA SBC (mg/mL) on Natrix Q estimated using the dry MV while varying contact 

time (1 min, 4 h, 8 h, and 24 h) with increasing salt concentration (0, 50, 100 mM NaCl), where 

scatter points are represented by maroon circles (ƺ), blue triangles (æ), and green squares (Ǐ).The 

number of replicates varied with salt concentration, with 12, 4, and 4 replicates observed at 0, 50, 

and 100 mM NaCl, respectively, except for the 24 h time point at 0 M NaCl, which had 20 

replicates (Table 4.1). 
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Table 4.1. The replicate binding capacity values (mg BSA/mL Natrix Q membrane) at 24 h of 

contact time with varying NaCl concentration (0, 50, 100 mM), calculated from an absorbance of 

280 nm. Note that the SBC values for Natrix Q that were used in the subsequent table are 

highlighted in blue. 

Contact Time 
(h) 

Salt Concentration 
(mM NaCl) 

Binding Capacity Value 
(mg BSA/mL Natrix Q) 

24 0 170 

24 0 161 

24 0 180 

24 0 181 

24 0 194 

24 0 189 

24 0 178 

24 0 249 

24 0 118 

24 0 244 

24 0 244 

24 0 145 

24 0 172 

24 0 148 

24 0 140 

24 0 148 

24 0 179 

24 0 210 

24 0 135 

24 0 210 

24 50 161 

24 50 144 

24 50 136 

24 50 143 

24 100 90 

24 100 95 

24 100 111 

24 100 96 
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4.2 Comparison of Membrane Performance 

4.2.1 Protein Binding to Commercial Anion-exchange Membranes 

 To determine the SBC (mg BSA per mL membrane) among three different AEX 

membranes (Natrix Q, Sartobind Q, Mustang Q) and an uncharged membrane (Durapore), 

quadruplicate replicates for each of these membranes were simultaneously evaluated in a single 

multi-well device experiment with the same buffer conditions (20 mM Tris HCl, pH 7.5, 0 M 

NaCl). The average BSA SBC with SD was determined for each membrane type (Figure 4.3). 

Note that the quadruplicate BSA SBC results for Natrix Q reported in Figure 4.3 were also 

included in Figure 4.2 (Table 4.1).  

 Natrix Q was reported with the highest BSA SBC (183 ± 36 mg/mL), surpassing the 

results reported for Sartobind Q and Mustang Q by at least a factor of 5 (34 ± 6 mg/mL and 11 ± 

7 mg/mL, respectively) (Figure 4.3). A one-way ANOVA statistical test with Games-Howell 

post-hoc analysis confirmed Natrix Qôs superior performance, as it was statistically different 

compared to all the other membrane types (p-value < 0.001) (Appendix B, Figure B.2). 

Literature also reported Natrix Q with the largest dynamic binding capacity among available 

commercial AEX membranes, where the BSA binding to Natrix Q increased 13-fold and 3-fold 

when compared to Sartobind Q and Mustang Q, respectively (Table 3.2). With the 

manufacturers reporting that all of these AEX membranes structures contained positively-

charged quaternary amine ligands, one might expect that the membrane performance should be 

similar; however, Weaver et al. demonstrated that Mustang Q has lower static binding capacity 

than Sartobind Q, indicating that ligand density of the different membrane chemistries can 

largely impact biomolecule binding [7]. They further explained that while the manufacturer for 

Mustang Q only stated the presence of the quaternary ammonium ligand group, this membrane 
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type also contained a primary amine ligand group that was thought to have resulted from the 

coupling chemistry used to create the membrane [7]. This reduction in quaternary amine groups 

via formation of primary amine groups further suggested reasoning for the reduction in Mustang 

Q performance. In addition, SEM images clearly depicted differing characteristics of these 

membranes (Figure 4.4); Durapore and Mustang Q membranes exhibited a consistent and 

uniform structure, while Sartobind Q and Natrix Q membranes display variation and include 

support fibers in its manufacturing process.  

 This variation with protein adsorption on different membrane materials is not a surprising 

finding. In fact, Manzi et al. has created a model (Random Sequential Adsorption) to analyze 

protein adsorption to different nanostructured geometries (flat, Gaussian pillar, Gaussian spike, 

Gaussian hole), where they determined the spike favours protein adsorption over the other 

geometries [69]. In particular, they mentioned that the spike had surfaces surrounded by empty 

space that were more likely to experience protein adsorption than surfaces surrounded by bulk 

material [69]; with the conclusions of this work and the SEM image characterization of the 

membranes,  it can be suggested that the less dense structure of Natrix Q and Sartobind Q 

promotes more protein binding than Durapore or Mustang Q. Altogether,  membrane chemistries 

(e.g., ligand density) and their structures may impact protein-membrane interactions.  

 Additionally, the BSA SBC for Durapore ï a control membrane ï was found to have low 

binding at 9 ± 2 mg BSA/mL membrane. Durapore was statistically different from Sartobind Q 

(p-value < 0.05) but was not significantly different from Mustang Q (p-value = 0.89). These 

results indicate that Mustang Qôs performance was indistinguishable from the control and did not 

exhibit sufficient BSA binding to draw meaningful conclusions. However, it is important to 

recognize that a control with the same base material as the membrane adsorbers (e.g., PES) for 
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the membrane backbone would have served as a superior control than the Durapore with a PVDF 

backbone.  Overall, this work demonstrated that Mustang Qôs static binding performance was not 

aligned with dynamic binding expectations (Table 3.2), suggesting that it should not be used for 

protein purification. 

 When comparing SBC values to the DBC values for Mustang Q, it is also important to 

recognize the procedural differences that might drive this change in membrane performance. 

Firstly, DBC values from literature were obtained in experiments conducted with higher-pressure 

systems (e.g., vacuum manifold, centrifuge) (Table 3.2), whereas this system depends on 

gravity-driven fluid flow. Secondly, Mustang Q DBC experiments operated with normal flow 

across a membrane barrier, whereas this device lacked a barrier and facilitated only adsorption-

based interactions with the membrane. Also, in DBC experiments, the fluid is continuously 

flowing with fresh loading solution, indicating this system might create a preferential 

environment for BSA to bind to Mustang Q membrane. While further experimentation would be 

required to understand the mechanisms at work, it would be interesting to investigate if this same 

trend of low BSA binding to Mustang Q persists in a scaled-up system; also, from this scaled-up 

system, a reference DBC value would be able to be obtained instead of relying solely on 

literature values. For instance, Weaver et al. evaluated minute virus of mice binding to AEX 

membranes (Mustang Q, Sartobind Q) using both static and dynamic binding capacity 

experiments [7]; this work showed that there was lower virus binding to Mustang Q compared to 

Sartobind Q, where this low binding was first predicted in the static process and subsequently 

validated in the dynamic scaled-up experiment [7]. 

 Through this comparison of protein adsorption to membranes, it was demonstrated that 

the SBC studies for Natrix Q and Sartobind Q can be used to predict DBC trends; this attribute is 
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particularly important when considering HTS membrane materials for future scaled-up 

operations, which determine amount bound through DBC. This membrane comparison 

experiment also highlighted the multi-well device as a valuable tool for future rapid detection of 

promising chromatography membrane materials, as was evident with Natrix Qôs high membrane 

performance.  

 

Figure 4.3. Bar graph illustrating the average BSA SBC (mg/mL) with standard deviation bars 

of replicate experiments for each membrane disc (Natrix Q, Sartobind Q, Mustang Q, Durapore) 

in the multi-well device after 24 h of contact time in 20 mM Tris HCl (pH 7.5, 0 M NaCl). 

Statistical significance between membrane types was assessed using one-way ANOVA with 

Games-Howell post-hoc analysis (* p < 0.05, ** p < 0.001). The individual SBC values for each 

of the replicates can be found in Figure B.2. 
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Figure 4.4. SEM images of the top surface (1500×, 500×) and cross-section (500×) of a 

membrane (Natrix Q, Sartobind Q, Mustang Q, and Durapore). 
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4.2.2 DNA Binding to Commercial Anion-exchange Membranes 

 Understanding DNA-membrane interactions for different solution conditions is of 

particular interest in biotherapeutic purification processes, where cell DNA removal is necessary. 

