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Abstract
Membrane technology has been actively used as a separation tool in the chemical, environmental, and biopharmaceutical industries for several decades. As membrane quality requirement in the industry has increased, efforts have been directed towards enhancement in mechanical strength, chemical durability and functionality of membranes. One of the approaches for membrane quality enhancement is based on the combination of hydrogel technology with membrane technology. This thesis focused on the application and development of hydrogel based membranes, notably hydrophilized PVDF (polyvinylidene fluoride) membrane for hydrophobic interaction membrane chromatography; the fabrication of paper-hydrogel composite membranes for membrane chromatography; development of a technique for coating alginate (a natural hydrogel) on the outer surface of a hollow fiber membrane for potential application in bioreactors and the use of hollow fiber membranes as mold for fabrication calcium alginate fibers for biomedical and tissue engineering applications. 
A membrane chromatography-based polishing technique was developed for removing leached protein-A and aggregates from monoclonal antibody (mAb). A commercial synthetic membrane that is known to be hydrophilized by hydrogel grafting was employed to develop this polishing process that resulted in highly pure mAb, free from aggregates and protein-A. This mAb polishing technique could easily be integrated with a hydrophobic interaction membrane chromatography based mAb purification process. 
A paper-hydrogel composite membrane was developed as an inexpensive alternative to commercial synthetic membranes used for carrying hydrophobic interaction membrane chromatography. Poly(N-vinylcaprolactam) or PVCL hydrogel was coated on Whatman filter paper to prepare these membranes. These environment responsive membrane which responded to changes in salt concentration, gave excellent fractionation of multi-component protein mixtures. As case study, a mixture of immunoglobulin G, human serum albumin and insulin was fractionated. 
A technique for modifying the surface of synthetic hollow fiber membranes with alginate (a natural hydrogel) was developed. This manner of surface modification led to the improvement in membrane mass transport. The alginate was cross-linked on the outer surface of the membrane by diffusion of the cross-linker (calcium ions) through the membrane pores. The calcium alginate coating layer was characterized by optical and transmission electron microscopy, contact angle measurement, hydraulic permeability measurement and by examining solute transport. 
Hollow and solid calcium alginate fibers were fabricated using a novel hollow fiber membrane based moulding technique. The pore present on the hollow fiber membrane served as the reservoir for the calcium chloride solution with cross-linked the alginate within the lumen. The calcium alginate fibers produced were characterized by optical, transmission electron, and scanning electron microscopy. Cell immobilization experiments were carried out to demonstrate biocompatibility and potential for tissue engineering applications. 
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1.1 Membrane technology
Membrane technology has experienced tremendous application in chemical and biopharmaceutical engineering industries. The first significant industrial application of membrane technology took place in 1960s, and ever since then it has contributed significantly to improvement in quality of life [1]. There are various definitions for the term ‘membrane’ depending on the application it is being used, for example simply filtering particles or selectively transporting one or more substances. For a biochemical engineer who has studied downstream processing, a membrane is a physical separation barrier with porous structure which requires either pressure or another driving force to selectively separate materials. A membrane is generally defined as “a thin barrier or film through which solvent and solutes are selectively transported” [2]. In the biopharmaceutical industry membranes have been used for protein concentration, microorganism and virus removal, buffer exchange, and cell recovery [3]. A much simpler mechanism is utilized in the water treatment industry, where dispersed particles are removed by size exclusion or sieving [4]. There are many membrane manufactures involved in the production of different types of membrane elements and configurations that are used for various applications. The major three international membrane companies whose products have been used in my research are Merck Millipore, and Membrana GmbH. Microfiltration and ultrafiltration membranes from these companies that have been used in my projects are made of organic polymers such as hydrophilized polyvinylidene fluoride (PVDF) (Chapter 2), cellulose (Chapter 3), polyethersulfone (PES) (Chapter 4 and 5), polypropylene (PP) (Chapter 5), polysulfone (PS), cellulose acetate (CA), and regenerated cellulose (see Table 1). Membranes are generally available in three geometries: flat sheet (Chapter 2 and 3), hollow fiber (Chapter 4 and 5), and tubular (not discussed in this thesis). The advantage of a flat sheet membrane is that it can be utilized for various types of operations in different module configurations. For example, a flat sheet membrane could be cut into a desired shape (square, circular, or rectangular) and size to fit a module for dead-end, cross flow, or co/counter current flow separation, whereas hollow fiber and tubular membrane are available pre-assembled within membrane modules. 
Membranes are also categorized based on their pore sizes into micro-, ultra-, nano- filtrations, and reverse osmosis. Micro- and ultra- filtration are most extensively used for waste water treatment and for biopharmaceutical production. Nanofiltration and reverse osmosis are used in clinical setting such as viral removal or plasma-derived product separation [43] and drinking water purification units. Commercial microfiltration membranes commonly have 0.45, 0.2, 0.1 μm pore sizes which are able to reject microorganism from feed solutions. Using this rejection characteristic, buffers and other solutions can be clarified. Ultrafiltration is mainly employed for protein concentration and buffer exchanges prior to analysis. Table 1 shows the specifications of the membrane that were used in the different projects discussed in this thesis. 
Table 1 Membrane specifications in this dissertation
	
	Material
	Catalogue information
	Modification method/base material
	Thickness
	Manufacture
	Morphology

	Flat sheet
	Hydrophilized PDVF
	GVWP 14250
	Grafted 
	125 µm
	Millipore
	asymmetric

	
	Composite membrane 
	Fabricated 
	Coating PVCL on filter paper
	200 µm
	Fabricated
	symmetric

	Hollow fiber
	Polypropylene 
	Accurel PP S6/2
	Polypropylene
	1.8 mm i.d./2 mm o.d.
	Membrana
	Isotropic

	
	
	Accurel PP Q3/2
	Polypropylene
	0.6 mm i.d./1mm o.d.
	Membrana
	Isotropic

	
	Polyethersulfone
	Tetronic
	Hydrophilized PES
	0.8 mm i.d./ 1.3 mm o.d.
	Hydranautics
	Anisotropic



The membrane industry has been producing high quality membrane for more than 50 years. However, while some product lines have remained the same, the applications and operating conditions required better mechanical/ chemical durability, high flux, less fouling, and easy to operation.  To solve these problems, many researchers and membrane developers are still seeking for new types of membrane such as hydrogel based composite membrane, which will be discussed in considerable detail in this thesis. 

[bookmark: _Toc388900174]1.2 Membrane chromatography
Various bioseparation techniques are used in the downstream processes of the biopharmaceutical industry. Column chromatography has been used extensively in production lines for the separation and purification of biological samples with high resolution. For example, various types of column chromatography are used in the capture (affinity chromatography), purification (hydrophobic interaction chromatography), and polishing (ion exchange chromatography) steps of antibody purification [5]. However, because the separation relies mainly on the diffusion of samples through pores in a soft gel matrix, the procedure requires long contact times with large volumes of mobile phase. In addition, when this soft material is placed in a column, the drop in pressure across the column results in the deformation of the beads. These disadvantages limit the scalability of this technique. Therefore, studies have focused on advancing the technique by improving the diversity of the support matrix, narrow pore distribution, and ligand chemistry. Although new modifications in the method, such as combining different kinds of column chromatography for more complex protein separations have been investigated, the operating conditions have a narrow window, and possible target proteins are very limited. A simulated moving bed (SMB) technique for multi-protein separations was developed in the early 2000s [6]. However, this technique has limited applications. The operating condition requires the ratio of the individual protein or amino acid residence time versus the zone flow rate to be calculated and estimated from many parameters. Moreover, it requires tedious optimization procedures for particular target proteins.
Membrane chromatography provides an attractive and efficient mass transport process, driven predominantly by the principle of convection flow, as illustrated in Figure 1.1. The membrane adsorbers that are used in this technique possess high-throughput abilities. These membrane stacks create void channels for the mobile phase to pass, allowing selective separation of biological substances. Membrane chromatography incorporates aspects of membrane filtration (high-throughput) and packed-bed column chromatography (high-resolution) [7, 8]. The combination of membrane and column chromatography was developed to achieve better separation with smaller footprints, shorter process times, less buffer usage, and more flexibility in terms of configuration and operation. Furthermore, the limitations associated with conventional column chromatography, such as sudden drops in pressures, may be minimized. The relatively rigid microporous structure of the membrane allows for a high flux and minimal batch-to-batch variations [2].
[image: ]
Figure 1.1 Comparison of the mass transport process and resolution in bead-based column versus membrane chromatography. *adopted from [9].
Membrane chromatography operates on the same principle as column chromatography. The affinity moiety is immobilized on the membrane substrate and serves as the stationary phase. The mobile phase (protein mixture or biological sample) is then passed over the stationary phase. The sample interacts with the stationary phase and binds to the membrane surface, while the impurities remain in the flow-through. The sample is then eluted from the surface of the membrane by changing the operating conditions such that the interaction between the sample and the affinity moiety is broken. These membranes may be used as alternatives to protein-A/G affinity column chromatography for the purification of antibodies [10, 11]. In addition, ion exchange membrane chromatography may be used to remove impurities such as host cell protein (HCP), DNA, and viruses from biological samples [12, 13]. 
A number of recent studies have demonstrated the use of hydrophobic interaction membrane chromatography (HIMC) [14–17] for the purification of monoclonal antibodies (mAbs) [18–26]. Ghosh (2001) used a polyvinylidene fluoride (PVDF) membrane to separate CAMPATH-1G monoclonal antibodies and bovine serum albumin (BSA) using hydrophobic interactions [18]. Similarly, human plasma proteins, human immunoglobulin G (hIgG) and human serum albumin (has) could be separated using a PVDF membrane (pore size, 1 μm) [27]. A paper-polyethylene glycol (PEG) interpenetrating polymer network-based composite membrane was also developed as an inexpensive alternative to commercial membranes [22]. The PEG polymer undergoes a phase transition when treated with high concentrations an anti-chaotropic salt; this characteristic feature of the polymer was adopted to separate and purify mAb on the basis of its hydrophobic interaction with the PEG polymer. 
Membranes have not only been examined for their adsorption capacity and resolution but also for their binding mechanisms, which were investigated using rabbi IgG and protein-A conjugates [21]. The binding sites of these conjugates on the membrane surface were identified by digesting them with papain and pepsin. Because protein-A recognizes the Fc domain of rabbit IgG, the Fab domain and the hinge region of IgG are available for interaction with the membrane. This binding mechanism was analyzed using a confocal laser-scanning microscope. 
In their studies, Huang et al. (2009) coated a PVDF membrane with an environmentally responsive polymer (poly-N-vinylcaprolactam [PVCL]) for use in HIMC [24]. Pereira et al. (2010) demonstrated that a modified Sartobind® epoxy membrane supported with a linear alkyl chain ligand could be used for plasmid DNA purification [23]. The alkyl ligand layer increased the adsorption of RNA on the membrane, as expected. Other studies investigated the use of composite membranes such as paper-based membranes for the purification of mAb [25]. Environmentally responsive PVCL was grafted on regenerated cellulose membranes using the atom-transfer radical-polymerization (ATRP) technique; the binding capacity per column volume for IgG and HSA were then analyzed [25, 26]. Two parameters of composite membranes may be manipulated by environment stimuli: the range of binding capacity and the permeability. 
Membrane chromatography is widely used commercially for the purification and fractionation of biological samples in the laboratory as well as the pilot-scale. Mustang® ion exchange membrane (Pall Life Sciences), Sartobind® Phenyl, and Sartobind® S/Q (Sartorius AG) are available commercially. Mustang® Q or S (or Sartobind® S or Q) are based on the principles of ion exchange chromatography. Similarly, Sartorius also manufactures an HIMC membrane composed of regenerated cellulose with covalently attached phenyl ligands, called Sartobind® Phenyl [28]. This commercial product is pre-stacked within the cartridge for convenience; however, certain aspects such as fluid distribution within the membrane module and scale-up with respect to bed volume need to be improved. Moreover, commercially available products are expensive to use, whereas conventional chromatography columns may be regenerated and reused approximately 100 times, depending on the chemistry involved. 
Two operating modes are used in membrane chromatography: the flow-through mode and the bind-elute mode. The flow-through mode has been embraced to remove trace amounts of unwanted substances from mAb purifications [12, 20]. This mode has the advantage of simple operating conditions, where the desired products are collected in the eluate and trace amounts of impurities are entrapped within the membrane matrix. This can be achieved without changing the mobile fluid conditions and does not require a membrane regeneration step. The flow-through mode is excellent for use as the final polishing step for biopharmaceuticals; however, the selectivity of the membrane has to be high enough to separate the product from the impurities and the membrane quality and operating conditions have to be precise. In mAb production, a protein-A affinity column is the main capturing tool used to separate mAb from HCP, DNA, or viruses. The protein-A ligand binds strongly to the Fc domain of mAbs; therefore, the capture step is the most crucial step in mAb production. Despite the benefits associated with the use of protein-A column process, the low pH conditions required for dissociation cause the mAbs to aggregate and leach protein-A ligand. Therefore, an ion exchange membrane chromatography technique was developed for the large-scale production of mAbs [12]. At neutral pH, the impurities and mAbs have different charges (negative and positive, respectively). Therefore, anion exchange membrane chromatography may be used to purify mAbs. Knudsen et al. (2001) reported that cation and anion exchange membranes may be utilized for the removal of potential contaminants and impurities. However, because cation exchange membrane chromatography has to be operated under two operating steps (bind and elute), the operating cost increases compared to anion exchange membrane chromatography (available commercially as Sartobind® Q) [12]. The economic aspect of using membrane chromatography was reviewed by Zhou and Tressel in 2006 [29]. Buffer usage may be lowered by as much as 95% with membrane chromatography compared to packed-bed anion exchange chromatography. The disposability of membrane columns eliminates the packing, washing, and regeneration steps of column chromatography, thereby reducing processing time and labor costs. A long-term cost calculation analysis of membrane versus resin-based column chromatography revealed that membrane chromatography is cheaper than column chromatography.
The bind-elute operating mode has been actively investigated for use in both academia and industry. This operating mode requires the target substance to be bound on the membrane, followed by elution in one or multiple steps or, alternatively, in a gradient. However, membranes (in the absence of hydrogel-modifying treatments) have a lower binding capacity than resin-based columns; therefore, improvements in binding capacity were required. The most common application of the bind-elute mode is in affinity membrane chromatography, which has replaced protein-A/G column chromatography for the purification of mAb [10, 11]. The bind-elute mode has also been applied in HIMC for the separation of proteins [18,19,21,22,25]. Recently, hydrogel coated/grafted membranes are being actively investigated because they provide improved binding capacities. The development of a hydrogel composite membrane is discussed in the next section. 
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1.3 Hydrogel based membrane 
Synthetic membranes are used widely in the environmental and biopharmaceutical industries. Membrane adsorbers, which are traditionally organic-based materials, have been developed using the emerging hydrogel technology for enhanced performance and functionality. Two types of hydrogels have been studied for use in hydrophobic interaction, ion exchange, and affinity membrane chromatography. One is the synthetic, polymer-based hydrogel, which may be composed of PEG, poly (N-isopropylacrylamide) (PNIPAM), PVCL, polyester, poly lactic acid (PLA), poly lactic-co-glycolic acid (PLGA), and polycarbonate. The other type comprises naturally derived hydrogels, such as those based on dextran, alginate, collagen, fibrin, and gelatin [30]. Hydrogels are cross-linked water-soluble polymers with hydrophilic pendent groups such as amides and carboxylic acids in their structure. The combination of the hydrophobic membrane substrate and the hydrophilic hydrogel resulted in the development of environmentally responsive membranes, also termed “smart-membranes.” 
Various environmentally responsive membranes have been developed by many researchers [14, 21, 24, 26, 31–33]. Such membranes change their physical structure, charge, or affinity in response to changes in pH [34], temperature [33], and salt concentrations [32]. By manipulating the tunable characteristics of an environmentally responsive membrane, complex or multi-component separations may be achieved easily. 
PNIPAM has been actively researched for cross-linking or interpenetrating membrane substrates to make a three dimensional formation [33, 35, 36]. This hydrogel network can change its physical and chemical properties upon receiving the various environmental stimuli mentioned above. Rao et al. (2002) constructed a hybrid membrane based on silica substrate with PNIPAM encapsulated within it using a sol-gel process. The permeability of the membrane changed with temperature. However, after PNIPAM toxicity became problematic in biological applications, PVCL and PEG were investigated as alternatives to PNIPAM [37, 38]. PVCL is also a thermo-responsive polymer with a low critical solution temperature (LCST). It is relatively less toxic with enhanced physical strength. It was studied extensively for the fabrication of composite membranes. However, in terms of practical applications, controlling salt concentration is much simpler than controlling the temperature of the mobile phase and its environment to achieve switchable hydrophobic interactions between proteins and polymers [24]. 
Therefore, an inexpensive composite membrane with cellulose filter paper was developed for protein separations. Yu et al. (2008) demonstrated the use of PEG-coated cellulose paper for the separation of mAbs from Chinese hamster ovary (CHO) cell culture [22]. Mah and Ghosh (2010) demonstrated the feasibility of a composite membrane composed of PVCL on Whatman filter paper for the purification of IgG from simulated CHO cell culture. In addition to coating, hydrogels may be grafted on membrane substrates for better membrane resolution [39–42]. Although the grafting method is more complicated, involving the use of various chemicals (acids and bases) and long periods of pre-treatment before polymerization, the ligand length and density may be tailored for exact applications [15]. Himstedt et al. (2013) grew PVCL polymer chains on a regenerated cellulose membrane. BSA and IgG, which are often used as model proteins, were employed to test the adsorption as well as the binding capacity of the membrane [26]. 
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1.4 Thesis outline
This thesis consists of six chapters. Chapter 1 is an introduction to membrane technology, membrane modifications, and membrane chromatography which will also touch on all the research projects in chapter 2, 3, 4, 5. Four chapters could be categorized into two key compartments: flat membrane and hollow fiber membrane configurations. All of the projects involved the combination of both hydrogels and membranes. Chapter 2 and chapter 3 focus on membrane chromatography for various protein separation applications. Chapter 4 and 5 are studied on membrane modification with natural hydrogel for tissue engineering applications. The summary of each project is shown in Figure 1.2. 
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Figure 1.2	The summary of individual research project. A) mAb polishing with PVDF membrane chromatography B) multi-proteins separation with paper based composite membrane C) calcium alginate coated on hollow fiber membrane extracapillary surface D) calcium alginate fiber fabrication with hollow fiber membrane molding technique

