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Abstract 

Patients suffering from chronic renal disease and acute liver failure may require 

extracorporeal blood filtration to clear toxins from their blood. Sorbent materials are 

used in re-circulating hemodialysis devices and hemoperfusion devices, but they can be 

expensive to manufacture. Current sphere and particle shaped sorbent materials create 

large pressure drops when subjected to a passing fluid, further reducing the practicality 

of their use. To address these problems, a novel sorbent material was developed in this 

thesis by co-depositing alginate and activated carbon onto a steel wire mesh using 

electrophoretic deposition.  

A device was first created to perform electrophoretic deposition and to characterize 

the process as applied to three different grades of alginate. The properties of the 

resultant gels were compared, and the medium viscosity grade alginate was selected as 

the sorbent matrix. Alginate and activated carbon were co-deposited onto steel wire 

mesh to create a novel sorbent material. The sorbent gel physical properties were 

characterized. The process was analysed in context of dimensional optimization. A 

solution consisting of urea, uric acid, ammonia and creatinine was used to evaluate the 

sorbent performance of the material which was compared to other activated carbon 

immobilization techniques from literature. The material was shown to have promise as 

a blood toxin absorbent. The process outlines in this thesis is highly versatile, 

inexpensive, can easily be performed on an industrial scale, and could easily be adapted 

for a wide range of biomedical applications.   



 

iii 
 

Résumé 

Les patients souffrant de maladies rénales chroniques et de maladies hépatiques 

peuvent necessiter de la filtration sanguine extracorporelle pour éliminer les toxines de 

leur sang. Des matériaux absorbants sont utilisés dans les dispositifs d'hémodialyse 

recirculation et les dispositifs hemoperfusion, mais ils peuvent être coûteux à fabriquer. 

Les sphères et les particules de matériaux absorbants courramment utilisées créent de 

grandes chutes de pression quand ils sont soumis à un fluide circulant. Pour résoudre 

ces problèmes, un nouveau matériau absorbant a été développé dans cette thèse en 

déposant du carbone activé et de l’alginate sur un treillis d’acier inoxydable en utilisant 

un dépôt électrophorétique. 

Un dispositif a d'abord été créé pour effectuer le dépôt électrophorétique et pour 

caractériser le processus tel qu'il est appliqué à trois types différents de l'alginate. Les 

propriétés des gels obtenus ont été comparées, et l'alginate de viscosité moyenne a été 

sélectionnée pour être utilisé dans le matériau sorbant. Les propriétés physiques du 

treillis sorbant ont été caractérisées. Le processus a été analysé dans le contexte de 

l'optimisation dimensionnelle. Le rendement des sorbants du matériel a été évalué 

pour l'urée, l’acide urique, l'ammoniac et de la créatinine, et il a été comparé à d'autres 

techniques d'immobilisation de carbone activée de la littérature. Le matériel a déjà été 

démontré pour être prometteur comme absorbant de toxine du sang. Le processus 

décrit dans cette thèse est très polyvalent, peu coûteux, peut facilement être réalisé à 

l'échelle industrielle, et pourrait facilement être adapté pour une large gamme 

d'applications biomédicales.   
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Preface 

In accordance with the McGill thesis preparation and submission guidelines, the 

thesis is written as a compilation of original papers. This section is provided in the 

McGill University Thesis Preparation and Submission Guidelines as follows: "As an 

alternative to the traditional thesis style, the research may be presented as a collection 

of papers of which the student is the author or co-author (i.e., the text of one or more 

manuscripts, submitted or to be submitted for publication, and/or published articles 

[not as reprints] but reformatted according to thesis requirements as described below). 

These papers must have a cohesive, unitary character making them a report of a single 

program of research." 

The research articles presented in this thesis (chapters 3, 4 and 5) are divided into 

the following sections: Abstract, Introduction, Materials and Methods, Results, 

Discussion, and Conclusions. This thesis also includes a common Abstract, General 

Introduction, Literature Review, Summary of Results, General Discussion, Conclusions 

and Future Recommendations, and References. Prefaces are given to each of the 

research chapters to bridge concepts. 

This thesis focuses on the development of a novel immobilization technique. 