In particular, U.S. Food and Drug Administration requires therapeutic viruses with a limit of 10 

ng of host-cell DNA per dose [60]. A manufacturer (Millipore) reported Herring testes DNA 

DBC to all commercial AEX membranes at 10% breakthrough at defined solution conditions (25 

mM Tris HCl, pH 8, 0 M NaCl) (Table 3.3) [61]. Knowing this information, preliminary 

experiments of Herring testes DNA binding to AEX membrane adsorbers (Natrix Q, Sartobind 

Q, Mustang Q) were carried out at the same buffer conditions (25 mM Tris HCl, pH 8, 0 M 

NaCl). Recall that there were two different loading solutions that were at least 1.5 times larger 

than the theoretical membrane mass bound. While BSA was very cheap and accessible, the 

higher cost of Herring testes DNA prevented the use of a highly concentrated loading solution 

for each membrane type. This cost resulted in having two different loading solution 

concentrations in order to minimize the usage of the DNA stock solution.   

 Natrix Q was reported with the highest amount of DNA bound among all membranes, 

with both these SBC results and literature DBC trends (Figure 4.5); recall that this result was 

also observed with BSA SBC experiments (Section 4.2.1). This increase in DNA binding with 

Natrix Q was anticipated, as it was observed with DBC trends in literature (Table 3.3); as 

previously discussed with BSA DBC of Natrix Q, it is important to recognize that again there is a 

disparity with DNA DBC values reported in literature for AEX membrane adsorbers. With the 

multi-well device, direct comparison between the membrane types can be carried out to generate 

accurate ranges of DNA binding per membrane type. This direct comparison allows for the 
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minimization of error through reducing experimental variation (e.g., temperature, pH, membrane 

adsorber structure etc.).  

  Initial statistical analysis was performed between the membrane types using Leveneôs 

test, which rejected the null hypothesis (p-value < 0.05) and indicated that DNA SBC data 

violated the assumption of equal variances. Next, Welchôs test, a more robust tool for data 

analysis considering unequal variances, demonstrated significant difference among the 

membranes being compared (p-value < 0.001). Then, a one-way ANOVA with Games-Howell 

post-hoc analysis showed that all membrane groups were statistically different, with the highest 

p-value between Mustang Q and Sartobind Q (Table 4.3). DNA binding was shown to increase 

at least 7-fold and 3-fold between Sartobind Q to Natrix Q for literature DBC and this 

experimentôs SBC values, respectively. Unfortunately, DNA SBC of Mustang Q in these 

experiments was not as high as reported literature values and it was the lowest performing AEX 

membrane. This discrepancy may be associated with variations between membrane batches 

themselves, the differences in binding capacity determination (DBC versus SBC), or the 

influence of the flow path (normal versus tangential). It is also important to recognize this 

reduced binding with Mustang Q was previously observed with BSA SBC experiments. 



MASc Thesis ï Ana Areģina  Biomedical Engineering ï McMaster University 

62 

 

  

Figure 4.5. The average SBC of Herring testes DNA, shown as a bar graph, with standard 

deviation error bars of quadruplicate replicates for each commercially available AEX membranes 

(mg DNA/mL membrane), obtained within the multi-well device . Statistical significance 

between membrane types was assessed via one-way ANOVA with Games-Howell post-hoc 

testing (* p < 0.05, ** p < 0.001). The individual SBC values for each of the replicates can seen 

in Table 4.2. 

Table 4.2. The individual replicate and average binding capacity values (mg/mL membrane) of 

the flat-sheet AEX membranes (Natrix Q, Sartobind Q, Mustang Q) comparison carried out 

simultaneously under specific conditions (24 h contact time, 0 M NaCl).  

Membrane Type Replicate 
Binding Capacity Value 

(mg DNA/mL membrane) 

Average DNA SBC 

(mg DNA/mL membrane) 

Natrix Q 

1 14.4 

15.2 ± 1.6 
2 15.6 

3 17.3 

4 13.7 

Sartobind Q 

1 5.3 

4.9 ± 0.6 
2 5.4 

3 4.5 

4 4.4 

Mustang Q 

1 3.1 

3.1 ± 0.1 
2 3.1 

3 3.0 

4 3.1 
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Table 4.3. The reported p-values from one-way ANOVA (  θ= 0.05) with Games-Howell post-

hoc analysis performed on the membrane types using SPSS software. 

Membrane Type Comparison p-value 

Natrix Q 
Sartobind Q < 0.001 

Mustang Q 0.001 

Sartobind Q 
Natrix Q < 0.001 

Mustang Q 0.014 

Mustang Q 
Natrix Q 0.001 

Sartobind Q 0.014 
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4.3 Chromatography Run 

 Protein static binding experiments were first outlined out in Section 4.1. However, 

commercial HTS filter plates are able to replicate the entire chromatography procedure to 

optimize the parameters in each step of the process. Inspired by this capability, a 

chromatographic process (load, wash, elute steps) was replicated in bind-and-elute mode within 

this multi-well device in the presence and absence of Natrix Q.  

  Figure 4.6A outlined each of the steps that were implemented with the device, where 6 

mg/mL BSA loading solution was used. Here, a total of about 4.8 mg BSA in 20 mM Tris HCl (0 

mM NaCl, pH 7.5) was loaded into each interconnected well in the multi-well device for 24 h. 

Figure 4.6B shows the results of this chromatography run, where BSA protein mass amount and 

salt concentration at each step was reported. The replicate and average BSA mass data of each of 

these steps are reported in Tables B.2 and B.3 (Appendix B).  

 After the 24 h load step, the quadruplicate samples without the membrane reported higher 

BSA amounts in solution compared to the quadruplicate samples with the Natrix Q membrane 

(3.8 ± 0.05 and 2 ± 0.2 mg BSA, respectively) (Figure 4.6); these samples that were extracted 

after the load step indicated a statistical difference between the two groups (p-value < 0.001). 

This finding was expected as operating at pH solution conditions higher than the BSAôs pI 

promoted a BSA species with a net negative charge that was then able to electrostatically interact 

with the positively-charged ligand of the Natrix Q membrane, subsequently leading to increased 

BSA sorption to the membrane. There also appeared to be higher variability among the Natrix Q 

quadruplicate samples when compared with the absence of membrane at the same solution 

conditions, highlighting the need for multiple repeats to increase accuracy in determining BSA 

amounts. This variance could be attributed to membrane variability, such as the inconsistent 
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Natrix Q membrane thickness observed via the SEM and confocal images, which can affect 

protein diffusion and accessibility to ligands. Regardless, the use of this multi-well device allows 

for the user to incorporate any membrane type with replicates in order to obtain the binding 

capacity range of values for each solution condition.  

 Next, three wash steps were carried out to remove unbound BSA. Samples extracted from 

the first wash step without a membrane reported higher BSA amounts than samples with a 

membrane (0.75 ± 0.06 and 0.33 ± 0.1 mg BSA, respectively) (Figure 4.6); this result was 

anticipated with lower BSA in solution due to interactions with the membrane ligands. Following 

the load and wash steps, about 90 % of the total BSA amount was extracted from each sample 

without a membrane, showing negligible binding to the device itself (Appendix B, Table B.2). 

By the third wash step, samples with and without Natrix Q contained about 1% of the total BSA 

amount, highlighting the insignificance of any further wash steps and establishing that three 

wash steps were sufficient.  