Chapter 2 describes the purification of a monoclonal antibody from its aggregates and leached protein-A using membrane chromatography. In this project, the membrane chromatography consisted of a hydrophilized PVDF membrane which is commercially available in the market as an ultrafiltration membrane. A PEG hydrogel, which had environment responsiveness to salt present in solution, was grafted into the pores of the hydrophilized PVDF membrane substrate [29]. This hydrogel, which was based on an LCST polymer, had a phase transition controlled by salt concentration. With stimuli responsiveness, apparent protein and grafted polymer hydrophobic interaction degree changed. Manipulating the salt concentration made the pure monoclonal antibody separate from impurities in flow-through mode. This work was published in Journal of Membrane Science.
Chapter 3 presents the fractionation of plasma proteins, hIgG, and HSA, and also a popular hormone, insulin, using a paper based composite membrane. A composite membrane was fabricated using poly (N-vinylcaprolactam) polymer coated on Whatman cellulose filter paper. Membrane chromatography was tested for environment responsive characteristics under different ionic strength, and the transmembrane pressure was a good indication on the hydrogel states. The collapsed and swollen states of hydrogel induced a hydrophobic difference on membrane matrix. By manipulating this characteristic, protein had experienced different interaction with the membrane. This work is ready for journal submission.
Chapter 4 investigated a hollow fiber membrane extracapillary surface coated with calcium alginate. The polymerization method is novel and the thickness of the coating layer is highly controllable using a gentle and precise procedure. The cross-linkers are passively diffused through the membrane pores and come into contact with the cross-linking alginate in extracapillary space. This composite membrane was studied for membrane performance on hydraulic permeability and solute mass transport rate. The hydrophilic characteristic was tested using water contact angle. The TEM analysis was obtained for calcium alginate morphologies. This work also was written in manuscript for journal submission.
Chapter 5 shows new application of micro- or ultra-filtration hollow fiber membrane. The membrane pores were utilized for storage of cross-linking reagent, calcium ion, when monomer (sodium alginate) solution contacted the polymerization process occurred. A hollow fiber membrane is used as the mold for fabricating these calcium alginate fibers. This process was used for membranes of varying diameters, sizes, and geometries. This work has been submitted in Biochemical Engineering Journal.
As a whole, the research reported in this thesis could lead to four journal publications. One is published (Yoo and Ghosh 2012, Journal of Membrane Science), one is submitted (in Biochemical Engineering Journal, BEJ-D-14-00034), and two more papers are ready submission to journals. 
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[bookmark: _Toc388900180]2.1 	Abstract
Protein-A affinity chromatography is the standard capture technique used for purification of monoclonal antibodies (mAbs). A major problem with this technique is its inability to remove monoclonal antibody aggregates from the monomeric form of the antibody. Moreover, the elution of mAbs from a protein-A column is carried out using acidic conditions which in turn could accelerate the formation of antibody aggregates and causes leaching of protein-A from its supporting media. These impurities have to be removed using appropriate separation methods before the mAb can be used for therapeutic applications. There is currently a limited repertoire of polishing techniques which simultaneously remove both mAb aggregates and protein-A. In this paper, we describe a polishing method based on hydrophobic interaction membrane chromatography for simultaneously removing these impurities. The flow-through mode was used whereby monomeric mAb flowed through a membrane stack while impurities were retained by reversible adsorption. These impurities were subsequently eluted by lowering the salt concentration and the membrane stack was thus regenerated. The operating conditions for this method were systematically optimized using pure mAb, aggregates, protein-A, and mAb/protein-A complexes. The mechanisms by which aggregates and leached protein-A were simultaneously removed are hypothesized.


[bookmark: _Toc388900181]2.2	Introduction 
Monoclonal antibodies or mAbs were first produced in the 1970s [1]. These are now extensively used in biomedical research, and for a range of therapeutic and diagnostic applications [2]. MAbs are usually purified using either protein-A or protein-G based affinity column chromatography as the principal capture technique [3, 4]. Protein-A, which was originally isolated from a bacteria recognizes and binds the Fc domain of the immunoglobulin G or IgG class mAbs at neutral pH [3]. The use of protein-A affinity chromatography results in highly selective mAb purification and there is typically around 90 - 95% removal of impurities such as media proteins, host cell protein, nucleic acids (mainly DNA) and endotoxin [5]. When the mAb containing feed solution is passed through a protein-A column, the impurities are removed in the flow through while the mAb is retained within the column. The column-bound mAb is then eluted by lowering the pH, this acidic condition being suitable for inactivating viral contaminants. The mAb yield in protein-A affinity chromatography tends to be quite high.
Despite these obvious advantages, the use of protein-A affinity chromatography for mAb purification throws up some challenges that need to be addressed. Firstly, protein-A does not discriminate between the mAb monomer and its aggregated forms as the Fc region is not affected by the aggregation process [6, 7]. Consequently, the mAb aggregates that are formed during cell culture and the earlier downstream processing steps such as centrifugation or microfiltration are not removed in the flow through and are found to co-elute from the protein-A column along with the mAb monomer. Secondly, the lowering of pH during elution accelerates mAb aggregation [8]. Aggregated forms of mAb have lower biological activity and can in some cases be toxic or immunogenic [6, 9]. Thirdly, protein-A is known to leach out in small amounts from its support matrix, more so under acidic conditions [10]. This leachate and its fragments are immunotoxic and their presence in therapeutic products is highly undesirable [11-13]. For this reason, polishing of protein-A affinity chromatography purified mAb become absolutely essential, i.e. for the removal of product related impurities such as mAb aggregates and process related impurities such as leached protein-A and its fragments. 
Aggregated forms of mAbs are commonly removed by size exclusion chromatography (or SEC) [14, 6]. The dimer and higher aggregates being larger are excluded from the pores present in the chromatographic media and consequently move faster through the column than the mAb monomer. The use of SEC for both preparative and analytical scale separation of mAb aggregates has been reported [14, 6]. Some of the problems of using SEC for preparative separation are low speed, poor scalability and limited resolution. Researchers have tried to address these by combining SEC with other technique [15, 16].  Techniques such as field flow fractionation (or FFF) [17] and hydroxyapatite (or HA) based column chromatography have also been used for removing aggregated forms of monoclonal antibody [18, 19]. The use of ion exchange chromatography in the presence of polyelectrolyte additives such as polyvinylsulfonic acid, polyacrylic acid and polystyrenesulfonic acid for removing mAb aggregates has been reported [20]. Wang et al. [7] used hydrophobic interaction membrane chromatography (or HIMC) for separating mAb monomer from its dimer based on their hydrophobicity difference. In a subsequent paper [21] the feasibility of fractionating different aggregated forms such as dimer, trimer, tetramer and pentamer from each other using the same technique was also demonstrated. There are several other more recent reports on the use of hydrophobic interaction chromatography or hydrophobic charge induction chromatography employing both columns and membranes for the removal of mAb aggregates [22-26].  The use of the hydrophobic charged induction mode led to improvement in binding capacity, step yield, and impurity removal rate [24].  In addition, less amount of salt was required when compared with standard hydrophobic interaction chromatography. 
The leaching of protein-A which co-elutes along with the mAb was systematically studied by Bloom et al. [27]. They also examined the relationship between protein-A contamination level and column usage. Protein-A is typically leached in small amounts and its detection can in some cases be challenging. Steindl et al. [28] used sandwich-type enzyme linked immusorbent assay to measure extremely low concentrations of leached protein-A. However in most cases, standard techniques such as sodium dodecyl sulphate polyacrylamide gel electrophoresis (or SDS-PAGE) are considered sensitive enough to detect presence of leached protein-A which is co-eluted along with a huge excess of mAb and is therefore likely to be present as complex with one or several mAb molecules. To measure the exact concentration of protein-A, such complexes need to be first dissociated by boiling in the presence of SDS [28] or by employing microwave [29]. Leached protein-A and its fragments could be removed using anion exchange chromatography [27, 30], cation exchange chromatography [10, 30], and hydroxyapatite chromatography [18].  Some researchers have attempted to combine mAb aggregate and protein-A removal in a single step. Zhou et al. [31] showed that cation exchange chromatography using hybrid gradients of pH and conductivity resulted in removal of mAb aggregates and leached protein-A while Kelley et al. [30] used upgraded anion exchange chromatography for achieving the same objective. However, there is a limited repertoire of polishing techniques which simultaneously remove both mAb aggregates and protein-A and therefore new and efficient polishing techniques would be highly desirable.
Sun et al. [32] while investigating the mechanism of IgG binding on hydrophobic surfaces, found that protein-A on its own did not interact with a hydrophobic membrane except at very high salt concentrations, i.e. protein-A was quite hydrophilic when compared with IgG. Interestingly though, IgG – protein-A complexes were found to be significantly more hydrophobic than free IgG. Any protein-A leached out from affinity media and co-eluted with mAb would, as reported by earlier workers [27, 28], be present complexed with mAb. As observed by Sun et al. [32], such complexes are likely to be more hydrophobic than the mAb. Based on this, we hypothesized that leached protein-A could be removed from mAb using hydrophobic interaction chromatography. Also, by proper optimization, removal of both mAb aggregates and protein-A could potentially be combined into a single step.
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Figure 1	Schematic diagram for monoclonal antibody polishing based on hydrophobic interaction membrane chromatography 

This paper discusses a HIMC based polishing method for simultaneous removal of aggregates and leached protein-A from mAb. The working hypothesis for this method is shown in Figure 1. The feed solution for this polishing step is mAb eluted from a protein-A column using acidic buffer. In addition to mAb, the feed would therefore also be expected to contain some aggregates (represented by the dimer in the figure) and leached protein-A (which would form complex with mAb as indicated in the figure). While protein-A can bind up to five IgG molecules [33] and the figure shows just two of the possible complexed forms for the sake of simplicity. In step 1, salt was added to the feed solution to obtain conditions suitable for binding impurities on a hydrophobic membrane stack. In step 2, the mAb being less hydrophobic than the impurities was obtained in the flow through while the aggregates and mAb – protein-A complexes remained bound to the membrane stack. In step 3, the membrane-bound impurities were eluted by lowering salt concentration and the membrane stack was thus regenerated. This polishing method was systematically optimized and the results obtained are discussed. 
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2.3	Materials and Methods
[bookmark: _Toc388900183]2.3.1 Materials 
Hydrophilized polyvinylidene fluoride (PVDF) membrane discs with 0.22 μm nominal pore diameter (catalogue no. GVWP 14250) were purchased from Millipore, Billerica, MA, USA. The average membrane thickness was 125 μm. Humanized mAb (hIgG1-CD4, batch no.10) and “dimers” (mixture of hIgG1-CD4 monomer and dimer, batch no. 6) were kindly donated by the Therapeutic Antibody Center, University of Oxford, UK. Pure hIgG1-CD4 stock solution had a total protein concentration of 4.76 mg/mL. The “dimers” stock solution had a total protein concentration of 1.29 mg/mL and contained slightly less than 50% monomer, 50% dimer and trace amounts of higher aggregates. Sodium phosphate monobasic (catalogue no. S0751), sodium phosphate dibasic (catalogue no. S0876), ammonium sulphate (catalogue no. A4418), and recombinant protein A from Staphylococcus aureus expressed in Escherichia coli (catalogue no. P7837) were purchased from Sigma-Aldrich, St. Louis, MO, USA. All buffers and test solutions were prepared using ultrapure water (18.2 MΩ-cm) water obtained from a DiamondTM NANOpure water purification unit (Barnstead International, Dubuque, IA, USA). The buffers were filtered through a 0.45 μm microfiltration membrane for clarification and degassing. Protein solutions were clarified by centrifugation at 10000 revolutions per minute for 10 minutes. 
[bookmark: _Toc388900184]2.3.2 Methods
The HIMC experiments were carried using a stack of six hydrophilized PVDF membranes (18 mm effective diameter) housed in a module which was designed and fabricated in-house [34]. The module was integrated with an AKTA Prime liquid chromatography system (GE Healthcare Bioscience, Uppsala, Sweden). UV absorbance at 280nm, pH, conductivity and pressure data was collected during the chromatography experiments and logged into a computer. The feed solutions used in the HIMC experiments were adjusted to the appropriate ammonium sulphate concentration to facilitate binding. The membrane bound material was eluted with ammonium sulphate free buffer using appropriate gradients. Samples collected during these experiments were analyzed by size exclusion chromatography (SEC) and sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) [35].
SEC analysis was carried out with an Ultrahydrogel SEC column (catalogue number WAT011530, 7.8mm i.d., 30cm length, Waters, Milford, Massachusetts, USA) using an HPLC system (Prepstar 218, Varian Canada, Mississauga, Ontario). In these SEC experiments, sodium chloride solution in water (0.25 M) was used as mobile phase at a flow rate 0.3 mL/min. A 100 μL loop was used for sample injection. Reducing SDS-PAGE (10% gel) was run using a Hoefer MiniVE vertical electrophoresis unit (GE healthcare Bio-Sciences, Montreal, Quebec, Canada). Prior to loading on the gel, samples were boiled in SDS and dithiothreitol (DTT) containing buffer to obtain individual protein subunits and to break the disulfide bonds. The electrophoresis experiments were run with normal polarity at 120 V (~35 mA current). Protein bands on the gel were visualized by staining with Coomassie blue dye.
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2.4	Results and Discussion
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Figure 2	Effect of salt concentration on the binding of hIgG1-CD4 on hydrophilized PVDF membrane (eluting buffer: 20 mM sodium phosphate, pH 7.0; binding buffer: eluting buffer + different concentrations of ammonium sulfate (1) 1.2 M, (2) 1.3 M, (3) 1.4 M and, (4) 1.5 M; hIgG-CD 4 concentration: 0.1 mg/mL, injection volume: 500 μL, flow rate: 2 mL/min)


Figure 2 summarizes the effect of ammonium sulphate concentration on the binding of pure mAb on a stack of six hydrophilized PVDF membrane discs. In the four experiments represented in the figure, the concentration of ammonium sulphate in the binding buffer was varied between 1.2 -1.5 M. Previous work based on the same membrane and mAb [7] had shown that the presence of 1.5 M ammonium sulphate concentration in the binding buffer resulted in strong binding of both mAb and its dimer. Therefore 1.5 M ammonium sulphate was set as the maximum salt concentration (chromatogram 1) and the salt concentration in the binding buffer was reduced in steps of 0.1 M (chromatograms 2, 3, and 4 respectively). In all four cases, elution from the membrane stack was effected by using negative salt gradient going from 0 to 100% eluting buffer, applied over 30 mL of buffer flow. As expected, in the presence of 1.5 M salt, the entire amount of mAb injected bound to the membrane stack (as indicated by the absence of a flow through peaks in chromatogram 1). The membrane-bound mAb could easily be recovered in the form of a sharp peak (51.2 mL retention volume) by switching over to the eluting buffer. However, no mAb binding took place on the membrane stack when the ammonium sulphate concentration in the binding buffer was lowered (i.e. to 1.4, 1.3 and 1.2 M, corresponding to chromatograms 2, 3 and 4 respectively) as evident from the presence of flow through peaks in these chromatograms. The shape of the flow through peak changed with change in salt concentration: being quite broad at 1.4 M, slightly sharper at 1.3 M, and very sharp at 1.2 M. This indicates that at 1.4 M salt concentration, the mAb interacted to a certain extent with the membrane stack but this was not strong enough for binding. The interaction decreased a bit at 1.3 M salt concentration and decreased even further at 1.2 M salt concentration. Such change in the level of interaction is also indicated by the difference in retention volumes of the flow through peaks, these being 13.1, 6.7 and 1.5 mL respectively at 1.4, 1.3 and 1.2 M salt concentrations.   
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Figure 3	Effect of salt concentration on the binding of hIgG1-CD4 “dimers” on hydrophilized PVDF membrane (eluting buffer: 20 mM sodium phosphate, pH 7.0; binding buffer: eluting buffer + different concentrations of ammonium sulfate (1) 1.5 M, (2) 1.4 M, (3) 1.3 M and, (4) 1.2 M; hIgG1-CD 4 “dimers” concentration: 0.1 mg/mL, injection volume: 500 μL, flow rate: 2 mL/min)

Figure 3 shows the effect of ammonium sulphate concentration in the binding buffer on chromatograms obtained with the “dimers”, i.e. the mAb monomer-aggregate mixture. At 1.5 M ammonium sulphate concentration, almost all components present in the injected sample bound to the membrane stack as indicated by the tiny flow through peak (see chromatogram 1). When elution was carried out using a 30 mL linear gradient form 0 to 100% eluting buffer, the mAb monomer and dimer were observed as sharp peaks corresponding to 50.5 and 54.1 mL retention volumes respectively. The small peaks observed after the dimer peak correspond to higher aggregates which were known to be present in small amounts in the “dimers” sample. When the binding buffer contained 1.4 M ammonium sulphate, the mAb monomer was obtained in the flow through as a very broad peak corresponding to 7.4 mL retention volume while the eluted dimer peak shifted in the forward direction to 51.4 mL (see chromatogram 2).When the salt concentration in the binding buffer was further reduced to 1.3 M, the mAb monomer was obtained as a very sharp flow through peak corresponding to a retention volume of 1.3 mL (see chromatogram 3). The reduction in the size of the dimer peak (49.7 mL retention volume) clearly indicates that some of the dimer went through the membrane stack along with the monomer without binding. This unbound dimer fraction was presumably responsible for the shoulder following the principal flow through peak. The higher aggregates were still able to bind to the membrane stack and were eluted after the dimer peak. When the ammonium sulphate concentration in the binding buffer was further reduced to 1.2 M, both mAb monomer and dimer flowed through corresponding to peaks having retention volumes of 1.3 and 3.8 mL respectively. However, the higher aggregates were still able to bind to the membrane stack and were obtained as eluted peaks (47 – 53 mL retention volume). The separation strategy for mAb polishing is to bind the mAb dimer and higher aggregates on the membrane while obtaining the mAb monomer in the flow through. The above results suggest that in order to achieve this, the ammonium sulphate concentration in the binding buffer would have to be between 1.3 and 1.4 M. The main criteria for mAb polishing step is to maximize the removal of aggregates while maintaining high monomer recovery. The data shown in Figures 2 and 3 seem to suggest that the recovery of mAb would not be significantly affected by salt concentration in the above range. However, the binding capacity of aggregates could be anticipated to increase with salt concentration. Based on these considerations, 1.37 M ammonium sulphate concentration was chosen for the binding buffer for mAb polishing.    
[image: ]
Figure 4	Effect of salt concentration on the binding of protein-A on hydrophilized PVDF membrane (eluting buffer: 20 mM sodium phosphate, pH 7; binding buffer: eluting buffer + different concentrations of ammonium sulfate (1) 1.5 M, (2) 3 M; protein-A concentration: 0.1 mg/mL; injection volume: 500 μL, flow rate: 2 mL/min)

Figure 4 compares the binding of protein-A on hydrophilized PVDF membrane at two different ammonium sulphate concentrations in the binding buffer, i.e. 1.5 and 3 M. At the lower salt concentration (chromatogram 1) there was no protein-A binding as evident from the absence of an eluted peak. However, at 3 M salt concentration, some protein-A binding took place, the bound material being eluted as two peaks (retention volumes of 61.2 and 63.8 mL respectively). The presence of the two eluted peaks presumably indicates that some aggregation of protein-A took place at 3 M ammonium sulphate concentration. These results are consistent with those reported by Sun et al. [32], i.e. protein-A is quite hydrophilic and does not bind on a hydrophobic surface except at very high salt concentration. 

Table 1 Different combinations of protein-A and mAb used in HIMC experiments represented in Figure 5.
	
	mAb mass (mg)
	Protein-A mass (mg)
	Protein-A: mAb (mass ratio)
	Protein-A concentration (mole fraction)

	Chromatogram 1
	0.035
	0.002
	0.057
	0.16

	Chromatogram 2
	0.035
	0.0015
	0.043
	0.125

	Chromatogram 3
	0.035
	0.001
	0.029
	0.086

	Chromatogram 4
	0.035
	0.0005
	0.014
	0.045
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Figure 5 	Effect of protein A amount on HIMC chromatograms obtained using mAb – protein-A mixtures (membrane: hydrophilized PVDF; eluting buffer: 20 mM sodium phosphate, pH 7.0; binding buffer: eluting buffer + 1.37 M ammonium sulfate; chromatogram (1): 0.002 mg protein A + 0.035 mg mAb; chromatogram (2): 0.0015 mg protein A + 0.035 mg mAb; chromatogram (3): 0.001 mg protein A + 0.035 mg mAb; chromatogram (4): 0.0005 mg protein A + 0.035 mg mAb; injection volume: 500 μL, flow rate: 2 mL/min)*

Sun et al. [32] reported that when protein-A was present in a solution along with excess rabbit IgG, it formed complexes which were more hydrophobic than the free IgG. Whether mAb –protein-A complexes behaved in a similar way was examined by carrying out HIMC experiments with different combinations of mAb and protein-A in the feed solution. The ammonium sulphate concentration in the binding buffer used in these experiments was 1.37 M. Figure 5 shows the chromatograms obtained with the different mAb – protein-A mixtures. In these experiments the amount of mAb in the sample was kept fixed while the amount of protein-A was varied. Table 1 shows the mAb and protein-A contents, the mass ratio and the protein-A concentration (expressed as mole fraction) corresponding to the mixtures used to obtain chromatograms 1-4 shown in Figure 5. As the amount of protein-A in the sample was increased, the area of the flow through peak decreased and there was a corresponding increase in the amount of material eluted from the membrane stack. The reason for this is that increasing the protein-A concentration increased the amount of hydrophobic complexes in the feed solution and consequently more material bound to the membrane. These results clearly demonstrate that mAb – protein-A complexes are more hydrophobic than either mAb or protein-A, this being consistent with results obtained with protein-A and rabbit IgG mixtures [32]. The above results also show that HIMC using hydrophilized PVDF membrane stack could potentially be used to remove protein-A from mAb samples. The presence of multiple eluted peaks suggests that different types of complexes were formed.  In theory one molecule of protein-A can bind up to five molecules of IgG [33]. 
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Figure 6	Polishing of mAb by hydrophobic interaction membrane chromatography (membrane: hydrophilized PVDF; eluting buffer: 20 mM sodium phosphate, pH 7.0; binding buffer: eluting buffer + 1.37 M ammonium sulfate; feed: 0.04 mg mAb monomer + 0.005 mg “dimers” + 0.0025  mg protein-A; injection volume: 500 μL, flow rate: 2 mL/min) 

The feasibility of polishing mAb using hydrophilized PVDF membrane was examined using simulated feed consisting of an mAb solution prepared in 1.37 M ammonium sulphate spiked with appropriate amounts of “dimers” and protein-A. The conductivity of the feed solution was 156 mS/cm and the membrane stack consisted of six discs. The injected feed sample (500 μL) which contained 0.04 mg of mAb monomer, 0.005 mg “dimers”, and 0.0025 mg of protein-A represents the worst case scenario for mAb eluted from a protein-A column. Figure 6 shows the chromatogram obtained in the above separation experiment. A 30 mL linear gradient was employed to elute membrane-bound material. The flow through peak (3.1 mL retention volume) consisted of free mAb while the eluted peaks (50 – 55 mL retention volume) consisted of aggregates and mAb – protein-A complexes. Sample corresponding to the two peaks were collected and analysed by SEC and SDS-PAGE. 
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Figure 7	Size exclusion chromatography of samples obtained from the HIMC based mAb polishing experiment (1: pure mAb monomer, 2: “dimers”, 3: simulated feed, 4: flow through, 5: eluate; column: Ultrahydrogel SEC column, mobile phase: 0.25 M sodium chloride solution in water, flow rate: 0.3 mL/min)

Figure 7 shows the SEC chromatograms obtained with the mAb monomer, “dimers”, simulated feed, flow through, and eluate fractions collected during the mAb polishing experiment. The mAb monomer standard showed one peak at 28 min retention time while the “dimers” showed two peaks, the first corresponding to the mAb dimer (26 min retention time) and the second corresponding to the mAb monomer. The simulated feed solution showed two major peaks, one corresponding to the monomer, and the other having a retention time of 24 min and corresponding to a much bigger molecule (approximately 450 kDa) than the dimer (approximately 300 kDa). Quite clearly, the presence of protein-A in the simulated feed resulted in the formation of large complexes containing more than one mAb molecules. While protein-A has five mAb binding sites [33], findings reported in earlier research paper seem to suggest that this theoretical maximum is rarely reached. The static binding capacity of IgG subclass 1 on protein-A has been found to be in the 3 [35] to 3.3 [36] range. The flow through obtained in the polishing experiment contained the mAb monomer only as evident from the single peak of 28 min retention time. The eluate gave two peaks, the first corresponding to the mAb – protein-A complexes and the second corresponding to the mAb monomer. The above results clearly show that while the polished mAb sample was pure, the mAb monomer could not be totally recovered in the flow through. Based on material balance, the mAb recovery was determined to be slightly above 80%.  
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Figure 8	Coomassie blue stained SDS-PAGE gel (10%, reducing) obtained with samples from the HIMC based mAb polishing experiment (M: marker; lane 1: flow through, lane 2: eluate, lane 3: simulated feed; lane 4: pure protein-A; lane 5: “dimers”; lane 6: mAb monomer)

 Figure 8 shows the stained SDS-PAGE gel obtained under reducing conditions with samples from the mAb polishing experiment. The molecular weight marker proteins for calibration were loaded in the “M” lane. The pure mAb monomer standard (hIgG1-CD4) was loaded in lane 6 and the “dimers” sample was loaded in lane 5. The two bands in lane 6 correspond to the heavy and light chains the mAb splits into when boiled in SDS and DTT containing buffer. The same bands were also obtained with the “dimers” sample as the aggregated forms of the mAb were first disaggregated by the action of SDS followed by their splitting into the heavy and light chains by the action of DTT. Pure protein-A was loaded in lane 4 and this gave a single band slightly higher than the 43 kDa molecular marker protein. The simulated feed sample was loaded in lane 3 and this gave three bands corresponding to the heavy and light chains of mAb, and that of protein-A. The flow through sample (lane 1) gave the two signature bands of the mAb heavy and light chains while the eluate (lane 2) gave the protein-A band in addition to these. These SDS-PAGE results conclusively prove that protein-A is indeed removed by the HIMC based mAb polishing technique. The results discussed above clearly demonstrate that hydrophobic interaction membrane chromatography could be used for polishing protein-A purified monoclonal antibody.
[bookmark: _Toc388900186]2.5	Conclusion
The experimental results discussed in this paper unambiguously demonstrate the feasibility of using hydrophobic interaction membrane chromatography for removing aggregates and leached protein-A from monoclonal antibody. The aggregates were removed by selective adsorption on the membrane as these were more hydrophobic than the monomeric form of the monoclonal antibody while protein-A was removed based on the fact that it formed relatively hydrophobic complexes with the monoclonal antibody. Under optimized solution conditions, these impurities could be simultaneously removed. The monoclonal antibody was obtained in the flow through while the impurities remained bound to the membrane and could subsequently be eluted by lowering salt concentration. 
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[bookmark: _Toc388900189]High-resolution hydrophobic interaction chromatographic separation of multi-protein mixture using paper-based composite membranes [footnoteRef:2] [2:  This chapter is an edited version of the manuscript written by Seung Mi Yoo, Ryan Sungho Park, and Raja Ghosh. Ryan Sungho Park was a project student who conducted membrane fabrication and membrane characterization with different salts. Figure 3 and 4 was carried by Ryan Sungho Park. All his work was conducted under Seung Mi co-supervision. 
 ] 




[bookmark: _Toc388900190]3.1 Abstract
Biopharmaceutical industry can benefit from usage of numerous protein separation methods. In this study, paper based poly (N-vinylcaprolactam) (PVCL) hydrogel composite membrane was developed for multi-protein separation purposes. These membranes showed environment responsiveness that bind and elute proteins depending on their hydrophobicity with variations in buffer salt concentration. Human immunoglobulin G (hIgG), human serum albumin (HSA) and insulin were adopted to demonstrate the membrane performance. The mixture of these three proteins was introduced to HIC butyl column and the composite membrane for comparison. The result indicated superior resolution via usage of the composite membrane over the HIC butyl column. Optimized operations of gradient and stepwise change of eluting buffer concentration demonstrated successful protein separation. HPLC-SEC and SDS-PAGE were implemented to analyze the fractionates. The flexibility of designing and constructing the composite membrane is able to allow the biopharmaceutical industry to utilize this method for multiple purposes such as drug delivery vehicle and polishing. 



[bookmark: _Toc388900191]3.2 Introduction 
Protein separation in the biopharmaceutical industry is dominated by resin-based column chromatography based on the principles of hydrophobic interaction [1], ion exchange [2], affinity [3, 4], and size exclusion [5]. Because of its extensive applications in downstream processes, resin-based column chromatography has been developed with improved diversity in support matrix, ligand chemistry, and narrow pore distribution. Various techniques have been investigated for complex protein separations. Although many efforts have been made to improve the chromatographic resolution of protein separation, resin-based chromatography has a number of limitations. In this method, the separation of components primarily relies on pore diffusion, which requires sufficient interaction time between the mobile and stationary phases. The long process time, consequently, requires extra buffer consumption and creates high process costs. Moreover, the drop in pressure that occurs across the column poses a challenging issue because silica and soft hydrogels are easily deformed under the operating pressure.
Membrane adsorbents have been utilized as selective barriers according to their sizes to remove products and process-related impurities in the biochemical engineering industry for the last 60 years [6, 7]. Advances in membrane science have improved the usability of adsorbents. They serve as surfaces and pores in affinity, charged, and hydrophobic/hydrophilic membranes, in addition to their traditional applications as filters and molecular weight cut-offs (MWCO) membranes. Because traditional bead-based chromatography exhibited some process limitations, membranes have been adopted as alternative separation tools, later called membrane chromatography [8]. Several membranes are stacked in a module, where the membrane void space creates flow channels. Membrane chromatography has been actively investigated since the 1980s [9]. Membrane chromatography has brought several advancements in the field of biopharmaceutical engineering. The development of membrane technologies resulted in simple scaling-up procedures, lower pressure drops across the membrane cartridge, and larger loading volumes compared to column chromatography. It also resulted in great improvement in chromatographic resolution. Moreover, the convection flow-driven separation mechanism reduces processing time and consequently, buffer consumption, thereby leaving a small footprint [10]. Owing to these advantages of membrane chromatography, Sartorius commercialized regenerated cellulose membrane substrates with covalently attached phenyl ligands, called Sartobind® Phenyl, which are used for hydrophobic interaction chromatography. Pereira et al. (2010) demonstrated the purification of plasmid DNA using Sartobind® by manipulating the concentration of ammonium sulfate [11].
Methods used for the modification of membrane surfaces, such as plasma [12] and chemical treatment [13], ion beam irradiation [14, 15], physical adsorption (coating) [16–19], and grafting [20–23] have been extensively investigated. In particular, hydrogel coating or grafting has been actively investigated for stimuli-responsive membranes that undergo phase transition when subjected to changes in temperature, pH, and salt concentration. These membranes are called “smart-membranes” because of their responsive properties. PNIPAM has been actively researched for cross-linking or interpenetration on membrane substrates to make a three dimensional formation [14, 24, 25]. This hydrogel network can modify its physical and chemical properties upon encountering environmental stimuli. PVCL and PEG have also drawn interest in the field of biochemical engineering because of their superior biocompatibility and lower toxicity when compared to PNIPAM [26, 27]. 
PVCL hydrogel, like PNIPAM, is a thermo-responsive polymer that exhibits hydrophobic-hydrophilic phase transition above its LCST at 37 °C. It swells above its LCST and collapses below its LCST [28]. The presence of salt in the mobile phase tends to decrease the LCST of PVCL. Moreover, the degree of polymerization of N-vinylcaprolactam can also affect its LCST [29]. Under experimental operating conditions, at approximately 25 °C and high salt concentrations, PVCL exists in its collapsed state and attracts proteins for adsorption. On the other hand, under conditions of low ionic strength and temperatures above its LCST, it swells to its original state and releases the adsorbed proteins.
Hydrophobic interaction chromatography involves the interaction between hydrophobic patches present on proteins and hydrophobic ligands on the stationary phase [30]. Even though it has been used for the separation of proteins for several decades, the mechanism underlying hydrophobic interaction is still controversial. The “salting-out” theory is the most widely accepted theory that explains hydrophobic interaction chromatography (HIC). According to this theory, surface residues of proteins form hydrogen bonds with water molecules, resulting in the formation of a water-film around the protein, thereby preventing protein aggregation and precipitation. The ability to form hydrogen bonds varies with protein sequence and structure, as well as folding configuration. The apparent hydrophobicity of a protein depends on the nature and distribution of the amino acids on the protein surface (hydrophobic index/hydropathy). As salt is added to the aqueous solution, the protein loses the bound water molecules, which exposes it to the hydrophobic stationary phase. The initial mobile phase in HIC requires high salt concentrations to promote hydrophobic interaction between the protein and the stationary phase. Upon interaction with a salt (stimuli), a more favorable energetic state is generated, which results in a decreased Gibbs energy for the protein. Different salts increase the interaction between the protein and the hydrophobic stationary phase to different extents. The Hofmeister series ranks common ions according to their abilities to increase the strength of water tension around proteins. This chart is commonly consulted for the purification of proteins using the precipitation technique. 
The increment in molal surface tension by various salts is shown below in the decreasing order [31, 32].
 MgCl2 > Na2SO4 > K2SO4 > (NH4)2SO4 > MgSO4 > Na2HPO4 > NaCl > LiCl > KSCN
This order is only valid for water tension, and may vary for different proteins. It has been shown that anions dominantly control the hydrophobic strength of water tension. Therefore, the concentration of salt in the buffer is an important factor that requires careful consideration during a HIC experiment.
There have been numerous studies on the separation of protein mixtures by membrane chromatography using the principles of ion exchange chromatography (IEX) and HIC. Gerstner et al. (1992) reported that carboxymethyl (CM) and diethylaminoethyl (DEAE) membranes could be used to separate a three-component mixture using an ion-exchange moiety [33]. Castilho et al. (2002) demonstrated the purification of IgG from immobilized protein-A ligands using polymer (polyvinyl alcohol [PVA])-coated nylon membranes [34]. Yu et al. (2008) demonstrated that PEG-cellulose paper could be used to separate mAbs from a CHO cell culture broth [35]. Kostanski et al. (2008) characterized PVCL hydrogel-coated glass microfiber membranes to evaluate its environmental responsiveness under different ionic strengths. The membranes were characterized by evaluating their mass gain, infrared spectra, and media permeability. [36]. Huang et al. (2009) designed a commercial microfiltration membrane (microporous PVDF) cross-linked with a polymer (PVCL) for the separation of equine ferritin and hIgG using hydrophobic interactions [37]. Mah and Ghosh (2010) demonstrated the feasibility of using Whatman filter paper coated with PVCL polymer to make inexpensive composite membranes [17]. In a recent study, Himstedt et al. (2013) grew a PVCL polymer chain on a regenerated cellulose membrane. The grafting method that is used to layer the hydrogel on the membrane surface has a few advantages. First, the length of the polymer chains can be controlled easily. In addition, this is a well-defined polymerization method compared to random coating on the membrane substrate. The model proteins, BSA and IgG, were used to test the adsorption as well as the binding capacity of the membrane [37]. 
In this study, we coated PVCL hydrogel on a Whatman filter paper membrane for use in stimulus-based hydrophobic interaction membrane chromatography [17]. Our preliminary results were published in 2010 [17]. We demonstrated that environmentally responsive PVCL composite membranes have a lower critical solution temperature in the presence of ammonium sulfate. On the basis of these results, we hypothesized that a paper-based composite membrane might be able to fractionate a multi-protein mixture by hydrophobic interaction membrane chromatography. After consulting the Hofmeister series, ammonium sulfate and sodium chloride were tested for their ability to influence membrane responsiveness. 
This paper discusses the fractionation of plasma proteins, HSA, hIgG, and a popular hormone, insulin, using a “custom made” PVCL composite membrane chromatography system based on hydrophobic interactions. HSA and hIgG are the two most abundant proteins in human blood plasma and occur in a ratio of 7:2. In addition, insulin is an important molecule in the pharmaceutical industry. Furthermore, the differences in their hydrophobicities are very subtle [38]. To demonstrate the large capacity of the composite membranes, bioseparation was tested for a large amount of protein. These membranes allowed high flow rates while maintaining relatively low pressures. Moreover, they had a high selectivity for proteins. Fractionated proteins were collected and analyzed via high performance liquid chromatography-size exclusion chromatography (HPLC-SEC) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The present work aims to demonstrate the bioseparation of a multi-protein mixture and address some challenges that are encountered when using paper-based composite membranes.