 Finally, elution steps were carried out with high salt 20 mM Tris HCl solution (800 µL of 

1.25 M NaCl, pH 7.5), which resulted in the step-wise salt increase (Figure 4.6). Based on the 

observed trend of decreased binding with increased salt - attributed to higher salt concentrations 

reducing the interactions between BSA and the positively-charged ligands of the membrane - in 

both SBC studies (Section 4.1) and literature (Table 3.2), it was expected that there would be an 

increase of BSA amount reported from Natrix Q during the elution steps. Interestingly, 50% of 

the total BSA amount was eluted throughout all three elution steps for samples with the 

membrane (Appendix B, Table B.2). The majority of BSA elution from the membrane samples 

occurred during the first elution step (at least 35%), while samples without the membrane 

exhibited minimal BSA elution (< 5% from the total BSA amount).  This finding instills 
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confidence in negligible background BSA binding to the device itself. Notably, the variability 

observed in the first elution step among the membrane quadruplicate samples matched the 

observations from the load step, where a lower BSA amount in solution after the load step was 

accompanied by a higher BSA amount in solution in the first elution step. Finally, similar to the 

third wash step, the third elution step showed that the BSA amount with and without the Natrix 

Q membrane was negligible (~ 2% of the total BSA amount), with no distinct difference between 

the two groups (p-value > 0.05); these findings illustrate that three elution steps were sufficient 

for complete BSA elution. Overall, HTS filter plates were traditionally used in industry to 

optimize solution conditions for biomolecule binding and elution. This same functionality was 

demonstrated with the multi-well device, showing that this process is feasible in a step-wise 

manner for HTS for membrane materials development.  
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Figure 4.6. The chromatographic process (i.e., load, wash, elute steps) replicated in this multi-

well device was shown schematically with the protein amount (mg BSA) and salt concentration 

(mM NaCl) reported at each step for quadruplicate samples, both with and without a membrane 

(Natrix Q).  
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5 Conclusions and Future Work  

5.1 Summary of Key Conclusions 

This thesis introduced a multi-well device that enables the application of HTS techniques 

to membrane adsorbers, where a single device was designed to screen any flat-sheet membrane 

for up to 32 experiments simultaneously. This method demonstrated the simultaneous rocking 

action of up to 8 multi-well devices, highlighting the HTS potential for membrane material 

development. It also allowed for a post-experimental characterization step that provided 

valuable insight to protein-membrane interactions, thereby surpassing the limitations of 

commercially available plates that lack the capability for easy membrane extraction; 

specifically, confocal imaging of a Natrix Q cross-section after 24 h in contact with GFP within 

the multi-well device provided visual confirmation that 24 h was sufficient for protein to 

penetrate the membrane. Furthermore, the SBC with different variables was determined: 

biomolecule (BSA, DNA), contact time, salt concentration, and membrane type. The highest 

BSA binding to Natrix Q was achieved after 24 h in 0 M NaCl, highlighting that solution 

effects follow trends in literature with higher binding at lower salt conditions. It was also shown 

that the device can be used for simultaneous evaluation of different membrane chemistries with 

BSA and DNA binding, demonstrating the customizability of this device and this deviceôs 

usefulness in testing any flat-sheet membrane. Here, Natrix Q ï a membrane type not 

commercially available in 96-well filter plate format ï was found to have a BSA and DNA SBC 

at least five and three times greater, respectively, than all other membrane types tested. These 

Natrix Q SBC results were aligned with DBC expectations, demonstrating that SBC may be 

used to predict better membrane performance for membrane material development. Finally, a 
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chromatographic process was replicated through a step-wise load-wash-elute BSA experiment 

with the biomolecule in contact with Natrix Q for 24 hours, where 50% of the loaded BSA was 

eluted from the membrane samples.  

This HTS technique allows for the ability to span a large design space that would be 

inefficient, costly, and require large material consumption with conventional experimental 

procedures. While it is recognized that scaled-up experiments are required to verify membrane 

performance with target molecule binding, this device was shown to enable rapid screening for 

a library of membrane adsorber chemistries or process conditions, which is a critical step in 

determining starting parameters for scaled-up experiments. With this tool, studying various 

ligand types with different membrane backbone structures is no longer only restricted to large 

companies with the funding and technical expertise. Overall, the multi-well device developed 

for this thesis allows for HTS of existing and emerging chromatographic membrane adsorbers 

and highlights its potential use for future membrane materials development. 

   

  



MASc Thesis ï Ana Areģina  Biomedical Engineering ï McMaster University 

70 

 

5.2 Future Directions 

The use of this multi-well device described throughout this thesis solely incorporated 

commercially available AEX membrane adsorbers used in the biotherapeutic industry, such as 

Natrix Q, Sartobind Q, and Mustang Q; however, the significance of this innovative tool lies in 

its unique capability to accommodate any flat-sheet membrane, enabling simultaneous 

comparison of new and existing membrane adsorber materials. This capability was previously 

limited to larger companies (e.g. Sartorius) that have the required operating equipment, funding 

potential, and technical expertise to create their own filter plates with tailored membrane ligands 

[62].  

This simple and affordable device can transform the membrane material development 

workflow by enabling individuals to apply the ñshotgun techniqueò ï a successful HTS method 

in drug development to identify compounds with desired properties ï to accelerate membrane 

material design and screening. In the context of membrane development, applying this technique 

would involve evaluating small-scale membrane materials to identify those with desired 

performance (i.e., improved selectivity of certain compounds, improved adsorption etc.). Thus, 

research labs specializing in membrane development can streamline this evaluation of novel 

membrane materials that are not yet produced at-scale commercially. For instance, our own lab, 

the Latulippe Research Lab, is currently working to manufacture poly(ether ether ketone) 

(PEEK) membranes with fluorinated carbon nanotubes (CNT) films. PEEK, a newer membrane 

material, has great potential to be used in many industries due to its inert behaviour and ability to 

withstand harsh environments (e.g. strong disinfecting agents), promoting membrane reusability 

[63], [64]. The incorporation of a CNT film layer allows for further surface modification (Figure 

5.1) to facilitate adsorption of target molecules [65]ï[67]. With this device, the performance of 
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these newly produced membranes with and without the CNT thin film can be compared. It is 

important to note that film thickness variation can lead to differences in membrane performance, 

where thinner membranes exhibit better mass transfer due to reduced diffusion distances. While 

it is suggested that thinner membranes ultimately lead to better membrane efficiency, optimal 

film thickness can depend on specific industry application. Therefore, it is desirable to compare 

performance of PEEK-CNT thin film membranes under a range of surface functionalization and 

film thicknesses. This multi-well device would facilitate the study of the impact that film 

thickness and CNT-based surface modification have on PEEK membrane performance by 

enabling simultaneous characterization of adsorption capability and selectivity for a library of 

PEEK-CNT thin film membranes. 

 

Figure 5.1. The reaction mechanism overview for surface modification of fluorinated CNTs. 

Adapted from [65].  

Next-generation materials, such as stimuli-responsive membranes, 3D-printed materials, 

and self-assembled block copolymer membranes, can also be evaluated with this device. A 2021 

review article describes the notion of creating stimuli-responsive membranes to improve 

separation performance, with a particular focus on polyelectrolyte membrane complexes [68]. 

Stimuli-responsive membranes are a newer concept to the membrane industry and can be used 

with this device as a tool to study how its properties change with varying solution conditions. 
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Also, a 2022 review article highlights the advantage of using additive manufacturing (AM) 

techniques to create 3D-printed membranes, overcoming the limitations of traditional 

manufacturing processes and subsequently allowing for generation of new membrane materials 

[69]. Previous work performed by the WATER Lab, led by Dr. William Phillips at University of 

Notre Dame, highlights this feature by 3D-printing a charged mosaic membrane with anionic and 

cationic domains [70], [71]. This labôs work also explored using self-assembled block 

copolymers, expanding the next-generation material potential [70]ï[74]. These self-assembled 

block copolymers are ideal for tuning nanostructures, and combining this technique with AM 

technology allows for customizability, control, and uniformity with membrane development. 

Additionally, the POWER Lab at Purdue University led by Dr. Bryan Boudouris combined these 

self-assembled block copolymers with bio-inspired moieties (e.g. glutathione) to target heavy 

metal removal [75]. These next-generation materials are promising in addressing current 

industrial limitations; in fact, Terapore Technologies is currently commercializing these next-

generation ultrafiltration membranes produced via self-assembly and non-solvent induces phase 

separation for the biotherapeutics industry [76], [77]. 