[bookmark: _Toc388900192]3.3 Materials and Methods 
[bookmark: _Toc388900193]3.3.1 Materials 
Whatman filter paper purchased (no.5, catalogue # 28462-166) from VWR and was used for support matrix on composite membrane. Monomer, N-vinylcaprolactam (catalogue #415464), and cross-linker, methylene-bisacrylamide (catalogue #146072), UV-initiator, diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide/2-hydroxy-2-methylpropiophenone, catalogue #405663) was purchased from Sigma-Aldrich, St. Louise, MO, USA. The HPLC-grad n-isopropanol (catalogue # AH323-4) was purchased from Fisher Scientific, Ottawa, ON, Canada. Human immunoglobulin G (hIgG) (≥95% purity, catalogue #14506), Insulin from bovine pancreas (catalogue number I6634), sodium phosphate (mono- and dibasic) (catalogue # S0751 and S0876), ammonium sulphate (catalogue #A4418), and sodium chloride (catalogue # S5886) were purchased from Sigma-Aldrich, St. Louise, MO, USA. Purified human serum albumin (HSA) was kindly donated by the Scottish Blood Transfusion Service, Edinburgh, UK. All buffers and protein solutions were prepared using ultrapure water (18.2 MΩ-cm) obtained from Diamond NANOpure water purification unit (Barnstead International, Dubuque, IA, USA) and were filtered through a 0.45 μm microfiltration membrane for clearing and degassing. 
[bookmark: _Toc388900194]3.3.2 Separation of protein mixture with HIC butyl column
The protein mixture was consisted with human immunoglobulin, serum albumin, and insulin with the mass ratio of 1.5: 2.5: 1. The protein mixture was loaded at the flow rate of 1 mL/min onto a 1 mL column of butyl HIC (GE healthcare bioscience, Uppsala, Sweden) where integrated with AKTA prime liquid chromatography system (GE healthcare bioscience, Uppsala, Sweden). This process was obtained for comparison of protein resolutions. The protein sample loading condition was equilibrated in 1.5 or 1.3 M ammonium sulphate buffer (pH 7) composed of 20 mM of sodium phosphate. The loading condition was determined by optimization of individual protein bindings prior. After protein mixture injected into AKTA prime system along with binding buffer, stabilization time has given. Once the chromatogram became the plateau, a linear gradient of decreasing ammonium sulphate concentration (1.5 or 1.3 to 1 M) was applied over 20 mL of sodium phosphate. All the flow through and eluting proteins were collected for further protein analysis. The desalting and concentrating of those fractions was conducted with Amicon ultra centrifugal (3 kDa NMWCO) filter devices (Millipore Corporation, Bedford, MA). 
[bookmark: _Toc388900195]3.3.3 Paper based composite membrane preparation 
The Whatman filter paper were cut in 20 mm diameter discs and conditioned for measuring the mass of paper discs in constant temperature and humidity (23 °C and 50 % relative humidity) room. The polymer solution was prepared in 3g of n-isopropanol with different molar ratio of monomer (30%, 35% and 40%) and cross-linkers (2%, 3%, and 4%) and 0.2 of UV-initiator; the recipes were adopted from Mah and Ghosh 2010 [17]. The conditioned filter papers were immersed into the coating (polymer) solution for 5 min. The individual discs were sandwiched within laminating pouches and pressed with rollers to seal filter paper discs entrapped polymer solution. This process also eliminated any possible of oxygen inhibition on polymerization and well distribution of polymer solution within membrane pores. The sealed discs were placed in UV chamber with UV-irradiation at 350-400 nm for 20 min (3.3 mW/cm2 intensity). After fully polymerized membrane discs were removed from laminating pouches and rinsed with DI water in agitator at 37 °C for 24 hours. The composite membrane discs were weighed after dried in paper conditioning room (23 °C and 50 % relative humidity). The mass gain and thickness of composite membrane were measured with 20 discs. 
[bookmark: _Toc388900196]3.3.4 Membrane chromatography set-up
Five same type composite membranes (20-mm diameter) were stacked within a custom-designed membrane module [17] which was then integrated with an AKTA prime liquid chromatography system (GE Healthcare Biosciences, BAIE D'urfe, QC, Canada). The UV absorbance (at 280 nm), conductivity and pH of the effluent stream from the module as well as the system pressure data were logged into a computer using Prime View. Appropriate loops were used to inject the feed samples into the membrane module. All membrane chromatography experiments were carried out at ambient temperature (24 °C).
[bookmark: _Toc388900197]3.3.5 Hydraulic testing of membranes
Membrane stacks were tested for hydraulic permeability at 1 mL/min flow rate using two buffers: 20 mM sodium phosphate pH 7.0 (buffer B) and 1.1 M ammonium sulphate prepared in 20 mM sodium phosphate pH 7.0 (buffer A). The flow of buffers A and B through the membrane stack was alternated several times and the backpressure was recorded.
[bookmark: _Toc388900198]3.3.6 SDS-PAGE
Non-reducing SDS-PAGE (10% gel) was run by Hoefer MiniVE vertical electrophoresis unit (GE healthcare Bioscience, Montreal, Quebec, Canada). Prior to loading on the gel, samples were boiled in SDS containing buffer. A constant current 25mA/gel for 1.5 h in separating gel was applied [39]. Protein bands on the gel were stained with 0.1% Coomassie Brilliant Blue R-250 for 30 min at room temperature, followed by destaining in 10 % (v/v) acetic acid and 30 % (v/v) methanol in water. The gel picture was obtained using Bio-Imaging MiniBis Pto system (24-25-PR) purchased from DNR-Imaging System, Jerusalem, Israel. 
[bookmark: _Toc388900199]3.3.7 SEC-HPLC
SEC analysis was carried out with a TSKgel G4000 SWXL column (catalogue number 08542, 7.8 mm i.d., 30 cm length, TOSOH Bioscience LLC, King of Prussia, PA, USA) using HPLC system (Prepstar 218, Varian Canada, Missussuage, Ontario). In these SEC experiments, mobile phase; 0.25M of sodium chloride in 20 mM of sodium phosphate solution at pH 7, was carried out at a flow rate of 0.5mL/min. Each analysis was injected with 50 μL volume. The mobile phase was filtered through a 0.1 μm microfiltration membrane for clearing and degassing.

[bookmark: _Toc388900200]3.4 Results and Discussions
[bookmark: _Toc388900201]3.4.1 Optimization of protein separation with resin based hydrophobic interaction chromatography
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Figure 1 	Effect of salt concentration on the binding of three proteins (hIgG, HSA, and Insulin) on butyl Sepharose TM HIC (eluting buffer: 20mM sodium phosphate, pH 7; binding buffer: eluting buffer+ different concentrations of ammonium sulphate – (1) 1.3 M, (2) 1.5 M; model protein concentration: hIgG 0.21 mg+ HSA 0.35 mg+ Insulin 0.14 mg in 500μL injection volume) 

The suitability of the membranes as chromatographic support had to be confirmed by assessing their performance by challenging with the same proteins binding and eluting condition on both bead-based HIC butyl column and membranes. The first chromatographic runs were done by using pH 7.0, 1.3 M ammonium sulphate in 20 mM sodium phosphate as the binding buffer and pH 7.0, 20 mM sodium phosphate as the elution buffer. This is illustrated in Figure 1. The elution was done by negative gradient over 20mL of buffer flow on HIC butyl bead-based column.  The injected protein solution was previously conditioned by adding ammonium sulphate salt up to 1.3M. The second chromatographic runs were done by identical chromatographic conditions except the binding buffer was 1.5 M ammonium sulphate.  The maximum binding condition was limited by insulin aggregation; at ammonium sulphate concentration of 1.5 M, the insulin protein solution began to become cloudy which can induce negative effects on the hydrophobicity of the interaction between the protein and butyl column. Higher concentration of lyotropic salt takes up water molecules and consequently insulin protein molecules form dimer to hexamers (reversible aggregates)[35]. The injection protein sample (500 μL) containing 0.21 mg of hIgG, 0.35 mg of HSA, and 0.14 mg of insulin; accounting to a total protein amount of 0.7 mg per 1 mL of HIC butyl column bed volume. Both of chromatogram 1 and 2 had flow through peaks (1-2 mL retention volume) and elution peaks (11-25 mL retention volume) obtained by negative salt concentration. As expected, chromatogram 2 has smaller flow through protein peak while more protein was eluted at 11-25 mL effluent volume since higher salt concentration induced more hydrophobic interaction between proteins and stationary phase (butyl column). The flow through peak (peak a) and elute peaks (peak b and c) samples in the case of 1.3 M salt concentration (chromatogram 1) were collected for SDS-PAGE analysis. 
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Figure 2	Coomassie blue stained SDS-PAGE gel (10%, non-reducing) obtained with samples from the butyl Sepharose TM HIC.  Multi-protein mixture (M: marker; lane 1: hIgG, lane 2: HSA, lane 3: insulin, lane 4: feed –three protein mixture, lane 5: flow through-peak a, lane 6: first elute-peak b, lane 7: second elute-peak c)

The feed, flow through and eluted protein samples were analyzed by 10 % non-reducing SDS-PAGE, the results were shown in Figure 2. The molecular marker loaded “M” lane for reference and three standard samples were loaded in lane 1 (hIgG), lane 2 (HSA), and lane 3 (insulin). The hIgG (150 kDa) had a band on the top of gel while HSA has two bands at 150 kDa and 67 kDa due to the traceable amount of hIgG present in plasma stock solution. The molecular weight of insulin is 5.8 kDa which appeared below 10 kDa protein marker. In the figure, the color of the insulin band was not clearly shown; it had silver color while other proteins were stained by Coomassie blue. Because insulin naturally contained metal (Zn), its band on the gel is not blue. The feed sample (mixture of three proteins), the collected samples (peak a, b, and c) were loaded in lane 4, 5, 6 and 7 respectively. For the feed sample (lane 4), three bands were observed corresponding to hIgG, HSA, and insulin. The gel picture for the flow through (lane 5) fraction of the butyl HIC experiment showed two faint bands which corresponded to the hIgG and HSA respectively. The first eluate (peak b) showed a similar band as the flow through fraction with a darker band while second eluate (peak c) contained all three proteins (hIgG, HSA, and insulin). It clearly showed separation of these three proteins with HIC butyl column is not the best choice. 

[bookmark: _Toc388900202]3.4.2 Composite paper based membrane characterizations (salt responsive and protein binding/elution test)
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Figure 3	Pressure profile in buffer change experiment carried out using filter paper based composite membranes (flow rate: 1.0 mL/min; 1.5 M ammonium sulphate in 20 mM sodium phosphate buffer, 3M of sodium chloride in 20 mM sodium phosphate buffer, pH 7.0) 

Based on previous work [17], among the 5 recipes of composite membranes, a composition of 40 mass % monomer and 2 mole % cross-linker was selected for protein separation experiment due to the reasonable hydraulic permeability (2.55 X 10-6 m Pa-1 s-1 per m of bed height) and the saturation hIgG binding capacity (12 mg/mL bed volume) at 1.1M ammonium sulphate. The five-membrane stack was placed in customized membrane module and its transmembrane pressure (ΔP) was tested under two different salts as shown in Figure 3. One salt is ammonium sulphate and the other is sodium chloride which was intended for the potential usage on biological system application. Since the PVCL hydrogel coating on filter paper has lower critical solution temperature (LCST) of 32 °C, the polymer layer collapses in a high ionic strength solution when operated at room temperature [41, 42]. Salt induces the hydrogel to collapse from swollen salts as it explains in introduction section. It also causes the increase in the void space within membrane pores and shortens tortuosity. The transmembrane pressure is a good indication of the hydrogel state as well as hydrophobicity of membrane surface.
As expected membrane back pressure was as high as 0.046 MPa (ammonium sulphate) and 0.038 MPa with 2.5 X 10-3 (Ns/m2) (sodium chloride) shown in Figure 3. As more salt was introduced to the system as conductivity indicated, the membrane back pressure dramatically decreased to approximately 0.035 MPa (in both salt cases) since the hydrogel was collapsed. Under salt free environment, PVCL polymers are swollen to induced protein desorption mode. On the other hand, when the salt is present, PVCL polymer can collapse to the cellulose filter papers; in the collapsed condition more favorable for protein adsorption. Regardless of the responsive properties of PVCL, proteins are able to pass through the membrane because the pore size is much bigger than the protein hydrodynamic radii. In contrast, non-coated membrane (Whatman filter paper itself) has no environment response by salt additives. As the salt concentration increases, the viscosity of mobile phase also increases (higher salt buffer cause higher transmembrane pressure due to the salt liquid viscosity). For example, sodium chloride solution has dynamic viscosity difference between 1 to 2.5 X10-3 N s/m2 at 0-3 M concentration. The environmental responsiveness was manipulated for multi-component separation with membrane chromatography [17,19,43].  Most previous works were done only with ammonium sulphate solution. However, in addition to ammonium sulphate, sodium chloride solution was also used in this study.  The membranes are responsive to sodium chloride as well although the pressure difference is not as high as ammonium sulphate solution. This requires further investigation of appropriate model protein with strong hydrophobicity also not for separation applications (not shown in this dissertation).  
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Figure 4	Protein binding effect test using composite membrane, hIgG 0.5mg, and insulin 0.3 mg in 500 μL injection loop(flow rate: 1.0 mL/min; 0.6M and 0.8M of ammonium sulphate in 20mM sodium phosphate buffer, pH 7.0)

Individual protein (hIgG and insulin) binding and elution was studied under different ammonium sulphate concentration as shown in Figure 4. Insulin (0.3mg) was loaded at 0.6 M of ammonium sulphate as binding condition; however, UV absorbance indicated unbound insulin flowed through the membrane system which indicates it was not hydrophobic enough for insulin molecules. The second chromatogram indicates 0.8 M of ammonium sulphate is strong enough for insulin and membrane interactions, and after elution buffer applied to the system, insulin eluted as shown in Figure 4a. Similarly, hydrophobicity of hIgG (0.5mg) was tested at 0.6M and 0.8Mammonium sulphate binding condition. The protein hydropathy index is commonly used as a reference for estimation of proteins and their stationary interactions. Each amino acid has hydrophobic scale and summation of each numbers indicates hydrophobicity/hydrophilicity of proteins. According to the hydropathy index, all three proteins have values below zero which means they are hydrophobic. However, there are limitations for assessing degrees of hydrophobicity scale on each protein, because they have three dimensional structures in the liquid solution [44]. Based on individual protein binding experiment as shown in Figure 4, three protein mixtures were investigated on fractionations with paper based composite membrane using hydrophobic interactions.
[bookmark: _Toc388900203]3.4.3 Process optimization (elution mode)
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Figure 5	Effect of salt concentration on the binding of three model proteins on PVCL composite membrane with 20 mL of gradient (eluting buffer: 20 mm sodium phosphate, pH 7.0; binding suffer: eluting buffer + 1.3 M ammonium sulphate, injected proteins concentration: IgG 0.21 mg+ HSA 0.35 mg+ Insulin 0.14 mg in 500μL injection volume, total protein loading 0.7 mg/0.25 mL of bed volume, flow rate: 1.0 mL/min)

Salt-responsive membrane chromatography was applied to the separation of proteins. As shown in Figure 5, the separation of a mixture of three proteins, hIgG (0.21 mg) and HSA (0.35 mg) and insulin (0.14 mg) was achieved by changing the salt concentration. The total protein mass loaded was 0.7 mg in 0.25 mL membrane stack volume. The saturation binding capacity of hIgG at 1.1 M of ammonium sulphate was 12 mg/mL [17]. The binding buffer consists of 20 mM sodium phosphate (pH 7.0) containing 1.3 M of ammonium sulphate. This solution passed through the system containing the membrane stack. According to Figure 4, under 1.3 M of ammonium sulphate concentration, both hIgG and insulin are bound to the membrane stack while HSA has no interactions with the membrane. Elution was carried out by a low salt condition which was 20 mM sodium phosphate for 20 mL of linear gradient. The elution order of the three proteins reflects their hydrophobic properties; less hydrophobic proteins are eluted earlier and more hydrophobic proteins are eluted from membrane later. Similar study was done with hydrophobic interaction column chromatography (HIC) in order to verify the protein hydrophobicity by its retention time [38]. As discussed in section 3.2, the property of the surface of the stationary phase (PVCL coated membrane) was altered from hydrophobic to hydrophilic. At effluent volume of 1-8 mL, the flow through peak was observed, and the two elution peaks were observed at 18-28 mL and 28-38 mL of effluent volume. When compared to other commercialized membranes (i.e. PVDF[43]),the resolution of chromatogram had protein release for a longer period of time. The samples in accordance with the peaks (FT, E1 and E2) were collected, and analysed for their protein contents by SEC-HPLC and SDS-PAGE. 
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Figure 6	Size exclusion chromatography of samples obtained from the HIMC based multi-proteins separation a) pure standard samples 1: hIgG, 2: HSA, 3: Insulin, 4: feed – (hIgG+ HSA+ Insulin), b) fractions from figure 5, 1: flow through, 2: first eluting peak 3: second eluting peak; column: TSKgel G3000SWXL, mobile phase: 0.25 M sodium chloride solution in 20 mM of sodium phosphate, flow rate: 0.3 mL/min)

Figure 6 shows the SEC chromatography obtained from standard samples and fractions from the gradient mode membrane separation. The standard sample chromatograms shows that the retention times of hIgG, HSA, and insulin were 13.5 min, 15 min, and 26 min respectively. The chromatogram for the feed solution showed three peaks, fist shoulder corresponded to hIgG, while the second peak had a retention time at 15 min which corresponded to HSA, and the broad peak at 26 min corresponded to insulin. The flow through and the two elute peaks were collected during the 20 mL gradient separation condition. The flow through peak in the separation experiment contained the HSA; this was shown by SEC analysis with a single peak of 15 min retention time. The first elute peak showed one peak in SEC analysis at 13 min indicating only hIgG was present; while in the second elute fraction, two small and one large peak at 13 min, 15 min, and 26 min were observed. Therefore, by using gradient elution, HSA can be resolved in flow through while hIgG can be collected in first eluted peak. However, the second elute peak contained some residual hIgG and HSA remained with insulin.
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Figure 7	Coomassie blue stained SDS-PAGE gel (10%, reducing) obtained with samples from the HIMC based multi-protein mixture (M: marker; lane 1: hIgG, lane 2: HSA, lane 3: insulin, lane 4: feed –three protein mixture, lane 5: flow through, lane 6: first elute peak, lane 7: second elute peak

The flow through and eluate protein fractions from the PVCL coated membrane chromatography separation were analyzed with 10 % non-reducing PAGE. Figure 7 shows the flow through and two eluates collected from 20 mL gradient elution mode. The molecular marker was loaded at “M” lane for reference and three standard samples were loaded in lane 1 (hIgG), lane 2 (HSA), and lane 3 (insulin). The feed sample (mixture of three proteins) and the three fractions were loaded in lane 4, 5, 6 and 7 respectively. The PAGE gel was more sensitive than SEC since HSA in SEC data did not show hIgG peak. The multi-protein feed sample was loaded in lane 4, which had three bands on the gel corresponded to hIgG, HSA, and insulin respectively. Lane 5 contained the flow through; faint hIgG and dark broad HSA bands were observed. Lane 6 was loaded with the first eluate sample (peak E1) which mostly contained hIgG. The second eluate (lane 7) was analyzed and it seemed to have a small amount of hIgG though the primary content was insulin. Same as the SEC analysis data, with gradient mode elution, trace amount of unseparated proteins were still observed in fractions. This indicated there are still rooms for improvement in resolution of protein separation.   
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Figure 8	Effect of salt concentration on the binding of three model proteins on PVCL composite membrane with step change 0-70-100 % (eluting buffer: 20 mm sodium phosphate, pH 7.0; binding suffer: eluting buffer + 1.3 M ammonium sulphate, injected proteins concentration: IgG 0.21 mg+ HSA 0.35 mg+ Insulin 0.14 mg in 500μL injection volume, flow rate: 1.0 mL/min)

The attempt to separate multi-proteins using PVCL composite membrane with gradient operation mode has been described in section 3.3.1. In the following sections, the elution was carried out by step change of buffer salt concentration for comparison. Figure 8 showed multi-protein separation using coated membranes with 1.3 M binding buffer and the elution was carried out by step change of elution buffer; 0 to 70 % and 70 to 100% of 20 mM of phosphate. The flow through (FT) peak was shown at 1-8 mL of retention volume and fist elution peak (E1) was collected at 20 to 26 mL. The second elution peak (E2) appeared as a broad shoulder peak from 32 to 38 mL. As expected, the shapes of the peaks were sharper than the ones from gradient elution experiment due to the PVCL hydrogel phase transition by sudden salt removal. All three fractions were collected for further protein analysis, HPLC-SEC and SDS-PAGE. 
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Figure 9	Size exclusion chromatography of samples obtained from the HIMC based multi-proteins separation a) pure standard samples 1: hIgG, 2: HSA, 3: Insulin, 4: feed – (hIgG+ HSA+ Insulin), b) fractions from figure 8, 1: flow through, 2: first elute peak, 3: second elute peak, column: TSKgel G3000SWXL, mobile phase: 0.25 M sodium chloride solution in 20 mM of sodium phosphate, flow rate: 0.3 mL/min)

Figure 9 represents the obtained chromatograms, for the flow through, and the two elute fractions collected during the hydrophobic interaction membrane chromatography (HIMC) stepwise (0-70-100 % of eluting buffer) separation. The flow through fraction chromatogram (FT) has a single peak at 15 min which corresponded to HSA, and one peak was observed for the first eluate fractionation (E1) at 13 min which corresponded to hIgG. The last chromatogram, which was for the second eluate (E2), also had only one peak at 26 min indicating only insulin was present in this fraction. This was strong evidence showing that HSA protein (among three proteins) was able to flow through the hydrogel coated membrane chromatography completely without any interaction with the membrane since there is no HSA observed in any of the eluate fraction; meanwhile, hIgG and insulin were bound to the membrane until the change in environment to lower salt concentration. The hIgG’s elution was followed by insulin in the stepwise elution. Comparing with the linear gradient mode, the stepwise elution has a better resolution as shown in SEC-HPLC analysis. 
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Figure 10	Coomassie blue stained SDS-PAGE gel (10%, reducing) obtained with samples from Figure 8 (M: marker; lane 1: hIgG, lane 2: HSA, lane 3: insulin, lane 4: feed –three protein mixture, lane 5: flow through, lane 6: first elute peak, lane 7: second elute peak)

The fraction samples collected from stepwise separation experiment were analysed by SDS-PAGE, and the results are shown in Figure 10. Reference molecular ladder was loaded in lane “M” and standard protein samples were loaded in lane 1 (hIgG), lane 2 (HSA), and lane 3 (insulin). The feed (mixture of three) sample was loaded in lane 4. Lane 5 showed the flow through (FT) fraction which was collected from stepwise separation only for the HSA content. While lane 6 (E1) showed primarily hIgG which was collected from the step change of 0 – 70 % elution buffer. Finally, lane 7 (E2) indicated the primary content in the second elution peak was insulin with a trace amount of hIgG, and this was collected from the step change of 70 – 100 % elution buffer. Compared with the separation of hIgG, HSA, and insulin using gradient elution, the resolution of stepwise elution improved significantly. However, in real pharmaceutical industry, it is challenging to operate a sharp change in salt concentration; it is likely that the linear gradient condition is more suitable for industry scale operation. This research project showed the feasibility of optimized operating condition; it also showed that PVCL coated membrane was able to separate multi-component proteins. 
[bookmark: _Toc388900204]
3.5 Conclusions
Hydrophobic interaction membrane chromatography has been actively developed for performance and cost reduced membrane. Here, poly (N-vinylcaprolactam) (PVCL) hydrogel was coated on filter paper to obtain a responsive membrane since PVCL hydrogel is LCST polymer. Lyotropic salts were lowering LCST at the same time being a trigger for phase transition. As more ionic strength applies to membrane environment, PVCL polymer deformed and collapsed. By manipulating responsive properties, switchable membrane hydrophobicity (physical and chemical properties) successfully demonstrated for three proteins separation. HIC butyl column was tested along with the composite membrane in order to compare the resolution. The least hydrophobic protein (HSA) flowed through at 20 mM of sodium phosphate in 1.3 M of ammonium sulphate. The second most hydrophobic protein (hIgG) was eluted after 70% of stepwise elution buffer obtained to the membrane chromatography system. Lastly, the most hydrophobic protein (insulin) was eluted when 100 % of eluting buffer applied in the membrane chromatography which the responsive membrane undergoes hydrated state. Optimized elution mode which is stepwise change in elution buffer concentration, had the best resolution as visualized in HPLC-SEC and SDS-PAGE protein analysis. The composite membrane experienced some of fouling problems, and less sensitive phase transition than grafted commercialized membrane (i.e. hydrophilized PVDF) [43]. Nevertheless, the composite membrane has more freedom to tailor with degree of hydrogel crosslinking and membrane size or shape, and higher permeability good for mass process unit such as waste water treatment [45]. Product driven design is necessary depending on the applications. For example, hydrophobic protein interaction for drug delivery vehicle requires high content of hydrogel. On the other hand, hydraulic permeate flux achievement in polishing step can implement less hydrogel content membranes. This cost effective development of hydrogel based membrane chromatography could significantly benefit the downstream purification or polishing step in biopharmaceutical industry. 
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[bookmark: _Toc388900208]4.1	Abstract
The use of hollow fiber membrane bioreactor in biotechnology and tissue engineering is rapidly expanding. However there are some drawbacks of hollow fiber membrane for cell culture applications such as protein or small molecules fouling rate which lead to mass transport limitations. There arises a need for a bioreactor where cells can be grown efficiently with well define mass transport.  This work focused on PES hollow fiber membrane surface coating with calcium alginate hydrogel is to overcome membrane bioreactor limitations mentioned above. Calcium alginate is well defined and studied for a long time since its excellent biocompatibility. We consider here a hydrophobic hollow fiber membrane coating with natural hydrogel method. Alginate coat was made by calcium ions diffused from membrane lumen to extracapillary space through membrane pores. Uniformly coated hydrogel was obtained by passive diffusion which was a gentle and precise fabrication method. This fabrication method is novel, fully controllable with simple and easy to manipulate fabricating conditions. Different cross-linker solvents and reaction time were investigated. The developed composite hollow fiber membrane was characterized by TEM for morphology. Hydrophilic test was conducted with water contact angle and hydraulic permeability. In addition, optical microscope was used for identifying the calcium alginate thickness. Our results imply calcium alginate coated hollow fiber membrane can be used as a membrane bioreactor with three dimensional scaffold or ultrafiltration system. 

[bookmark: _Toc388900209]4.2	Introduction
Hollow fiber membrane bioreactors (HFMB) have been widely used for cell culture in the biopharmaceutical and tissue engineering fields as well as for biomass filtration in water treatment units since 1972 [1, 2]. A typical hollow fiber membrane set-up consists of membranes arranged in a bundle and assembled within a module. This configuration provides a high surface area over volume ratio and therefore, has applications in continuous-perfusion culture systems. The set-up has been developed for use in mammalian cell culture [3, 4], microbial culture for ethanol production [5], mAb production [6–8], and enzymatic reactions [9, 10]. HFMB is also highly used for the purification of drinking water [11], in industry and municipal water treatment units [12], and dairy food processing [13].
The HFMB set-up has several advantages over static culture set-ups such as multi-wall plate or T-flask, including the ability to achieve high cell density. Static culture is a type of batch reactor in which nutrients, oxygen concentration, pH, and the accumulation of toxic metabolites within the flask over time follow a gradient structure [14]. In this method, there is a risk of contamination when the medium is being changed. Therefore, HFMB has been adopted in cell culture to provide or remove nutrients, growth factors, and metabolites through the porous wall of the membrane in a continuous manner [15].
Despite these significant advantages of HFMB, there are some limitations with respect to its mass transport ability [16]. In this method, cells are suspended in the extracapillary space and nutrients are provided through the membrane lumen. Nutrients diffuse through the membrane pore driven by concentration differences, while the metabolites diffuse from the extracapillary side into the lumen. However, cells that are present at a large distance from the membrane have limited access to nutrients and oxygen, compared to cells that are present close to the membrane pore. In addition, these biological substances (nutrients and cytokines) tend to attract cells near the surface of the membrane, causing the cells to adhere on the surface. This results in differences in the physiological and biological states of cells at different distances from the membrane pores. Moreover, mass transport across the membrane is inhibited by the dense layer of cells that grow near the outer surface of the hollow fiber membrane. This increases the necrosis of cells within the HFMB. Therefore, HFMB is suitable only for bulk cell production within short periods (approximately 7 days) [17]. In addition, various components in water, such as natural organic matter (NOM) and proteins, cause fouling of the membrane [18, 19]. This decreases the flux and renders the process energy-intensive [20, 21]. 
Some recent studies have focused on improving the usability of HFMB in cell culture applications. To this end, three-dimensional tissue engineered constructs with scaffolds were proposed. Hollow fiber membranes have a capillary-like structure; on top of the membrane surface, a hydrophilic polymer was mixed with the cells for better inoculation in the extracapillary space. For example, Ye et al (2007) studied fibroblast cells by mixing them with collagen and Cytodex 1 microcarriers and injecting them into the extracapillary space of a cellulose acetate hollow fiber membrane. This inoculation treatment to generate a composite 3D scaffold resulted in a high cell density and consistent lactate production. Ellis and Chaudhuri (2007) [22] developed a poly(lactic-co-glycolide) (PLGA) hollow fiber membrane that can be used as clinical-scale bone constructs. This bioreactor enhances regeneration of bone tissues and provides an environment similar to the human circulatory system. Antwiler (2008) [23] demonstrated that the surface of a hollow fiber membrane may be treated with platelet lysate (PL), plasma, and fibronectin (FN), which are cell adhesion molecules, simply by dipping the membrane into the solution. Balmert et al. (2011) [24] evaluated the various circuit configurations applicable to bioreactors for measuring the volume shift of inner and outer fluids. The technical challenges involved in the process were resolved by designing complex tube circuits for better operating conditions. This configuration prevents shock due to changes in pressure and spikes in nutrient concentrations. Salzman (1999) [25] developed an immobilized enzyme reactor (by analytical modeling and numerical simulations) to obtain high conversions with intermediate flow rates and short operation times. Ye et al. (2006) [26] demonstrated nutrient transport in hollow fiber membrane bioreactors for 3D bone tissue. 
Efforts are being made to construct a bioreactor with improved membrane filtration and mass transport abilities. Polypropylene (PP), polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), polysulfone (PS), and polyethersulfone (PES) materials are commonly used as separation layers because of their strong mechanical and chemical strengths. However, these materials are inherently hydrophobic. Such membranes were made more hydrophilic by using methods such as treatment with plasma [27, 28], grafting, or coating [28–33], and blend modification [34, 35]. When pre-treated with ultra-violet rays, plasma, or chemical reagents, functional monomers grow on the membrane surface by initiating the active site [32, 36]. Although the membrane surface can be modified to be more hydrophilic, surface treatments are energy-intensive and require long modification times. Moreover, there is a high risk of un-polymerized monomer being left behind on the membrane, which leads to increased process costs [37].
The calcium alginate-coated PES hollow fiber membrane might be more cell-friendly, and have enhanced water permeability and mass transport abilities. Overall three-dimension cell culture scaffolds provide high cell viability and targeted cell functionally [38, 39]. Sodium alginate is a natural polymer extracted from brown algae. It is a polysaccharide with (1-4)-linked β-D-mannuronate (M) and α-L-guluronic (G) residues. The ratio and sequence of M and G can be varied by treatment with chemical reagents during the extraction process [40, 41]. The alginate gel is cross-linked by divalent cations such as Ca2+, Ba2+, and Sr2+, which link the G residues [42]. Calcium alginate is a well-known agent that is used for cell encapsulation, a process that involves dropping the alginate along with the cells (or drugs) into a calcium chloride bath. Within a specific cross-linking time, the cells or drugs are embedded in the calcium alginate matrix and are ready for further applications [43]. In addition, because the hydrogel is able to hold large volumes of water, it has been used as extracellular matrix in wound healing and tissue engineering [44]. It has low immunogenicity and toxicity, and an easy and simple cross-linking process; therefore, it has applications in the field of biochemical engineering.
In this study, we introduced alginate polymer onto a polyethersulfone (PES) hollow fiber membrane by cross-linking calcium ions diffusing through the membrane pores to improve membrane hydrophilicity. The degree of hydrophobicity was studied by evaluating the water contact angle. With this simple and gentle fabrication method, we achieved precisely controlled polymerization; moreover, the membrane was found to be biocompatible. The water permeability of this composite membrane was investigated by applying a positive pressure on the shell side of the membrane to drive water molecules into the membrane lumen. A small solute (dimethyl sulfoxide [DMSO]) was used to assess mass transfer limits for uncoated and coated membranes. DMSO is a common solvent used in chemical engineering. It is also used as a cryoprotectant to preserve living cells [44]. Coated membranes were analyzed by light and transmission electron microscopy (TEM). To the best of our knowledge, there is no other report that describes the coating of calcium alginate coated on a hollow fiber membrane using a simple cross-linker diffusion method.
[bookmark: _Toc388900210]
4.3	Materials and Methods
[bookmark: _Toc388900211] 4.3.1	 Materials
Sodium alginate (W201502), antipyrine ® (A5882), and DMSO (D4540) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Calcium chloride (C77-500) and ethanol (BP2818) were obtained from VWR, Mississauga, ON, Canada. Hydrophilic polyethersulfone (PES) hollow fiber membranes (Tetronic, 0.8mm i.d., 1.2 mm o.d., 150 kDa MWCO) was kindly donated by Hydranautics Inc., Japan. All tested solutions and reagents were prepared using ultra-pure water (18.2 MΩ-cm) obtained from a Diamond NANOpure water purification unit (Barnstead International, Dubuque, IA, USA), filtered just prior using by 0.2 μm pore size of Acrodisc® 25 mm syringe filter membranes (Pall Life Science, QC, Canada). 
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Figure 1	The method for fabricating calcium alginate coating on ultrafiltration hollow fiber membrane as a substrate. A) cross section view of hollow fiber membrane lumen filled with water or 50 v/v% ethanol for pre-wetting step, B) after removal of water or 50 v/v% ethanol, introduce of sodium alginate solution in shell side at the mean while calcium chloride solution enter the membrane lumen, C) cross-linking of alginate radially outward diffusion of calcium ions 