As mentioned previously, the self-assembled block copolymers along with the 3D-

printing capabilities allow for control of membrane nanostructures. With this advancement in the 

ability to control nanostructures of membrane materials, it becomes crucial to understand the 

impacts of this membrane geometry on protein adsorption. In addition, protein adsorption can 

vary due to differences in protein size, shape, conformation, interactions with other proteins, and 

interactions with the material surface. Manzi et al. have developed a Random Sequential 

Adsorption (RSA) model via Monte Carlo simulations of different geometries (flat, Gaussian 

pillar, Gaussian spike, Gaussian hole) and of a real nanostructured black silicon substrate surface 
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to predict protein adsorption on these surfaces [78]. This RSA model was stated to be more 

accurate than the traditionally-used Langmuir model, since the Langmuir model makes an 

inaccurate assumption of reversible adsorption and neglects to consider irreversible adsorption 

[78]. The RSA models based on the fine-tuned nanostructure membrane materials can be 

combined with carrying out experimental results in the multi-well device to validate these 

models. This technique would allow us to apply this device as a tool in order understand how to 

maximize biomolecule-membrane interactions.  

 Moreover, this deviceôs customizability has applications beyond the biotherapeutic 

industry, as it can be used in any industry that employ membrane-based separations (e.g., heavy 

metal removal). Inspired by colleagues and recent research advancements, three specific future 

projects for this multi-well device are proposed: further membrane adsorption assessment with 

relevant biotherapeutics (i.e. virus from cell lysate); changing the workflow of the device to 

replicate a miniaturized separation system in series; and applying this device as a tool for rapid 

screening in the newer field of membrane-based heavy metal removal and critical mineral (e.g. 

lithium) recovery to investigate relevant metrics (e.g. partitioning selectivity) across large 

libraries of candidate membrane chemistries. 

5.2.1 High-throughput Screening to Investigate Biotherapeutic-Membrane Interactions 

 This thesis demonstrated the successful evaluation of the device design with inexpensive 

BSA and GFP, where these model systems confirmed the potential for future investigations with 

more relevant biotherapeutics in the industry, such as monoclonal antibodies or viruses (i.e., 

adenovirus). By leveraging this multi-well device, solution conditions can be optimized, and 

membrane material selection can be tailored to specific biotherapeutics. The following 

subsections identify the industrial relevance of HTS to membrane-based bioseparations design, 
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as well as the specific research objectives of the proposed future work. Note that device 

sterilization is a necessary consideration when optimizing biotherapeutics (Appendix C). 

5.2.1.1 Biotherapeutic Significance and Membrane Limitations in Bioseparations 

 Among the potential biotherapeutics, existing literature evaluated the performance of a 

commercial AEX membrane (Sartobind Q, Mustang Q) for the polishing step of monoclonal 

antibodies [79], [80]. However, the future research focus for the multi-well device proposed 

herein is on adenoviruses purification. This decision is supported for the following reasons: the 

Latulippe Labôs accessibility to adenovirus samples, the availability of relevant literature 

information with commercial AEX membranes (Sartobind Q, Mustang Q), and the significant 

relevance of adenoviruses to the biotherapeutics industry. Notably, adenoviruses are commonly 

used as viral vectors for gene therapy applications [81], which involves virus modification to 

deliver genetic material (e.g. DNA) to target cells.  

  The biotherapeutics industry faces challenges in using generic membrane ligands to 

target specific viruses due to virus variation in shape, size, and type (enveloped vs 

nonenveloped) [81]. Additionally, virus purification is a complex process that involves the 

separation of cell components (proteins, host cell proteins, DNA) from the virus [8], [9], [81].  

To address these challenges, the multi-well device can be used for simultaneous comparison of 

membrane performance across a range of commercial membrane materials (e.g., Natrix Q, 

Sartobind Q, Mustang Q) and solution conditions (e.g., pH, buffer concentration, salt 

concentration etc.) to identify optimal conditions for adenovirus purification. As seen with all 

HTS devices, this multi-well device also offers the advantage of reducing costs, which are 

largely driven by biotherapeutic usage, by reducing sample size.   
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5.2.1.2 Project Objectives: Adenovirus Experimentation with the Multi-well Device 

 The first objective is to validate the adenovirus performance with a membrane adsorber 

in the multi-well device by comparing these results to existing literature, confirming the 

reliability of the experimental setup. The Latulippe Labôs previous work of adenovirus 

interactions with an AEX membrane (Mustang Q, Sartobind Q) focuses on observing 

purification using a pilot scale device with different geometry (LFMC device) at specific buffer 

conditions (10 mM HEPES, 4% sucrose, pH 7.4) with varying salt concentration [8], [9], [82]. 

Information from literature could be used to investigate and compare the trends of adenovirus-

membrane interactions with those observed with our multi-well device. It is proposed that this 

project focuses on analyzing SBC at the same buffer conditions (10 mM HEPES, 4% sucrose, 

pH 7.4) with increasing salt concentration (0.36 M NaCl to 1 M NaCl) [9]. Along with studying 

the impacts of solution effects (i.e., salt concentration) on adenovirus-membrane interactions, the 

amount of unbound DNA and host cell proteins can also be evaluated via complementary 

analysis techniques (i.e., picogreen, BCA Assay, SDS-PAGE etc.).  

 Following the SBC experiments, the chromatography runs for adenovirus purification 

from literature can be replicated (Figure 5.2.). As seen earlier with BSA work performed for this 

thesis (Section 4), a chromatography run (i.e., load-wash-elute) can also be carried out with 

adenovirus from cell lysate using this HTS device. However, instead of tracking volume, the 

amounts of DNA (ng), host cell proteins (ng), adenovirus (infectious unit, IFU) at each step can 

be quantified. Kawka et al. reported that in the LFMC device with the same elution gradient, 

Sartobind Q demonstrated an earlier elution of adenovirus compared to Mustang Q [9]. Also, 

DNA recovery was reported to be lower for Sartobind Q when compared to Mustang Q [9], 

where lower DNA is ideal to achieve higher quality purity of the virus. Thus, following the 
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chromatography replication within the multi-well device, it can be observed if these results 

match literature trends. 

 The final objective of this study would be to perform a chromatography run with Natrix 

Q to see if it performs better than the previously tested AEX membranes (Sartobind Q, Mustang 

Q). As seen by the BSA and DNA SBC experiments, Natrix Q has shown promising results 

among commercial AEX membranes, so it would be interesting to observe if that carries forward 

for adenovirus interactions. Incorporating Natrix Q in this study is particularly interesting due to 

limited literature regarding adenovirus interaction with this membrane, and it would further 

highlight the utility of this multi-well device with its ability to incorporate any flat-sheet 

membrane adsorber. 

 

Figure 5.2. Chromatography run with Sartobind Q in the LFMC Device. Retrieved from [9]. 

5.2.2  Repurposing the Multi-well Device as a Membrane Adsorber Purification Train  

 Throughout this thesis, the use of AEX membranes with this multi-well device has been 

demonstrated as if it represented the entire chromatography purification process. While AEX 

membranes were used within downstream biotherapeutic processes (e.g. host cell DNA removal 
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in a monoclonal antibody process [79], [80]), focusing only on one membrane adsorber 

component ï via optimization of the experimental conditions (solution pH, salt concentration, 

membrane backbone) ï will  not be sufficient in optimizing the separation of all the various 

components (proteins, DNA, virus). This thesisôs focus limits the understanding and optimization 

of the entire chromatographic process. In fact, common chromatography techniques for 

purification include combinations of CEX, AEX, AC, MMC, size exclusion (SEC), or HIC 

modules [6].  

 To better address the challenge of overall process optimization in this future work, it is 

proposed to repurpose the multi-well device to replicate and optimize the entire chromatographic 

process with the series of membrane adsorber types. Kokpinar et al. demonstrated the ability to 

purify the separate components of a ternary model protein mixture (BSA, lysozyme, Bgl-His) 

[83]. In their work, they first demonstrated incorporating 1.5 8-strips of the same membrane type 

(Sartorius) as an entire row of a 96-well plate to determine the optimal membrane adsorber for 

the target protein purification with various samples (Figure 5.3) [83]. Knowing the optimal 

membrane adsorber for each target biomolecule, they then determined the optimal salt elution 

conditions for each sample by varying salt concentration from 0.1 to 1.2 M NaCl [83]. They then 

highlighted different methods for isolating BSA or lysozyme from the ternary mixture using the 

cation and anion-exchange membrane adsorbers (Sartobind S and Q, respectively) by adjusting 

the pH and salt concentration [83]. They further found that the His-tagged protein (Bgl-His) 

could only be purified from the ternary mixture using an IMAC membrane adsorber with IDA 

groups [83]. While it is not a new concept to use membrane adsorbers in a 96-well format for 

optimizing solution conditions, this work demonstrated the ability to purify target proteins from a 

ternary mixture through using multiple membrane adsorber types. 
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Figure 5.3. Screening experiment layout with 1.5 8-strips arranged in a row, where each row has 

the same membrane type. Retrieved from [83].
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5.2.2.1 Virus Chromatography Process Sequences Reported in Literature 

 As mentioned earlier, virus purification is very relevant to the biotherapeutic industry. 

However, literature addressing virus purification with a focus on chromatography processes can 

vary drastically in the sequence of chromatography techniques (e.g., AEX etc.) and materials 

used. Wolff et al. compared modified vaccinia Ankara virus particle purification with a 

membrane adsorber (MA) process of pseudo-affinity chromatography occurring prior to HIC 

(Figure 5.4A), specifically where sulfated cellulose membrane adsorber (SC-MA) or Heparin-

MA was followed by HIC-Phenyl Resin [84]. Michalakis et al. compared performance of adeno-

associated virus purification with monolith materials through two different chromatography 

process trains: HIC-CEX-AEX, and AC-AEX [85]. Even with adenovirus purification, which 

holds particular interest for future work in the Latulippe Lab, literature shows drastic variation in 

materials and sequence of the chromatography process (Table 5.1, Figure 5.4); this disparity in 

literature hinders the understanding of the optimal sequence of purification steps. 
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Figure 5.4. Schematics showing downstream chromatography bioprocess trains with (A) 

membrane adsorbers for modified vaccinia Ankara purification (adapted from [84]), (B) a 

membrane adsorber and resin combination for adenovirus purification (adapted from [86]).  

 Table 5.1. Overview of chromatography process trains for adenovirus in literature. 

Chromatography Process 
TrainÀ 

Material Sequence Commercial Product(s) Ref. 

AEX Ą MMC Membrane Ą Resin Sartobind STIC PA Ą Capto Core 700 [86] 

HIC  Ą AEX Resin ĄMonolith Fractogel EMD propyl (S) ĄCIM DEAE  [87] 

AEX Ą MMC  

2 processes: 
1. Membrane Ą 

Resin 

2. Resin Ą Resin 

 
1. ReadyToProcess Adsorber Q Ą 

Sepharose 4 Fast Flow 

2. Capto Q ImpRes Ą Capto Core 700 

[88] 

AEX Ą SEC Membrane Ą Resin 
Sartobind Q Ą Hiprep 16/60 Sephacryl S-
300 

[89] 

AEX Ą IMAC Resin Ą Membrane Q Sepharose XL Ą Sartobind IDA  [25] 

À AEX ï Anion-Exchange; MMC ï Multimodal Chromatography; SEC ï Size Exclusion 

Chromatography; IMACï Immobilized Metal Affinity Chromatography 
 

(B) 

(A) 
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5.2.2.2 Proof-of-Concept Evaluation with Proteins 

 Inspired by the work of Kokpinar et al. [83], it is proposed to incorporate an inexpensive 

biomolecule mixture (lysozyme, BSA, ɓ-lactoglobulin) with a sequence of membrane adsorbers 

within the multi-well device to obtain protein purification of each component. Understanding the 

properties of biomolecules (i.e., pI) is crucial when considering their separation using a 

membrane adsorber train. By knowing the isoelectric points and assuming operation at near 

neutral pH (pH = 7.5), it is anticipated that lysozyme and BSA have a net positive and negative 

charge, respectively (Table 5.2); these properties indicate that BSA will bind to the positively-

charged ligands of Sartobind Q and lysozyme will bind to negatively-charged ligands of 

Sartobind S. In fact, Kokpinar et al. demonstrated that BSA and lysozyme were successfully 

isolated at near neutral pH from a ternary mixture (BSA, lysozyme, Bgl-His) with Sartobind Q 

and S membranes, respectively [83]. While ɓ-lactoglobulinôs isoelectric point indicates there 

might be some binding to AEX at neutral solution pH (Table 5.2), its surface contains 

hydrophobic patches, making it a probable protein to interact with HIC MA [90]. For this reason, 

it is anticipated that ɓ-lactoglobulin removal will largely occur in the final stage of the membrane 

process train. Following binding of each protein component to the corresponding membrane 

adsorber (Table 5.2, Figure 5.5), subsequent elution steps can be carried out with each 

membrane adsorber to generate purified protein solutions.  

Table 5.2. A proposed membrane adsorber process train for protein removal.  

Step 
Membrane 

(Chromatography Type) 
Protein Bound 

Isoelectric 

Point 
Component Eluted Reference 

1 Sartobind S (CEX) Lysozyme 10.7 BSA, ɓ-lactoglobulin 
[91] 

2 Sartobind Q (AEX) BSA 4.7 ɓ-lactoglobulin 
[56] 

3 Sartobind Phenyl (HIC) ɓ-lactoglobulin 5.18 n/a 
[92][90] 
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Figure 5.5. Schematic showing the chromatography process sequence of MA within the multi-

well device. 

5.2.2.3 Adenovirus Purification Train 

 Following the proof-of-concept experiment, this idea of applying the multi-well device as 

a process can be applied to biotherapeutics. Again, it is proposed that the focus here is 

adenovirus due to its availability to the Latulippe Lab and abundant literature (Table 5.1); one 

proposed sequence of steps for the purification train in this future work is HIC followed by AEX 

[87]. Depending on time-constraints, alternative process sequences can be considered (e.g., 

CEX-AEX-HIC, HIC-CEX-AEX). 
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5.2.3  Tool for Sorption assessment for Lithium Selectivity 

 While this thesis largely focuses on biomolecule purification applications with membrane 

adsorbers using this customizable device, many industries employing membrane-based 

separations can leverage this device for their own applications. For example, the multi-well 

device could be adapted for the use in the growing field of research on membrane adsorbers for 

heavy metal removal and critical mineral recovery; while many applications exist, one particular 

example in which the multi-well device could accelerate material testing is in the application of 

membrane design for lithium recovery. This rapid increase in demand for lithium-ion batteries 

for electric vehicles and electronics has resulted in an urgent need to find new ways to recover 

lithium from unconventional sources (e.g. brines and battery wastes) with membrane-based ion-

ion separations representing one emerging research frontier [75]. 

5.2.3.1 Background Information about Membrane Technologies with Lithium Extraction 

 With a large portion of the worldôs lithium reserves being supplied from lithium brine 

and ever-decreasing quality of these lithium brines, there poses a need for separating this lithium 

from other high concentrations of ions.  The high concentration of ions (lithium, calcium, 

magnesium, and sodium) in this brine source makes it difficult to extract lithium from other ions 

due to similar chemical properties (size, charge). Recently, there has been significant interest in 

the development of direct lithium extraction technologies such as electrodialysis with selective 

IEX membranes to achieve a high-purity lithium product with improved process productivity and 

reduced chemical demand compared to conventional processing (e.g., chemical precipitation and 

solar evaporation)  [93], [94].  

 In an electrodialysis process, the membrane acts as a fixed barrier between feed (e.g., 

brine), and product concentrate solutions, with electromigration of ions across the membrane 
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driven by an applied potential (Figure 5.6). The selective transport of one ion (e.g., lithium) over 

others can be attributed to two contributing factors: partitioning selectivity, related to an ionôs 

propensity to partition on the membrane, and mobility selectivity, which is related to diffusion 

and/or electromigration of the ion through the membrane. It is evident that the multi-well device 

described in this thesis is incapable of complete lithium extraction performance testing without 

major design changes, since there is not a membrane barrier to drive diffusion or electrophoresis, 

thereby prohibiting the assessment of mobility selectivities. While this is a limitation, this device 

can still be used as a tool to characterize the partitioning selectivity (i.e., adsorption) of lithium to 

membrane materials in this industry. Some ligands used in this membrane technology are as 

follows: crown ether (12-crown-4 ether) [95], [96]; cryptands [97]; and calixarenes[98], [99]. 