Sodium alginate solution (1 wt %) was prepared in ultrapure water. 0.1 M of calcium chloride solution was prepared in two solvents; one is water and the other is 50 v/v % ethanol. The solution was allowed to stand for 24 hours at 4 °C before use in order to evenly disperse the sodium alginate and to remove any entrapped air bubbles. Figure 1 shows some of steps involved in the coating process. The lumen of the hollow fiber membrane was filled with the base solvent (i.e. water or ethanol) for pre-wetting inner lumen of membrane presented in Figure 1A. This step could help better access of the calcium chloride solution into the hydrophobic (PES membrane) membrane pores. After removing base solvent from membrane lumen, the external and internal surface was patted-dry and placed in membrane module for coating process. This was done to prevent irregular cross-linking of alginate. The lumen was then filled with calcium chloride solution meanwhile shell side was filled with sodium alginate solution for the required duration in a given experiment (Figure 1B). Calcium ions passively diffused towards the alginate solution and ionically cross-linked alginates to be calcium alginate gel on the PES hollow fiber membrane (Figure 1C). After the given cross-linking duration, unreacted sodium alginate solution was rinsed using water (Figure 1D).
Alginate coated hollow fiber membrane for tested by TEM were fixed with 2% Glutaraldehyde (2% v/v) in 0.1M sodium cacodylate buffer pH 7.4. The sample were then rinsed two times in buffer and post-fixed in 1 % osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hour. The samples were then dehydrated using graded ethanol series (i.e. 50%, 70%, 70%, 95% and 100%). The final dehydration for TEM samples was done in 100 % propylene glycol (PPG). Infiltration with Spurr’s resin was carried out using graded series (i.e. PPG:Spurr’s resin ratios of 2:1, 1:1, 1:2, and lastly 100 % Spurr’s resin) with rotation of the samples in between solution changes. The samples were transferred to embedding molds with were then filled with fresh 100 % Spurr’s resin and polymerized overnight in a 60°C oven. Thin sections were cut using a Leica UCT Ultramicrotome and picked up onto Cu grids. The sections were post-stained with uranyl acetate and lead citrate and then viewed in a JEOL JEM 1200 EX TEMSCAN transmission electron microscope (JEOL, Peabody, MA, USA) operated at an accelerating voltage of 80kV. 
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Figure 2	 Experimental set-up for membrane characterization on hydraulic permeability at constant pressure, single PES hollow fiber membrane with effective length 30 cm, membrane module with effective inner volume 23.57 mL, and data acquisition (pressure and mass per time) with Logger pro.  

Figure 2 shows the set-up used for the ultrafiltration experiment. The single PES hollow fiber was cut in 30 cm and fixed in the membrane module which was immersed within tap water for 30 min, for both coated and uncoated membranes. The content of feed tank was kept under pressure using compressed air. The pressure was applied in the feed tank as well as shell side of membrane module kept constant over the experiment. The permeate was collected by balance in every minute and was used to determine the permeate flux. Gas pressure sensor (Vernier software & Technology, Mississauga, Canada) and balance were connected to the computer for data acquisition using Lab Pro and Logger Pro (Vernier software & Technology, Mississauga, Canada). 
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Figure 3	 Experimental set-up for DMSO (300 g/L) diffusion experiment, PES ultrafiltration hollow fiber membrane with 30 cm effective length, Extracapillary space effective volume 5.89 mL, the pressure data collected and analyzed in Logger Pro  (flow rate: 0.00866ml/min, pressure 101 kPa )

Figure 3 shows the set-up used for the test solute and drug diffusivity experiment. The single PES hollow fiber placed in the membrane module. The feeder solutions (DMSO) were placed outside the hollow fibers (i.e. also referred to as extra-capillary space) while the receiver solution pumped through the membrane lumen with lowest flow rate (0.00866 ml/min) by two peristaltic pumps (Ismatec®, Cole-Parmer Instrument Company, Vernon Hills, IL, USA). Inner flow solution was recycled back to the feed tank which was kept well mixed. Pressure data was monitored by pressure sensor and inner solution sample was collected every 5min for UV absorbance. DMSO and antipyrine was analysed by NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
[bookmark: _Toc388900213]4.4	Results and Discussions
[bookmark: _Toc388900214][image: ]
Figure 4	 Magnified side view images of the uncoated/coated PES hollow fiber membrane. Images were obtained by light microscopy with a magnification factor of 25. Coating conditions: 1 wt% Alginate concentration, 0.1 M calcium chloride concentration in 50 v/v% ethanol, and 40 min cross-linking time

Figure 4 shows one example of fabrication of composite membrane carried out with ultrafiltration PES hollow fiber membrane using calcium alginate hydrogel. The experiment was carried out by 1 wt% of sodium alginate with cross-linked for 40 min by 0.1 M of calcium alginate solution in 50 v/v% EtOH. Top of the figure had uncoated PES hollow fiber membrane side view and the bottom sample was calcium alginate coated PES hollow fiber membrane. Natural hydrogels, such as alginate, collagen, agarose, and chitosan, have lower mechanical strength than synthetic hydrogels [45]. One of the features of hydrogel is environmental responsiveness under salt, pH, and temperature [46]. In this experiment, not only the coating process but also the tests with solutions that had salt presented for reversible collapse and swell of hydrogel were done. Once calcium alginate coated membrane was immersed into the 1M of ammonium sulphate solution, the hydrogel was collapsed. However, the collapsed hydrogel was not re-hydrated irreversibly, after water applied on dehydrated sample. As we expected, salt took the water body from the calcium alginate structure. At the mean time all the connections between the polymers broke. Under microscopy, the damaged hydrogel seemd like flakes on the membrane surface, which is not shown in figure. 
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Figure 5	Fabrication of calcium alginate coated hollow fiber membrane controllability test. Fabrication conditions: 1wt% alginate concentration, 0.1M of calcium chloride concentration, varied cross-linking time 0, 5, 10, 15, 20, and 40 min. 

The calcium alginate coating process was systemically controllable using different cross-linking times shown in Figure 5. This experiment was accommodated only with calcium chloride in 50 v/v % ethanol solution because calcium alginate solution in water based was not able to be verified for the hydrogel thickness below the level (25 times zoom) of light microscopes. The six of membranes were aligned side by side; the uncoated membrane (A), the once coated for 5 min (B), 10 min (C), 15 min (D), 20 min (E), and 40 min (F) with 0.1 M of calcium chloride cross-linker in 50 v/v % of  ethanol. All the samples were cross-linked and put in storage in 0.1 M of calcium chloride solution for preventing deformation of hydrogel. Under the light microscope, samples were took snapshots for measuring the thickness using (Image J) software, which are presented in Table 1. The correlation between cross-linking time and thickness of hydrogel well fitted first order (0-20 min). As a result of this experiment, the controllability of the amount of hydrogel deposit on membrane surface is high enough for various applications. 
Table 1. PES hollow fiber membrane coated with calcium alginate; 0.1 M calcium chloride solution was prepared in 50 v/v% ethanol, 1 wt % sodium alginate, in different cross-linking time 

	Time
	Outer Diameter (n=4)

	0 min
	1.3 mm

	5 min
	1.53 ± 0.025 mm

	10 min
	1.74 ± 0.015 mm

	15 min
	1.89 ± 0.018 mm

	20 min
	2.34 ± 0.02 mm

	40 min
	2.99 mm
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Figure 6	Hollow fiber membrane coating with calcium alginate hydrogel A) Dew: calcium chloride solution pass through membrane pores B) 5 min cross-linking process C) 15 min cross-linking time. Fabrication condition: sodium alginate 1 wt%, calcium chloride 0.1 M in water, PES hollow fiber membrane 150 kDa MWCO.   
Figure 6 shows another method for coating technique which the calcium chloride solution fully filled up under pressure in the membrane pores (Figure 6A). At t = 0, calcium ions are ready to cross-link alginate while the passive diffusion method requires time for calcium ions travel from inner membrane pore entrance to outer pore exit to meet alginate molecules. The difference is only where the calcium ion starts polymerization, the rest of fabricate conditions are the constant: diffusion coefficient of calcium chloride (in water 10-9m2/s) [47], tortuosity of pores, porosity of the membrane, concentration differences, and temperature. Because the calcium ions are ready to cross-linking, the calcium alginate gel are much thicker (Figure 6B). According to Cuadro et al. 2012 the estimated gelation of calcium alginate time was 40 sec for 2% of alginate and 0.5 % calcium chloride with 200 μm radius cylinder [48]. Calcium alginate polymerization is a rapid process if cross-linker availability is high enough. For this reason prefilled calcium chloride method showed more calcium alginate cross-linked. However, the roughness can be another point drawing consideration for various applications. Two samples in Figure 6 B and C showed different surface contours. The ultrafiltration hollow fiber membrane is in asymmetric conformation due to the extrusion manufacturing method, in which the pores presented unevenly on the hollow fiber wall compared to microfiltration membrane. The rough surface is a good indication of rapid calcium chloride polymerizing alginate from uneven location whereas passive diffusion process lead to controlled slow polymerization from membrane pores. This mass transport may counter the diffusion of alginate solution into membrane pores and slow calcium ions contacting, which generate calcium alginate gel morphologies. From this experiment, the application requires rapid and thin layer of calcium alginate coating on the membrane surface for tissue engineering or immobilize cells in short period time at initial seeding step and it has more merits than passive method. 
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Figure 7	TEM image obtained with the hollow fiber and composite membrane fabricated with 1 wt% sodium alginate and 0.1 M calcium chloride on PES ultrafiltration membrane, with a cross-linking time of 30 min. (A) control sample: uncoated membrane,25000 X magnification (B) 1 wt % of sodium alginate and 0.1 M calcium alginate in water, 5000 X magnification (C) bigger magnification of sample B, 20000X (D) 0.1M of calcium chloride solution in 50 v/v EtOH  %, 20000 X magnification

The calcium alginate coating morphology was observed by TEM analysis as shown in Figure 7. The samples were prepared three cases; one is uncoated membrane (A), second is cross-linker solution dissolved in water (B and C), third one is cross-linker solution dissolved in 50 v/v% ethanol. Only the solvents for cross-linking agent were varied; concentrations of alginate, calcium chloride, and cross-linking time were kept constant. The control (uncoated PES hollow fiber membrane cross section) specimen is presented in Figure 7A. According to the degree of shade, there are three sections. Resin, top layer of membrane extracapillary side, and inner membrane were well indicated as expected. Figure 7 B and C are the same piece with different magnifications. The coated hydrogel thickness presented thinner than fresh piece because the preparation processes involved non-polar solvent caused dehydration of calcium alginate gel. Under higher magnification, hydrogel pore size and distribution is different in distance. The calcium alginate gel pore size has been gradually decreased toward to the edge of the outer alginate gel. Whereas ethanol based cross-linking cases (D) showed opposite trend. There are two possibilities to consider. One is calcium ion diffusivity in different solvent interactions with alginate base solution. Another point is ethanol wets membrane inner and pores faster than water so this enhances the calcium ions travel to alginate solution faster. The second possibility is alginate precipitating by solvent. Hassan reported much work about cross-linked alginate hydrogel where the forms go through the sol-gel state [49-51]. For better explanation of trend of calcium alginate formation, the compatibility of alginate solution and ethanol was investigated in Figure 8.
[image: ]
Figure 8	Calcium alginate polymerization study with different calcium chloride solvents (A: alginate + water based calcium chloride, B: alginate + 50v/v% ethanol based calcium chloride, C: alginate + 100 % ethanol, D: ethanol + alginate, E: sample D vertical pose), 1 wt% sodium alginate of 1mL, 0.1 M calcium chloride 300 μL

Figure 8 illustrated four different cases of alginate and calcium chloride solutions. Concentration of alginate solution with 1ml mixed with calcium alginate solution 0.1M in water based (A), 50 v/v% ethanol (B). In comparison of two samples A and B, the mixture of alginate and calcium chloride well mixed in A, while two phases separate right after two liquid meet. Furthermore 100% of ethanol was injected in alginate solution (C) and rapidly alginate solution had chunk of sol with many bubbles. It suggested that ethanol induced the alginate into dehydrated state and precipitated first and after the solution was well mixed, aggregated alginate disappeared. Alginate aggregation was carried out in large volume of ethanol with small amount of alginate solution (D and E).  This transition of alginate was well supported for Figure 7. From simple step of calcium alginate gel made of water based cross-linker case in Figure 7 C, this is a simple passive diffusion through the membrane pores and cross-linked alginate G residues. Moreover ethanol based cross-linker was one more step involved, first ethanol diffuse radically toward to shell side of alginate solution. Precipitate or aggregate alginate near the membrane surface then calcium ions tides each alginate G residues. This is the reason why ethanol based calcium alginate had denser pores placed near the membrane surface.
[image: ]
Figure 9	Fabrication of calcium alginate coated on PES hollow fiber membrane (Alginate concentration 1wt%, calcium chloride concentration 0.1M and 1 min cross-linking time) optical microscope 25 times.

Figure 9 presented the fabrication of calcium alginate composite membrane that was carried out with 1 wt% of alginate, 0.1 M of calcium chloride solution in water. The cross-linking was done for 1min. Since the short exposure time to cross-linking agent, the calcium alginate hydrogel generated was too thin to measure under optical microscope. However, top sample is corresponding to uncoated membrane with rough/scratched skin while bottom sample has clean and smooth surface. Even though calcium alginate coating layer is not able to observe, light reflections of the samples are different. For more membrane characterization in terms of hydrophilized surface assessment, contact angle analysis was carried out. 
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Figure 10 	Water contact angle analysis with PES hollow fiber membrane (left), and calcium alginate coated membrane (right). Picture obtained by digital camera.

Contact angle was tested to identify the hydrophobicity of coated and uncoated membrane surfaces. The same samples were used from Figure 10. Contact angle can provide information about the interfacial forces of water and membrane surfaces shown in Figure 8. Left side of sample is uncoated PES membrane that is relatively hydrophobic than right side of sample. Coated membrane is friendlier to water which pulls the water toward to the membrane surface, which is indicated by the water contour changes. This wetting effect is an indication of the membrane surface hydrophilicity improvement.


Figure 11	Measurement of water flux and hydraulic permeability of uncoated/coated PES hollow fiber membrane, operating pressure at 109.45 kPa (uncoated membrane) and 110.56 kPa (coated membrane) with constant (one data set).

Figure 11 shows the water flux and hydraulic permeability of the uncoated and coated hollow fiber membranes. The membrane was prepared in the same condition with Figure 9, and 10 with 1 min cross-linking time of 1wt% alginate concentration and 0.1 M of calcium chloride. The experimental set up is explained in Figure 2. The water flux was calculated by

as shown in Figure 11. Since the pressure applied by compressed air was not exactly same value in two cases, hydraulic permeability can be a factor to normalize to overlook the membrane filtration behaviour with consideration of pressure term. The hydraulic permeability was obtained by 

[50], where the viscosity of water is 0.000145 pa.s. The hydraulic permeability also had the trend to decrease over the filtration volume. Coated membrane has similar water flux behaviour. There are two possibilities for this phenomenon. One is fouling behaviour over filtration time. The second one is coated hydrogel was in fully hydrated state prior the filtration process and then the pressure applied from outside to inside made hydrogel collapse, which increased the resistance of permeate flux. The water permeability of coated membrane had higher than uncoated membrane because calcium alginate was not working as a barrier, on the contrary it helps penetration of water using hydrophilic characteristic of the hydrogel. Sawada et al. 2012 reported PES hollow fiber membrane was grafted on acrylamide incubating silver nanoparticles. It shows hydrophilicity improved by contact angle measure value however the water permeability was decreased by grafting layer [53]. It is suggested that even one more layer of hydrophilic hydrogel presented on the membrane surface, the hydraulic permeability does not change membrane performance. 
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Figure 12 	Effect of coating hollow fiber membrane on DMSO mass transport with Fig 3 experimental set up (one data set).   

Figure 12 shows the effect of coating hollow fiber membrane by solute diffusion from shell side of membrane to inner lumen. It was obtained with 300 g/L of DMSO feed solution which slowly diffused through the membrane pores into the circulated water in inner lumen during 200 minutes the circulation ran with 0.00866ml/min flow rate. Samples were collected from the permeate reservoir by 10 uL for monitoring DMSO concentration. The increase of DMSO concentration in membrane lumen is good indicator for small solute transport through membrane pores. At the beginning of diffusion experiment (0-100 min), the DMSO diffusion rate was higher because the concentration difference between two sides (inner and outer) of membrane was high. In this experiment, pressure is atmosphere and it means the concentration difference of shell and lumen side is mass transport driving forces. After 100 min of diffusion run, the flux of DMSO decreased and reached a plateau. This experiment suggested the calcium alginate coated membrane had similar mass transport behaviour. 

[bookmark: _Toc388900215]4.5	Conclusions 
Calcium alginate hydrogel was successfully coated on PES hollow fiber membrane by passive diffusion of cross-linking agent through membrane pores. This coating technique is gentle, precisely controllable on hydrogel thickness, as well as simple in experimental set-up. Effect of cross-linking agent solvent was studied on thickness and morphology of calcium alginate by TEM analysis. Calcium alginate coated membrane was characterized by water contact angle as well as optical microscope. Since calcium alginate has been used in tissue engineering with good biocompatibility, this technique will offer many advantages: tissue engineering application for three dimensional MBR with similar hydraulic permeability, material diffusion rate, and better cell adhesion effect due to the hydrophilic coated on membrane. Calcium alginate coating made water favorable for easy permeation and this characteristic helps the water purification process, too. However, there are lots of room to improve this technique. Each proteins or simulated cell culture medium can be tested with coated membrane for tissue engineering aspect, and several coated membranes put as a bundle for tests of the water filtration performance since uncoated and coated membrane indicated similar hydraulic permeability.
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[bookmark: _Toc388900218]5.1	Abstract 
Tubular structures made of alginate and similar hydrogels have been extensively investigated for drug delivery, tissue engineering and other biomedical applications. Alginate fibers are usually fabricated using complicated techniques such as coaxial flow extrusion or electro-spinning. This paper discusses the fabrication of hollow and solid alginate fibers using a simple membrane based molding technique. A hollow-fiber microfiltration membrane served both as the mold as well as reservoir for the cross-linking agent. The pores of the membrane were first filled with the cross-linker (i.e. calcium chloride) solution, after which the lumen was filled with sodium alginate solution. The calcium ions diffused from the membrane pores into the lumen, cross-linking the alginate in a radially inward direction. Solid alginate fibers were obtained by cross-linking all the alginate within the lumen, while hollow fibers were fabricated by pushing out un-cross-linked alginate from the central core using calcium chloride solution. The alginate fibers fabricated as described above were expelled from the membrane mold using water under pressure. These were then characterized by optical, scanning electron, and transmission electron microscopy. The most attractive features of this fabrication method are its simplicity and flexibility with regards to alginate concentration. The fibers obtained were straight with excellent definition and uniform thickness, and could be fabricated in a highly reproducible manner. Other complicated solid and hollow 3-dimensional structures suitable of biomedical, and indeed other applications could also potentially be fabricated using similar membrane-based molding techniques.
[bookmark: _Toc388900219]5.2	Introduction
Hydrogels can hold large amounts of water within their structures and are widely used for a range of pharmaceutical and biomedical applications [1,2]. Synthetic hydrogels such as cross-linked polyethylene glycol (PEG), poly (N-isopropylacrylamide) (PNIPAM) and poly-hydroxyethylmethacrylate (PHEMA) can be tailored to specific chain lengths and degree of cross-linking, and can also be functionalized to make them stimuli-responsive, an attribute extremely useful for controlled or sustained release of drugs [3]. However, un-polymerized monomer residues can be highly toxic, and their complete removal can prove to be challenging. Consequently, natural hydrogels continue to be widely used for drug delivery, cell culture and tissue engineering applications, where toxicity due to monomers and cross-linkers could be a major issue [4]. Natural hydrogels include biopolymers such as alginate, collagen, hyaluronic acid (HA), fibrin, agarose, chitosan, and combinations of two or more of these [5]. Alginate, which is obtained from brown algae is the most popular amongst these, having been widely used since the 1980s, due to its low immunogenicity and low toxicity, for cell encapsulation, drug delivery, wound-healing, and tissue engineering [6-8]. It is a polysaccharide with (1-4)-linked β-D-mannuronate (M) and α-L guluronic acid (G) residues, with the sequence of M and G residues varying, depending on the source. The gelation of alginate is induced by the presence of divalent cations such as Ba2+, Sr2+, and Ca2+ which interact with the G residues [6, 7]. Due to the involvement of the G residue in cross-linking, the G/M ratio affects the mechanical strength and biodegradability of alginate [7, 8]. The formation of calcium alginate gel has been described based on an “egg-box model” [8]. 
Spherical calcium alginate beads have been widely used for cell encapsulation and drug delivery due to the simple fabrication method, i.e. drop-wise addition of sodium alginate solution into cross-linker (calcium chloride) solution [7]. The material to be encapsulated is typically pre-mixed with the sodium alginate solution prior to cross-linking. Some of the drawbacks linked with spherical alginate beads and their fabrication method are a) loss of cells or drug into the cross-linking solution, b) the so called “burst-effect” whereby there is an initial rapid release of drug from the beads to any recipient solution, and c) nutrient mass transport limitations at the centre of the beads which could lead to cell necrosis [9-12]. The drop-wise bead production methods also leads to size distributions, and this makes precise drug dosing difficult. A critical limiting factor for the spherical geometry is that the surface area to volume ratio is determined by the radius, thereby limiting flexibility in designing structures. Alternative geometries such as tubes, rods and cylinders have been shown to have some advantages in certain drug delivery and tissue engineering applications [13]. With the cylindrical form, dosage can be very precisely controlled based on length and diameter. Also, the surface area to volume ratio is decoupled from the radius and can be flexibly manipulated by altering both the radius and length of the structure. Moreover, in certain applications such as nerve and vascular tissue engineering, the fiber is the only suitable scaffold geometry. 
Electro-spinning, one of the well-established methods for fabricating fibers, has attracted much attention due the ease with which fine fibers with diameters ranging from 10 nm to 100 micrometers can be produced using both synthetic and natural hydrogel materials [14-20]. However, this technique involves the application of high voltages, e.g. 10~15 kV[17], 20 kV [18], 13~15 kV [19], and 10~50 kV [20], which could potentially lead to cell mortality in cell immobilization and tissue engineering applications. During cell-embedded fiber fabrication by electro-spinning, cell death was as high as 60 % [21]. Moreover, electro-spinning is not particularly suitable for fabrication of fibres with outer diameter greater than 100 micrometer [17, 19, 22]. Another major problem with electro-spinning of alginate is that the method is restricted to the use of alginate solutions of lower than 2% concentration due to viscosity issues, and consequently fibers with low mechanical strengths are produced[22]. 
Extrusion based technique have also been widely used to produce alginate fibers. For instance, Li et al [11] reported a very simple technique for producing alginate cylinders by directly injecting sodium alginate into calcium chloride solution. Improved versions of this technique involving sophisticated multichannel nozzles, suitable for fabricating more complicated structures have been subsequently reported [23-25]. These techniques were suitable for producing 100~800 μm diameters fibres by manipulating variables such as reagent concentration and extrusion velocity, and by using sheath solutions [26]. The combination of extrusion and microfluidic techniques have been shown to enhance the consistency of fiber production [27-29]. However higher concentrate alginate solutions cannot be satisfactorily handled by microfluidic systems as their high viscosity makes it difficult to balance the central flow and sheath flows, which in turn leads to non-uniformity in fiber dimension. Moreover the high shear stress observed in such system could be problematic in cell immobilization and tissue engineering applications. In an effort to reduce shear stress, a roller assisted microfluidic system was developed whereby alginate fibres produced within microfluidic channels were drawn out in a controlled manner [30]. Other techniques reported for fabrication of alginate fibers include 3D printing [31], laser-assisted printing [32] and the use of centrifugal force [33]. Boland et al. [34] have reviewed the use of 3D printing in tissue engineering including the fabrication of alginate structures.  
In this paper, we describe a molding technique, using which hollow and solid alginate fibers can be fabricated under gentle and sterile conditions. A hollow-fiber micro- or ultra-filtration membrane is used as the mold for fabricating these alginate fibers. The pores present on the hollow fiber membrane served as the reservoir for calcium chloride solution was used to cross-link alginate within the fiber lumen. The method is summarized in Figure 1. As shown in A, the pores of the hollow fiber were first filled with calcium chloride solution. The lumen of the hollow fiber was then filled with sodium alginate solution (B). The divalent calcium ions diffused from the pores into the lumen, cross-linking the alginate in a radially inward direction (C). For producing solid fibers, the alginate held within the lumen was allowed to fully cross-link before expelling it from the hollow-fiber membrane. For producing alginate hollow fibers, the cross-linking was allowed to take place till the desired wall thickness was attained followed by removal of uncross-linked alginate from the interior core using calcium chloride solution (D). This step also resulted in the curing of the inner surface of the alginate hollow fiber, as well as delamination of alginate fiber from substrate membrane by dehydration which was then recovered by expulsion from the mold under pressure using water or calcium chloride solution (Figure 1 E). Alginate fibers of different sizes and geometries were fabricated using the above technique. Effects of variables such as alginate concentration, cross-linker concentration and cross-linking time on the fiber dimension were examined to demonstrate the controllability of the fabrication technique. The alginate fibers produced were tested using techniques such as scanning electron microscopy (SEM), tunneling electron microscopy (TEM), and light and fluorescence microscopy. The feasibility of using the molding techniques for tissue engineering and cell immobilization applications was demonstrated by fabricating alginate hollow fibers containing live human umbilical vein endothelial cells (HUVEC). 
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Figure 1  The method for fabricating calcium alginate hollow fibers using a porous hollow fiber membrane as a mold (A) cross sectional view of hollow fiber membrane with pores filled with calcium chloride solution, (B) sodium alginate solution being filled inside the lumen of the hollow fiber membrane, (C) cross-linking of alginate by radially inward diffusion of calcium ions, (D) removal of un-cross-linked alginate core with calcium chloride solution, and (E) expulsion of calcium alginate hollow fiber from mold.

[bookmark: _Toc388900220]5.3	Materials and Methods
Sodium alginate (W201502), and FITC-dextran (46947; excitation 490 nm, emission 520 nm) were purchased from Sigma-Aldrich, St. Louis, MO, USA. Calcium chloride (C77-500) was obtained from VWR, Mississauga, ON, Canada. Polypropylene hollow fiber microfiltration membranes (Accurel PP S6/2, 1.8 mm i.d., 2 mm o.d., 0.2 μm pore size; Accurel Q3/2, 0.6 mm i.d., 1 mm o.d., 0.2 micron pore size) were purchased from Membrana, Wuppertal, Germany. Hydrophilic polyethersulfone hollow fiber ultrafiltration membranes (Tetronic, 0.8 mm i.d., 1.2 mm o.d., 150 kDa MWCO) was kindly donated by Hydranautics Inc., Japan. All test solutions and reagents were prepared using ultra-pure water (18.2 mΩ-cm) obtained from a Diamond Nanopure water purification unit (Barnstead International, Dubuque, IA, USA), vacuum-filtered just prior to use using 0.45 μm pore size cellulose acetate membrane (Nalgene Nunc International, Rochester, NY, USA).
[bookmark: _Toc388900221]5.3.1 Fabrication of calcium alginate hollow fibers
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Figure 2	Sequence of events in calcium alginate hollow fiber molding process (A) sweating of calcium chloride on the outer wall of the hollow fiber membrane indicating that the pores are filled, (B) removal of un-cross-linked sodium alginate core from the mold using calcium chloride solution, (C) expulsion of calcium alginate hollow fiber from mold using water, (D) alginate hollow fiber after recovery from mold. 

Sodium alginate solutions of different concentration (e.g. 1, 2.5, 5 wt %) were prepared in ultrapure water. The solutions were allowed to stand for 24 hours at 4°C before use in order to evenly disperse the polymer and to remove any entrapped air bubbles. Calcium chloride (cross-linker) solutions of different concentrations (e.g. 0.1, 0.5, 1 M) were also prepared in ultrapure water. All the materials used for alginate fiber fabrication were sterilized and transferred to a sterile laminar flow cabinet. Figure 2 shows some of the steps involved in the fabrication process. The lumen of the hollow fiber membrane was first filled with calcium chloride under pressure to fill up the pores present on the membrane. Sweating on the outer surface of the membrane (see A) confirmed that the membrane pores were filled with cross-linker. The calcium chloride solution was emptied from the lumen, the external surface was patted-dry and air was passed through the lumen to remove excess calcium chloride solution from the inner surface. This was done to prevent irregular cross-linking of alginate during the fabrication process. The lumen was then filled with sodium alginate solution which was maintained inside for the required duration in a given experiment. For preparing alginate hollow fibers, uncross-linked material present in the core was pushed out using calcium chloride solution (see B). The fiber fabricated within the hollow fiber membrane was expelled using water under pressure (see C). The filling, rinsing and pressurising steps described above were carried out using sterile plastic syringes.
[bookmark: _Toc388900222]5.3.2 Microscopy
Alginate fiber samples for testing by TEM and SEM were fixed with 2% Glutaraldehyde (2% v/v) in 0.1 M sodium cacodylate buffer pH 7.4. The samples were then rinsed two times in buffer and post-fixed in 1 % osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hour. The samples were then dehydrated using graded ethanol series (i.e. 50%, 70%, 70%, 95%, 95%, and 100%). The final dehydration for TEM samples was done in 100% propylene glycol (PPG). Infiltration with Spurr's resin was carried out using graded series (i.e. PPG:Spurr’s resin ratios of 2:1, 1:1, 1:2, and lastly100% Spurr's resin) with rotation of the samples in between solution changes. The samples were transferred to embedding moulds which were then filled with fresh 100% Spurr's resin and polymerized overnight in a 60 °C oven. Thin sections were cut using a Leica UCT Ultramicrotome and picked up onto Cu grids. The sections were post-stained with uranyl acetate and lead citrate and then viewed in a JEOL JEM 1200 EX TEMSCAN transmission electron microscope (JEOL, Peabody, MA, USA) operated at an accelerating voltage of 80kV. The samples for SEM were dehydrated in 100% ethanol and then critical point dried. These were then mounted onto SEM stubs, sputter-coated with gold and then viewed in a Tescan Vega II LSU scanning electron microscope (Tescan USA, PA) operated at 20kV. A florescence inverted microscope- Zeiss Axiovert 100M microscope was used for confocal laser scanning microscopy of alginate fibers. All light microscopy images were acquired with a Zeiss AxioCam HRc camera. AxioVision software was used for transferring and analyzing images.
[bookmark: _Toc388900223]5.3.3 Human umbilical vein endothelial cell culture 
Human umbilical vein endothelial cells or HUVEC (C-003-5C) were purchased from Gibco Life Technology (Burlington ON, Canada). HUVEC was cultured by supplementing low serum growth factors (EGM-2, CC-4176) in endothelial cell basal medium containing 1% v/v penicillin-streptomycin (P/S) (Cat #15070063). The cells were cultured at 37 °C in 5 % carbon dioxide and 100 % relative humidity. The media was changed every second day. Once the cells attained 100 percent confluence, cells were washed with 12 mL of 0.25% Trypsin/EDTA (Invitrogen, 12604021) for 3 min to detach the cells from the inner surface of the T-75 culture flask used for cell culture. The cell suspension thus obtained was transferred to a sterile 15 mL falcon tube and centrifuged at 14,000 rpm for 5 min. The cell pellet which had approximately 9 × 106 cells/mL was dispersed in sterile sodium alginate solution to fabricate cell-containing alginate fibers.
[bookmark: _Toc388900224]





5.4	Results and Discussions
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Figure 3 	Alginate fibers fabricated using hollow fiber membrane based molding technique: (A) Fibers made with 2.5% sodium alginate, 0.1 M calcium chloride solution as cross-linker using (from the top) Accurel Q3/2, Tetronic and Accurel PP S6/2 hollow fiber membrane molds respectively. The cross-linking times were 10, 30 and 60 seconds respectively for the small, medium and large diameter hollow fibers. (B)Solid and (C) hollow fibers fabricated with 5% sodium alginate, 1 M calcium chloride solution as cross-linker, using Accurel PP S6/2 membrane as mold. The cross-linking times were 600 seconds and 60 seconds respectively. 

Figure 3 shows some of the solid and hollow alginate fibers fabricated using different hollow fiber membranes as molds, using different reagents and cross-linking time. The hollow fibers shown in Figure 3A were made using 2.5% sodium alginate solution, and 0.1 M calcium chloride solution as cross-linker. The cross-linking times were 10, 30 and 60 seconds respectively for the small, medium and large diameter hollow fibers. The small diameter hollow fiber (200 µm o.d., 50 µm i.d.) was molded using Accurel Q3/2 membrane, the medium diameter hollow fiber (600 µm o.d., 375 µm i.d.) using Tetronic membrane, and the large diameter hollow fiber (1.6 mm o.d., 0.6 mm i.d.) using Accurel PP S6/2 membrane. The solid and hollow fibers shown in Figures 3B and 3C respectively were fabricated using 5% sodium alginate with 1 M calcium chloride solution as cross-linker, using Accurel PP S6/2 membrane as mold. The only difference between the two was with regards to cross-linking time. While the solid fibers were obtained by a 600 second cross-linking process, the hollow fibers were obtained by 60 seconds of cross-linking. As expected, the outer diameter of the alginate fiber was dependent on the inner diameter of the hollow fiber membrane mold. Also, for a given mold, the inner diameter could be controlled through the cross-linking time and hollow or solid fibers, as required could be produced. In addition to the differences in dimension, these fibers also differed significantly in terms of their rigidity. The fibers produced using 2.5% sodium alginate solution was softer than those produced using 5% alginate. The fibers could be produced in a highly reproducible manner, simply by controlling the reagent concentrations and cross-linking time. The individual solid fibers shown in Figure 3B were separately fabricated  and were found to have fairly consistent outer diameter of 1.35 ± 0.08 mm (n=8). Similarly, the hollow fibers shown in Figure 3C were separately fabricated and found to have consistent outer diameter of 1.42± 0.06 mm (n=8) and inner diameter of 0.65± 0.004 mm (n=8) mm. The slightly lower outer diameter of the solid fiber suggests that the greater extent of cross-linking caused some inward shrinkage of the structure. 
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Figure 4	Magnified side view (A) and cross-sectional view (B) images of the alginate hollow fiber shown in Figure 3 C. Images were obtained with the fiber immersed in water by light microscopy with a magnification factor of 25.