However, these are still limited in ability for high selectivity of lithium and low selectivity of 

other ions (e.g. sodium) [100]. Thus, this device can be used as a tool to understand the 

selectivity of ions to a particular membrane material. This process would aid in identifying 

membrane chemistries that achieve high lithium partitioning selectivity, a critical component of 

overall lithium selectivity in membrane-based systems. 
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Figure 5.6. The extraction of lithium from brine via electrolysis with an AEX membrane. 

Retrieved from [101].  

5.2.3.2 Project Objectives: Device as a Tool to Determine Sorption Selectivity 

 When manufacturing new ligands on these membranes, it is standard to determine the 

partitioning selectivity (adsorption), along with the mobility selectivity 

(diffusion/electrophoresis) of ions [102].  In particular, sorption selectivity ï a measure of 

analytes adsorbing onto the membrane ï will directly influence the partitioning of analytes 

between the different phases. Thus, this HTS tool can be used to characterize these monovalent 

ion selective membranes in order to determine best lithium sorption selectivity (via selectivity 

coefficient) under specific solution conditions.  

 First, this device can be used to evaluate solution effects on commercial membrane 

materials. By altering the ratio of ion concentrations, the selectivity of lithium sorption changes 

due to this sorption coefficient [102].  For example, a 1 M lithium and 1 M sodium solution will 

exhibit a different lithium sorption coefficient compared to a solution where both ions are 0.5 M. 

Next, knowing the sorption selectivity with varying solution conditions of existing ligands, it can 
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be compared to new membrane materials to streamline membrane selection for lithium 

extraction. The use of this multi-well device as a tool in investigating varying solution conditions 

and membrane chemistries will allow for newer membrane materials to be selected from this 

library of candidate membrane chemistries.  
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Appendix A: Supplemental Information for Section 2  

A.1 Leaching Considerations 

 It is well-known in literature that 3D-printed materials may have a variety of leachates 

that can be either cytotoxic or non-cytotoxic [103]ï[108]. Manufacturers evaluated the 

biocompatibility of these 3D-printed materials according to ISO 10993 standards [109], [110]. In 

particular, 3D-printed parts were evaluated throughout literature via cytotoxicity assays (e.g., 

MTT, TOX8 etc.) to assess biocompatibility by ISO 10993-5 [109]. While Guttridge et al. 

indicates that the resin material for the ProJet 3D-printer (i.e., M2R-CL) met the ISO 10933 

biocompatibility certification, they further state that inadequate post-processing can lead to 

cytotoxic leachates [110].  

 In this thesis, a preliminary leaching investigation was instead carried out by comparing 

absorbance values at 280 nm between a control (20 mM Tris HCl) and samples in contact with 

the 3D-printed parts for 4 h in 4 ProJet multi-well devices. Regardless of the wavelength of the 

analytical tool, an absorbance scan (200 to 1000 nm) of the ProJet samples demonstrated the 

absence of a peak, where a peak could be characteristic of a leachate; Figure A.1 shows this 

simplified absorbance scan from 200 to 400 nm wavelengths with the control and two samples 

from ProJet plates. A statistical analysis (ANOVA) was performed on the extracted samples, 

where it was indicated that the all the ProJet (M2R-CL) devices were not significantly different 

from the control (Table A.1); this result suggests that if there were any leachates, they may be 

below the detection limit of the analytical tool. It was assumed that it would not impact the 

quantification of biomolecule-membrane interactions; this assumption was further confirmed 

with the BSA results in the presence and absence of membrane aligning with expected trends for 
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each step of the chromatography process (Figure 4.6). While this leaching investigation via 

absorbance measurements indicated that results aligned with anticipated trends, it is important to 

understand that this investigation was not exhaustive in identifying the level or characterization 

of potential leachates.  

 

Figure A.1. Absorbance scan (showing 200 ï 400 nm wavelengths) with a 20 mM Tris HCl 

control and samples extracted after 4 h in contact with ProJet 3D-printed parts. 

Table A.1. The reported p-values from a one-way ANOVA absorbance value comparison of 20 

mM Tris HCl control against 3D-printed parts in contact with solution.  

Absorbance Comparison (20 mM Tris HCl buffer) p-value 

Control  

ProJet Plate 1 1.00 

ProJet Plate 2 0.120 

ProJet Plate 3 0.994 

ProJet Plate 4 1.00 
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A.2  3D-Printing Post-processing Procedure 

 A fully cured 3D-printed (M2R-WT, ProJet) multi-well device was designed via 

Autodesk Inventor 2021 and was further processed for support material removal. The parts were 

exposed to a 10 minute freezing period (-18 °C) to allow for the detachment of the wax support 

material from the printing platform. Then, the parts were transferred to a steam chamber for 20 

minutes to melt the wax and separate it from the 3D-printed parts. The parts were subjected to 

ultrasonication in white mineral oil for 10 minutes (70 °C) to remove residual wax residue, 

followed by soap and water rinses. 

A.3  Dye Study Procedure 

 Natrix Q membrane discs were obtained through using a handheld 8 mm diameter hole-

puncher (Allwin, Oregon Lamination Premium). Prior to starting the experiment, the Natrix Q 

membranes were wetted in 20% IPA for 20 minutes. Then, the multi-well device was set-up as 

described in Section 2, with replicates of 1 to 4 membranes per membrane cell. The 0.02 v/v% 

red dye solution as prepared by mixing red food colouring with 20 mM Tris HCl (pH 7.5, 1 M 

NaCl). This experiment was conducted by inserting 0.8 mL of the dye solution per 

interconnected well of the device on the gravity perfusion rocker, which was set at a tilting 

frequency of 1 tilt per 5 minutes.   The membrane discs from this dye study were extracted after 

5 minutes to evaluate the interactions between the dye and the membrane.  

A.4  Determining Pressure Head  

 This section focuses on the assumptions that were made in order to determine the 

pressure head value within the multi-well device. While the MATLAB code below allows for the 

user to adjust experimental parameters (e.g., solution volume), there was particular focus on the 
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experimental conditions used within this thesis (17° tilt, 1000 µL solution volume).  As seen by 

the code, knowing the dimensions of the multi-well device allowed for the incorporation of 

geometry to find fluid height (Figure A.2A). First, it was assumed that the rocker tilted to the 

right, where fluid would flow toward the right side of the interconnected wells. The solution 

volume that was displaced from the left to the right unit of the interconnected wells was 

determined using the known tilting angle. It was then assumed that as the rocker tilted to the 

other side, the previously displaced solution volume was fixed in the left and right 

interconnected wells (Figure A.2B). This assumption allowed for the ability to calculate the 

height of the fluid within each of the interconnected wells by adding the heights of fluid 

geometries within the internal device structure (i.e., HP1 from triangle and parallelogram 

geometries). The pressure head (P1) that drives the fluid flow was then calculated to be 88 Pa, 

where each of the MATLAB variable values for this case can be seen by Table A.2.   

(A) 

 

 

 

(B) 

 
Figure A.2. Schematics showing (A) the top view of the internal device dimensions used for 

calculations, and (B) the resulting pressure head (P1) that arises directly after a tilt.  
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Table A.2. Values determined via the MATLAB code that were used to calculate the pressure 

head (P1) for specific experimental conditions (17° tilt, 1000 µL solution volume). 