Figure 4 shows magnified cross-section and side view images of the alginate hollow fiber shown in Figure 3 C. These images were obtained under immersed condition (in water) by light microscopy with a magnification factor of 25. The outer diameter of the fiber was 1.54 mm and the inner diameter was 0.64 mm. The slightly higher outer diameter (with respected to that reported for Figure 3 C in the previous paragraph) was either due to optical aberration or due to fiber expansion due to hydration. Fibers obtained by spinning and extrusion techniques generally have bends, twists, turns, and other types of imperfections. This is usually due to the flow processes involved in these techniques. Figures 3 and 4 clearly show that alginate fibers obtained using the molding technique had excellent definition and uniformity of appearance, and were straight. The inner and outer surfaces were smooth and the fibre shape was perfectly circular. The inner and outer diameter, and therefore the thickness of the fiber were uniform along the length of the fiber. A particularly attractive feature of this molding technique is that the alginate fibers can be fabricated under sterile conditions without too much complication. Moreover, the fabrication was carried out under low pressure and stress conditions without the need for electric current. Also, the data shown in the previous paragraph clearly show the high degree to reproducibility with which the fibers could be molded. During alginate fiber fabrication by extrusion, the nascent fiber remains exposed to a large body of liquid and this increases the possibility of leakage of material being immobilized, i.e. cell or drugs. By contrast, during fiber fabrication using the hollow fiber membrane based molding technique no such exposure to bulk liquid takes place and consequently the loss of material are expected to be significantly lower. All these attributes would be particularly appealing in biomedical applications such as fabrication of inserts, soft delivery and connecting tubes, tissue engineering scaffolds and drug-delivery devices. The main disadvantage of the molding technique in its current form is that it is not suitable to producing large quantities of fibers. Also, the maximum length of the fiber is restricted to the length of the mold, i.e. the hollow fiber membrane.
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Figure 5	Confocal laser scanning (CLS) microscopy images of the FITC-dextran - alginate composite hollow fiber, (A) z-stack images obtained along the Z-axis at sequential depths of 200μm, (B) five times magnification, and (C) twenty-time magnification 

For imaging the interior of the fiber, FITC-dextran was added to the alginate solution prior to fiber fabrication. The sodium alginate concentration used in this experiment was 2.5 %, the FITC-dextran concentration was 2 mg/mL, the calcium chloride concentration was 1 M, an Accurel PP S6/2 membrane was used as mold, and the cross-linking was carried out for 60 seconds. The alginate hollow fiber thus produced was physically stiffer and more opaque than the fibers produced using sodium alginate alone. Most likely, dextran reinforced the structure of the alginate fiber and made it stronger. Figure 5 shows the images of the composite alginate fiber obtained by confocal laser scanning microscopy. Figure 5A shows the z-stack images obtained along the axis at sequential depths of 200μm while B and C show respectively five-times and twenty-time magnified images of the same. The addition of the fluorescent additive facilitated a better view of the interior of the alginate fiber. The fiber had uniform circular cross-sectional area, with consistent in inner and outer diameter along the axis as evident from the z-stack images. The inner and outer surfaces of the fiber were smooth and the fluorescent additive was more or less uniformly distributed, except for a circular band of low fluorescent intensity close to the outer surface, and some intense fluorescent patches which were clearly visible under high magnification.
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Figure 6	Scanning electron microscopy (SEM) images of calcium alginate hollow fiber (400 X magnifications) fabricated with 2.5 % sodium alginate and 1 M calcium chloride, using Accurel PP S6/2 membrane as mold, with a cross-linking time of 60 seconds.
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Figure 7	TEM image obtained with the hollow fiber described in Figure 6 at (A) 5000 X magnification, and (B) 75000X magnification

Figure 6 shows scanning electron microscopy (SEM) images of calcium alginate hollow fibers (at 400 X magnifications) fabricated using 2.5 % sodium alginate, 1 M calcium chloride solution, Accurel PP S6/2 membrane as mold, and a cross-linking time of 60 seconds. The outer diameter of the hollow fiber under imaging condition was 560 μm while the wall thickness was 140 μm. Consistent with the earlier imaging techniques, the inner curved surface of the fiber was smooth and of perfectly circular curvature. The distortion on the outer surface was caused by the tweezers used to handle and process the fiber for imaging. The bulk material comprising the fiber appears to be homogeneous, but a skin-like structure is observed on the inner surface. Figure 7 shows the TEM image obtained with the same hollow fiber at two different magnifications (i.e. 5000X and 75000X respectively for A and B). The sponge-like porous structure of calcium alginate is evident at both levels of magnification. 
[image: ]
Figure 8	Effect of sodium alginate concentration on dimension of alginate fiber (mold: Accurel PP S6/2, calcium chloride concentration: 1 M; cross-linking time: 60 seconds)

Figure 8 shows the effect of sodium alginate concentration on alginate hollow fiber dimension. These experiments were carried out using Accurel PP S6/2 membrane as mold with 1 M calcium chloride solution as cross-linker, the molding time being 60 seconds. While the dimension of the alginate hollow fiber did not show much responsiveness to sodium alginate concentration, there were significant differences in the strength and appearance of material obtained. The fiber obtained with 1 % alginate (data not shown in Figure 8) was quite fragile and difficult to measure due to its highly flexible nature. The fiber obtained with 2.5% alginate was much more defined but the external surface was much rougher that that obtained using 5% sodium alginate solution. The strongest and most well defined fiber was obtained with 5% alginate. These fibers was also more opaque and of higher stiffness. Their slightly lower outer diameter was possibly due to dehydration during the gel formation, typically observed during cross-linking of highly concentrated polymer solutions [29].
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Figure 9	Effect of calcium chloride concentration on dimension of alginate fiber (mold: Accurel PP S6/2, sodium alginate concentration: 5%, cross-linking time: 60 seconds) 

Figure 9 shows the effect of calcium chloride concentration on the dimension of the alginate fibers produced with 5% sodium alginate and 60 seconds of cross-linking time, using Accurel PP S6/2 membrane as mold. The cross-linker concentration had a far more significant effect on the fiber dimension than the alginate concentration. The outer diameter increased very significantly when the calcium chloride concentration was decreased from 1 M to 0.5 M, and increased even further when the concentration was decreased to 0.1 M. The inner diameter also increased when the cross-linker concentration was decreased. However, the thickness increased with increase in cross-linker concentration. While the increase in hollow fiber wall thickness with calcium chloride concentration was due to greater cross-linker penetration into sodium alginate driven by greater concentration gradient, the effects on the inner and outer diameter are harder to explain. A plausible explanation is that the higher calcium chloride concentration caused shrinkage of the alginate structure by dehydration, leading to fibers of lower outer and inner diameters. 


[image: ]
Figure 10	Effect of cross-linking time on dimensions of alginate fiber (mold: Accurel PP S6/2, sodium alginate concentration: 5%, calcium chloride concentration: 1 M) 

Figure 10 shows the effect of cross-linking time on the dimension of alginate fibers obtained using Accurel PP S6/2 membrane as mold with 5 % sodium alginate, and 1 M calcium chloride as cross-linker. While the outer diameter of the alginate fiber did not change appreciably; the inner diameter did decrease with increase in cross-linking time due to greater penetration of calcium ion within sodium alginate held within the mold. While the difference in inner diameter between 30 and 60 second cross-linking was not very significant, solid fiber was obtained by 600 seconds of cross-linking.

[image: ]
Figure11	Light microscopy image of HUVEC embedded alginate hollow fiber (image obtained one day after fabrication, magnification: 100 X, sodium alginate concentration: 1%, mold: Tetronic, calcium chloride concentration: 0.1 M, cross-linking time: 30 seconds)

The feasibility of immobilizing cells was demonstrated by fabricating HUVEC embedded calcium alginate hollow fibers under sterile condition. The fabrication process was similar to that described in the previous paragraphs. Sodium alginate solution (2%) prepared in culture medium was mixed in 1:1 ratio with cells suspension. The mixture thus obtained was found to be less viscous than 1% sodium alginate solution prepared in water. This was possibly due to dilution caused by water released from cells due to osmotic effect. Tetronic hollow fiber membrane (0.8 mm i.d., 1.2 mm o.d.) was used as mold and cross-linking was carried out for 30 seconds using 0.1 M calcium chloride. Figure 11 shows the HUVEC embedded alginate hollow fiber obtained, the image being taken one day after fabrication by light microscopy using 100 X magnification. The cells were uniformly dispersed and appeared to be viable. The cells appear bright in the center due to reflected light. Image analysis indicated that the density of immobilized cells was 4 × 106 cells /mL. The tissue or cell mass was not succeed during one week incubation period, HUVECs was not sufficient choice for immobilized system. Relatively HUVECs are sensitive on culture environment compared to fibroblast or neural cell line. Also the matrix composition can be stiff for the cell migration. For the future reference, the feasibility test can be conducted with microorganism or mammalian cells. 
The above results clearly demonstrate the suitability of the hollow fiber membrane based molding method for fabricating very well defined hollow or solid alginate fibers. The method as discussed is not suitable for large-scale production, but may be developed further for continuous extrusion of molded fibers. The technique as discussed in this paper will be particularly attractive in applications where small-scale precision fiber fabrication under sterile and gentle conditions is required. 
[bookmark: _Toc388900225]
5.5	Conclusion
Calcium alginate fibers, both solid and hollow, could be fabricated by using a hollow fiber membrane based molding technique. Cross-linking agent (calcium chloride) held within the pores of the membrane diffused into the sodium alginate held within the membrane, cross-linking the alginate in an inward direction. The outer diameter of these fibers depended primarily on the inner diameter of the mold while the inner diameter could be controlled based on the cross-linking time. Prolonging the cross-linking time resulted in the formation of solid alginate fibers. Factors such as alginate concentration and calcium chloride concentration were found to affect the dimension and physical properties of the fabricated fibers. The inner and outer surfaces of the hollow fibers were very well defined and the fibres were perfectly circular. The inner and outer diameter, and therefore the thickness of the fiber were uniform along the length of the fiber which were free from imperfections such as bends, twists, and turns and could be fabricated with high degree of reproducibility. The fibers could be fabricated under sterile condition and the technique did not involve the use of high pressure, high shear stress or electric current. The molding technique is therefore particularly appealing for producing inserts and soft tubes for biomedical applications, tissue engineering scaffolds and drug-delivery devices. However, the technique in its current form it is not suitable to producing large quantities of fibers and the maximum length of the fiber is restricted to the length of the mold.
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[bookmark: _Toc388900226]Chapter 6 Contributions and Recommendations 
The following was achieved through the research work described in this thesis.

6.1 Monoclonal Antibody Polishing Process Deign Based Membrane Chromatography
PVDF membranes were studied for environmentally responsive characteristic under salt concentrations [1­ 5]. This membrane was suggested as bioseparation tool using different apparent hydrophobic interactions between protein and membrane matrix. IgG and its aggregates [1], and rabbit IgG and protein­A conjugated rabbit IgG [2] were used as model proteins for assessing subtle hydrophobic difference. Based on earlier studies, PVDF membrane chromatography was utilized for designing the monoclonal antibody polishing process. The model proteins were choose according to industry practice, which were monoclonal antibody, di-, tri-mer antibody aggregates, and conjugates with protein-A. Individual protein hydrophobic interaction with PVDF membrane chromatography was investigated, and then feed solution (mixture of three proteins) was applied on hydrophobic interaction membrane chromatography with optimized operating conditions. A polishing step was built up with flow-through mode that allowed product (monoclonal antibody) to flow through the membrane chromatographic system and two impurities (aggregates and protein-A conjugates) were trapped in it. 
This case study could afford many opportunities in the last step of impurities removal of monoclonal antibody production line as a polishing step. It is suitable for fewer amounts of impurities bound on membrane with high flow rate. It is even more beneficial from an industries perspective, as the process does not need to be stopped in the middle to switch buffers, because the fluid with final product will be collected in flow through stream. The membrane chromatography adsorbent can be used up by calculating the amount of impurities reached up to 80% of membrane binding capacity. This membrane adsorbent can be regenerated by lowering salt concentration if it is necessary. 
The second contribution would be the feasibility of this process development applied in other biopharmaceutical products. As chapter 1 listed the advantage of membrane chromatography, the biopharmaceutical product process development will be guided toward to membrane chromatographic separation. With relative less membrane chromatography technologies established time compared to resin-based column chromatography, the growth of membrane chromatography performance is fast enough which will be applied in biopharmaceutical production line. 
For the future work can be suggested below.
· Membrane binding capacity can be improved by adding hydrogel coating/grafting on the membrane substrate. 

6.2 inexpensive membrane chromatography with paper based composite membrane
[bookmark: _GoBack]The development of a PVCL composite membrane which is applied to membrane chromatography has been assessed. In earlier work [6], the interests of composite membrane were more focused on protein adsorbent. In this thesis chapter 3 achieved PVCL composite membranes were adopted as a protein separation tool using its environmentally responsive behaviour. Two major plasma proteins (hIgG and HSA) and the popular hormone (insulin) were choosing for model protein. It flowed into the composite membrane chromatography system at 1.3M of ammonium sulphate concentration. First, the least hydrophobic protein, HSA, passed through the membrane matrix without interaction. The remaining two proteins, hIgG and insulin, were eluted by reducing salt concentration incrementally. 
From this work, “custom made” hydrogel coated on filter paper membrane with an inexpensive fabrication price, controllable of cross-linking degree, and flexible geometries could be benefit both manufacturing and research areas. For comparison for the economical aspect in chapter 2 and 3, commercially available hydrogel grafted membrane (PVDF) for membrane chromatographic application increases the total cost of production. 
For the future work can be suggested below.
· PVCL hydrogel stability needs to be improved over period of time. Composite membrane has to be stored in liquid solution for the prevention of dehydration which led breakage of polymer chain.
·  Protein fouling problem was presented after repeating separation runs. Several experimental runs indicated pressure increases due to the protein fouling. 

6.3 Hollow fiber membrane modification with natural hydrogel 
The fouling proteins or biomolecules on hollow fiber membrane surface is the chronic problem in membrane bioreactor and water treatment applications. Due to the concentration polarization, the mass transport gradually lowers in comparison to initial operating conditions. The initial motivation behind his project was prevent biological (cell or cell debris) substance fouling/blocking on extra-capillary space, as it hindered mass transport of nutrients and metabolite counter diffusion in membrane bioreactor. A calcium alginate hydrogel was coated on single hollow fiber membrane for investigating hydrophilized membrane surface which is friendlier to cell adhesion but lower fouling behaviour. 
There are three points of novelty in this work. The first is that the fabrication technique of calcium alginate hydrogel is new in that cross-linking agents were stored within membrane pores and diffused out to sodium alginate in controlled manner. This process leads to the calcium alginate hydrogel coating being uniform and smooth along the entire membrane length. Second, ethanol facilitates calcium chloride solution, showing different hydrogel morphologies while having a sterile effect for biomedical applications. Third, changes of hydrophilic characteristic membrane surface had positive effect on water permeation, and DMSO mass transfer. This work has been investigated on each of these individual components. It has much potential to be used in biomedical or biopharmaceutical industry. 
For the future work can be suggested below.
· Biocompatibility test can be obtained with cells (i.e. T-cells, bacterial for certain drug productions).
· In this project, only ultrafiltration hollow fiber membrane was test. Microfiltration hollow fiber membrane also can be a good candidate. 
· Hydrophobicity can be varying by different membrane materials such as polyethersulfone, polysulfone, polypropylene, and PVDF hollow fiber membrane.

6.4 Calcium alginate fiber fabrication using hollow fiber membrane 
Alginate hollow fibers are commonly produced by a complicated experimental set-up and a large amount of samples (including immobilized cells). Since the size of set-up the fabrication process is large, it is difficult to keep in sterile condition. Some of these techniques, particularly electrospinning and two nozzle extrusion, also expose the cells to harsh conditions, leading to an increased cell death rate. In this work we present a novel method for fabricating calcium alginate on hollow fiber membranes. The membrane was not used as typical separation barrier; it was adopted as a mold where it provides the reservoir for cross-linking agents. Using this manner, it is easy to control the dimension such as diameter, length, thickness of fibers, and morphology of fiber can be manipulated by concentration of sodium alginate, cross-linking agent, and cross linking duration. 
 This opens up a new scope in membrane usage in tissue engineering area. In this thesis, only the fabrication process was obtained with different sizes of fibers and several characterizations of these fibers were performed with various imaging techniques. Biocompatibility test was obtained with human umbilical vein endothelial cells. 
For the future work can be suggested below.
· Further research involving cell immobilization (i.e. using human urinary bladder cell lines, epithelial cells, or human microvascular endothelial cells)
· Biodegradation rate and cell growth rate within calcium alginate fiber matrix must be undertaken for future work. 
· Seeding method can be embedded (chapter 5) or spreading on the surface of calcium alginate fiber. Cell adhesion molecule can be treated on the surface such as gelatin, collagen or serum.
· In vitro experiments would check for functionality, leading to potential in vivo (mouse) experiments.
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