Description Variable Name Value Unit  

Tilting angle angle 0.2967 [-] 

Base of parallelogram b 8.3655 mm 

Fluid density density 1000 kg/m3 

Gravitational Constant g 9.81 m/s2 

Fluid height with triangle geometry (right well) h1_p1 2.339 mm 

Fluid height with triangle geometry (left well) h1_p2 2.339 mm 

Fluid height with parallelogram geometry (right well) h2_p1 6.6543 mm 

Fluid height with parallelogram geometry (left well) h2_p2 4.3153 mm 

Internal channel height of device h_channel 1.65 mm 

Internal left/right well height h_unit 15 mm 

Fluid height with device tilted (right well) HP1 0.0090 m 

Fluid height with device tilted (left well) HP2 0.0067 m 

Pressure head at P1 pressure_1 88.22 Pa 

Pressure at P2 pressure_2 65.28 Pa 

Fluid volume displaced with angle tilt v_displaced 78.27 mm3 

Fluid volume within the device gaps v_gaps 26.4 mm3 

Fluid volume (left well) v_left 367.06 mm3 

Fluid volume (middle well) v_middle 82.938 mm3 

Fluid volume (right well) v_right 523.60 mm3 

Fluid volume (right well, triangle geometry) v_right_bottom 78.27 mm3 

Fluid volume (right well, parallelogram geometry) v_right_top 445.33 mm3 

Solution volume volume 1000 µL 

Length of square interconnected well w 8 mm 
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The MATLAB code to determine the pressure head was as follows:  

%Program to look at flow in the device, Sarah and Ana July 2022  
close all ;  

  
%------------------------ Part A: Info to Input ---------------------------  
w=8; %mm, width of one unit (assumes square -  would need to change if not)  
h_unit=15; %mm, internal heig ht of one unit  
h_channel=1.65; %mm, height of the gap  
angle=input( 'What is the angle you would like to test (in degrees)? ' ); 

%angle in degrees  
angle=angle*(pi/180); %convert to radians  
l_channel=2; %mm, length of gap  
l_middle=4;  
r_middle=4; %mm, radius of middle circle  
starting_volume=input( 'What volume (in uL:) would you like to test? ' ); % uL, 

volume of fluid put in the unit (total, future calculations will work off of 

this)  
density=1000; %kg/m^3 density of solution (assume water)  
g=9.81; %m^2/s standard value for g  

  
%------------------------ Part B: Equilibrium, no angle --------------  
volume=starting_volume; %uL 
v_middle=pi*r_middle^2*h_channel; %mm^3 
v_gaps=h_channel*(l_channel*l_middle)*2; %uL, volume in small gaps, on each 

side  
v_remaining=vo lume - v_middle - v_gaps; %uL, remaining volume  
v_left=v_remaining/2; %uL, V in one of the 2 square sides  
v_right=v_remaining/2; %uL 
h_fluid_initial=(v_remaining/2)/(w^2); %mm, height of the fluid, when the 

angle is initially zero  

  
%------------------------ Part C: Determining Volume ------------  
%updating based on displaced volume, flowing to the right well  
l_triangle=w*(tan(angle)); %mm  

  
%Want to figure out how much is being displaced, to find new volume amounts  
v_displaced=w*w*l_t riangle/2; %volume displaced related to the tilt  

  
%Finding adjusted volumes  
v_right=v_right+v_displaced; %uL, updating based on displaced volume  
v_left=v_left - v_displaced; %uL, updating based on displaced volume, flowing 

to the right well  
%calculate the h eight it would go up  
v_right_bottom=w*w*l_triangle/2; %uL 
v_right_top=v_right - v_right_bottom; %uL, volume in upper parallelogram  

   

%------------------------ Part D: Finding Pressure Head -----------------------  
%Finding pressure head value assuming that device that was tilted to the 

right now tilts to the left. The volumes in each component are fixed to 

capture the true pressure head value.  

  
%Pressure Head ï Pressure 1 (base of right well)  
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h1_p1=sin(angle)*w; %first component of H to be used in pres sure head  
b=w/cos(angle); %mm, the base of the parallelogram  

  
%use initial v_left to find the pressure  
leftover_volume_to_account_for=v_right - (l_triangle*w*w/2); %parallelogram 

volume  
h2_p1=leftover_volume_to_account_for/(b*w); %mm  
HP1=(h1_p1+h2_p1)/100 0; %total H from the bottom corner, m  
pressure_1=density*g*HP1; %Pa, pressure at base of gap  

  
%Pressure 2 -  at bottom corner of left well, this base starts at h=0  
h1_p2=sin(angle)*w; %first component of H to be used in pressure head  
b=w/cos(angle); %mm, the base of the parallelogram  
%use initial v_left to find the pressure  
leftover_volume_to_account_for=v_left - (l_triangle*w*w/2); %gives the volume 

that must be ontop of the bottom triangle  
h2_p2=leftover_volume_to_account_for/(b*w); %mm 
HP2=(h1_p2+h2_p2)/1000; %H from the bottom corner, m  
pressure_2=density*g*HP2; %Pa, pressure at base of gap  

  
fprintf( 'The pressure head (P1) that drives the fluid flow %g 

Pa. \ n' ,pressure_1) %print statement  

  
 %END 
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Appendix B: Supplemental Information for Section 4 

B.1 Supplemental Data for BSA Binding Experiments 

Table B.1. The replicate and average binding capacity values (mg/mL membrane) of the flat-sheet membrane (Natrix Q, Sartobind Q, 

Mustang Q, Durapore) comparison carried out simultaneously under specific conditions (24 h contact time, 0 M NaCl).  Statistical 

significance between all combinations of two membrane types was performed by one-way ANOVA with Games-Howell post-hoc. 

Membrane Type Replicate 
Binding Capacity Value 

(mg BSA/mL membrane) 

Average BSA SBC 

(mg BSA/mL membrane) 

p-value from Two-Sample T-test (θ  = 0.05) 

Natrix Q Sartobind Q Mustang Q Durapore 

Natrix Q 

1 179 

183 ± 36  0.009 0.006 0.007 
2 210 

3 135 

4 210 

Sartobind Q 

1 33 

34 ± 5 0.009  0.010 0.006 
2 40 

3 36 

4 27 

Mustang Q 

1 16 

11 ± 7 0.006 0.010  0.894 
2 2 

3 11 

4 18 

Durapore 

1 0À 

9 ± 1.6 0.007 0.006 0.894  
2 7 

3 10 

4 10 

À The calculated binding capacity reported for the datapoint was excluded from the dataset as this was an anomalous datapoint, below 

a threshold of 0.  
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Table B.2. The BSA amount (mg) and the relative amount (% of total BSA amount) after each step of the chromatographic process 

(load, wash, elution) for both quadruplicate samples with and without Natrix Q membrane. 

Membrane 

Condition 
Replicates 

BSA Amount (mg) in Each Step of the Process BSA Amount Relative to Total Amount (%)  

Load 
Wash Elution 

Total Load 
Wash Elution Load + Wash Total Elution 

1 2 3 1 2 3 1 2 3 1 2 3 (L+W1+W2+W3) (E1+E2+E3) 

Natrix Q 

1 1.8 0.2 0.05 0.03 2.2 0.56 0.16 5 36 4 1 1 45 11 3 42 58 

2 2.1 0.3 0.08 0.03 1.9 0.48 0.08 4.97 42 6 2 1 39 10 2 51 49 

3 2.2 0.4 0.08 0.04 1.8 0.48 0.08 5.08 44 7 2 1 35 10 2 54 46 

4 2.1 0.4 0.08 0.03 1.8 0.48 0.08 4.97 42 7 2 1 37 10 2 53 47 

No 
Membrane 

1 3.8 0.7 0.17 0.05 0.1 0.08 0.08 4.98 77 14 3 1 2 2 2 95 5 

2 3.8 0.8 0.17 0.05 0.2 0.08 0 5.1 76 15 3 1 3 2 0 95 5 

3 3.8 0.7 0.19 0.07 0.1 0.08 0 4.94 77 15 4 1 2 2 0 96 4 

4 3.9 0.7 0.17 0.05 0.2 0.32 0.08 5.42 72 13 3 1 3 6 1 89 11 

 

Table B.3. The average and standard deviation BSA amount (mg) in each step of the chromatographic process for quadruplicate 

samples with and without Natrix Q membrane.  

Membrane Condition 

BSA Amount (mg) in Each Step of the Process 

Load 
Wash Elution 

1 2 3 1 2 3 

Natrix Q 2.05 ± 0.17 0.33 ± 0.1 0.07 ± 0.01 0.03 ± 0.01 1.92 ± 0.2 0.5 ± 0.04 0.1 ± 0.04 

No Membrane 3.83 ± 0.05 0.75 ± 0.06 0.18 ± 0.01 0.06 ± 0.01 0.13 ± 0.05 0.14 ± 0.12 0.04 ± 0.05 
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Table B.4. Comparison between salt concentration at each time point for the Natrix Q 

experiments, studying solution effects. Statistical analysis was performed via one-way ANOVA 

with Tukey HSD post-hoc.  

Time (h) Salt Concentration (mM) p-value 

0.017 

0  
50 0.014 

100 0.997 

50 
0 0.014 

100 0.053 

100 
0 0.997 

50 0.053 

4 

0  
50 0.875 

100 0.375 

50 
0 0.875 

100 0.755 

100 
0 0.375 

50 0.755 

8 

0  
50 0.403 

100 0.213 

50 
0 0.403 

100 0.933 

100 
0 0.213 

50 0.933 

24À 

0  
50 .009 

100 <.001 

50 
0 0.009 

100 0.001 

100 
0 <.001 

50 0.001 
ÀWith Leveneôs test showing unequal variances at 24 h, ANOVA post-hoc analysis was done with Games-Howell 

instead of Tukey HSD.  
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Table B.5. Comparison between time points for each salt concentration for the Natrix Q 

experiments, studying solution effects. Statistical analysis was mostly performed via one-way 

ANOVA with Tukey HSD post-hoc.  

Salt Concentration (mM NaCl) Time (h) p-value 

100 

0.0167 

4 .002 

8 <.001 

24 <.001 

4 

0.0167 .002 

8 .276 

24 .013 

8 

0.0167 <.001 

4 .276 

24 .300 

50 

0.0167 

4 <.001 

8 <.001 

24 <.001 

4 

0.0167 <.001 

8 .223 

24 <.001 

8 

0.0167 <.001 

4 .223 

24 <.001 

0À 

0.0167 

4 <.001 

8 <.001 

24 <.001 

4 

0.0167 <.001 

8 .014 

24 <.001 

8 

0.0167 <.001 

4 .014 

24 <.001 
ÀWith Leveneôs test showing unequal variances at 24 h, ANOVA post-hoc analysis was done with Games-Howell 

instead of Tukey HSD.  
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B.2 BSA Calibration Data 

B.2.1 Calibration Plots for Natrix Q Experiments 

 BSA calibrations plots were generated, where the residual plots were not well-dispersed 

across the x-axis; for this reason, the linear relationship of the upper portion of the calibration 

plot was used instead (Figure B.1). Note that the outlined calibrations below are for one set of 

data at 0 M NaCl and 4 different contact times (24 h, 8 h, 4 h, 0.016 h). These figures 

demonstrate that using a linear relationship with the entire calibration plot is not an ideal 

assumption, and thus the upper portion of the calibration plot was used. Note that it was ensured 

that the sample absorbances were encompassed by the calibration analysis.  
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(A) 

 

(B) 

 
(C) 

 

(D) 

 
Figure B.1. Calibration plots with residuals for 6 mg/mL BSA loading solution used for one set 

of data for the 0 M NaCl experiments, where (A)-(D) correspond to 24, 8, 4, and 0.167 h, 

respectively.   
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(A) 

 

(B) 

 
(C) 

 

(D) 

 
Figure B.2. The upper parts of the calibration plots seen in Figure B.1., with residuals for 6 

mg/mL BSA loading solution used for one set of data for the 0 M NaCl experiments, where (A)-

(D) correspond to 24, 8, 4, and 0.167 h, respectively.   
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B.2.2 Calibration For Membrane Type Comparison Experiment 

 The membrane comparison experiment for BSA depicted a nonlinear residual plot over 

the entire calibration (Figure B.3A), and thus the upper part of the calibration was used instead 

for analysis (Figure B.3B). 

(A) 

 

(B) 

 

Figure B.3. For the membrane comparison experiment, a calibration plot was created with a 6 

mg/mL BSA loading solution with residuals, showing (A) the entire dataset and (B) only the 

upper linear portion of the calibration curve. 
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B.3  DNA Calibration  Data 

 This section introduced the Herring testes DNA calibration data. It demonstrated that the 

calibration curve for the whole plot is nonlinear, and so the upper bounds were used (Figures 

B.4 &  B.5): 

(A) 

 

(B) 

 

Figure B.4. A calibration plot was created with a 200 µg/mL DNA loading solution with 

residuals, showing (A) the entire dataset and (B) only the upper linear portion of the calibration 

curve.  
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(A) 

 

(B) 

 

Figure B.5. A calibration plot was created with a 800 µg/mL DNA loading solution (which was 

diluted by a factor of 4) with residuals, showing (A) the entire dataset and (B) only the upper 

linear portion of the calibration curve.  
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B.4. Membrane Material Swelling Evaluation 

 This section discusses the results of the 1 h swelling tests with 8 mm membrane discs of  

each membrane material (Natrix Q, Sartobind Q, Mustang Q, Durapore) under different 

experimental conditions: dry state, 20 mM Tris HCl with 0 M NaCl, and 20 mM Tris HCl with 1 

M NaCl. Figure B.6 demonstrates the before and after images of the three 8 mm discs for each 

membrane material under each experimental condition (e.g. 0 M NaCl). These images were 

obtained to highlight membrane thickness variation between the dry and wet state of the 

membrane material. The Natrix Q membrane was shown visually to significantly swell upon 

contact with solution, whereas there was no discernable difference in membrane thickness with 

the other membrane materials (Figure B.6).  

 Using the reported dry membrane thickness (Table 3.1) and ImageJ software, 5 

membrane thickness measurements were obtained per wetted sample; these values were then 

used to estimate the adjustment factor, which was reported as mL wet MV per mL dry MV 

(Table B.6). The ImageJ results from the swelling test demonstrated that Natrix Q increased 

almost 3-fold in MV when compared to the dry state membrane. In contrast, Mustang Q and 

Sartobind Q showed no significant difference when comparing the wetted membranes to the dry 

state membrane. While the adjustment factors evaluated for Durapore indicate a reduction in MV 

when wetted (Table B.6), the thin nature of this membrane may contribute to higher error 

variability when attempting to quantify the membrane thickness.   

 It was also shown throughout literature that salt conditions could affect the degree of 

membrane swelling [53]. The results demonstrated that Mustang Q and Sartobind Q showed no 

difference between the salt conditions. However, Natrix Q demonstrated slightly less swelling 

with a factor of 2.99 and 2.65 from 0 to 1 M NaCl, respectively (Table B.6). With SBC 
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experiments focusing on low salt conditions, it was suggested to use the factor associated with 0 

M NaCl. The adjustment factors can be applied to the SBC values reported throughout this 

thesis, which were based off of dry MV, to instead consider SBC values based on wet MV. An 

example comparison between the SBC results between the dry and wet MV can be seen for 

Natrix Q (Figure B.7). While manufacturers do not explicitly report whether they use dry or wet 

MV for binding capacity determination, it was demonstrated that the SBC values estimated using 

the dry MV were more aligned with DBC literature values (Table 3.2). 
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Figure B.6. The before and after images of the three 8 mm membrane discs for each membrane 

material used for swelling evaluation.  

Table B.6. The adjustment factor (mL wet MV per mL dry MV) per solution condition for each 

membrane material, as determined using membrane thickness via ImageJ. 

Membrane 

Type 

Salt Solution 

Condition 

(M NaCl) 

Membrane 

Thickness 

(µm) À 

Factor 

(mL Wet MV per mL Dry MV ) 

Natrix Q 
0 897 ± 99 2.99 

1 796 ± 77 2.65 

Sartobind Q 
0 294 ± 17 1.07 

1 256 ± 40 0.93 

Mustang Q 
0 134 ± 8 0.97 

1 143 ± 6 1.04 

Durapore 
0 114 ± 10 0.91 

1 98 ± 20 0.78 
À Membrane thickness was estimated using 5 ImageJ measurements per sample, reporting average values with SD. 
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(A) 

 

(B) 

 

Figure B.7. Comparing the estimated average BSA SBC (mg/mL) on Natrix Q with SD error 

bars considering (A) the dry state MV and (B) the wet state MV via the adjustment factor (Table 

B.6). This experiment varied contact time (1 min, 4 h, 8 h, and 24 h) with increasing salt 

concentration (0, 50, 100 mM NaCl), where scatter points are represented by maroon circles (ƺ), 

blue triangles (æ), and green squares (Ǐ). 

 

 

  
