Although there are numerous applications, this thesis focuses on extracorporeal blood 

filtration applications.  
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Symbols 

Symbol Units Description 

        mm2 Open area of the mesh 

       mm2 Total area of the mesh 

C  g/L Concentration 

   
   g/L Concentration of chemical A in plasma 

     g/L Concentration of chemical A in urine 

C’ g/L Critical concentration 

E V/cm Electric field strength 

       - Pressure loss coefficient 

L cm Distance between electrodes 

m g Mass 

    g Initial mass 

Mn kD Number average molecular weight 

Mw kD Weight average molecular weight 

Mz kD Size average molecular weight 

    - Resistivity ratio 

       - Open area ratio 

S cm2 Surface area 

t s Time 

      mm Gel thickness 

    m/s Fluid velocity 

V  L, mL Volume 
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Symbols (continued)  
 

Symbol Units Description 

         mL Non-fluid volume of a material 

        mL Total volume of a material 

 ̇  
  L/h Cleared volume of blood per unit of time 

 ̇   L/h Urine volume excreted per unit time 

        N/m2 Pressure loss 

   - Porosity 

[ ]  mL/g Intrinsic viscosity 

μe cm2/Vs Electrophoretic mobility 

   g/cm3 Fluid density 

 

A “-“ is shown for all cases where the symbol is unitless  
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Chapter 1: Introduction 

Extracorporeal blood filtration (ECBF) is a technique used to filter waste from 

the blood and includes hemodialysis and hemoperfusion. ECBF is commonly used to 

treat chronic renal disease (CRD) and blood poisoning, and as a bridging treatment 

for acute liver failure (ALF). 

In hemodialysis, blood is flowed through a network of capillaries. The capillary 

walls are made of a porous dialyser membrane so toxins may be transported freely 

from one side of the capillary wall to the other. Dialysate is flowed on the outside of 

the capillaries and absorbs toxins from the blood before it is disposed of [1]. CRD 

patients will typically undergo this treatment for up to 4 hours a day, 3 days a week 

[2]. With the hopes of one day creating a fully portable device, researchers are 

passing dialysate through sorbent cartridges to filter waste in order to safely 

recirculate the dialysate [1, 3]. This approach has already been taken in numerous 

systems [4-6] and is expected to greatly improve the quality of life of patients [7]. 

Reducing the weight of the system is nevertheless paramount to its future success. 

One possible approach is to reduce the drag created by the sorbent cartridge which 

would allow for designers to use smaller and lighter motors and batteries.  

Alternatively, in hemoperfusion blood runs over a sorbent material which 

absorbs waste particles directly. This technique is popular in treating patients with 

ALF and acute poisoning, but is sometimes used in CRD patients as well [8, 9]. 

Although activated carbon (AC) is commonly used as a generalized sorbent due to its 
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large specific surface area and its high affinity for numerous blood toxins [10, 11], it 

cannot be in direct contact with the blood [12]. An immobilizing polymer such as 

alginate is commonly used to microencapsulate AC for this purpose [13]. This 

technique is nevertheless cumbersome and expensive, and although the packed bed 

of spheres will yield a large contact area with the blood [14-16], it also produces a 

large pressure drop. Small beads also require a large overhead to produce, and the 

process is poorly scalable. 

To reduce the cost of production of sorbent materials for ECBF devices and to 

improve upon current design problems associated with recirculating hemodialysis 

devices, a novel sorbent material was developed and evaluated in-vitro.   
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Chapter 2: Literature Review 

2.1 Extracorporeal Blood Filtration Techniques 

2.1.1 Overview 

Extracorporeal Blood Filtration (ECBF) is a treatment used to remove excess 

water and waste from the blood. The process is deemed necessary whenever it can 

increase the rate at which the body removes toxins by at least 30% [17] and it is 

commonly used in the treatment of Chronic Renal Disease (CRD), liver failure and 

blood poisoning [8, 9]. CRD patients typically undergo treatment for up to 4 hours a 

day and 3 days a week [2]. Although patients suffering from acute drug intoxication 

and patients that have recently suffered from liver failure may also undergo dialysis, 

their treatment can last for up to 48 hours, and is typically repeated only once or a 

few times [17].  

2.1.2 Single-Pass and Recirculating Hemodialysis Systems 

Hemodialysis is the most common extracorporeal blood filtration technique 

used for CRD patients. Blood is circulated through a network of synthetic capillaries 

made of dialyzer membrane. In single-pass systems, hundreds of litres of dialyser 

fluid pass in the opposite direction of the blood on the outside of the capillary. The 

porous nature of the capillary walls allows for ultrafiltration of the hemotoxins 

through the membrane into the dialyzer fluid, thereby removing waste from the 

blood [1].  See Figure 2.1. 
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Recent efforts have aimed at increasing the portability of the classic 

hemodialysis system with hopes of one day giving patients full mobility throughout 

the treatment. To accomplish this, recirculating systems were developed that clear 

the dialysate of toxins so that it can be recirculated. This greatly reduces the volume 

of dialysate required for treatment and eliminates the need to attach the dialysis 

machine to a drain (Figure 2. 2). This method was first suggested as an alternative to 

single pass proportioning dialysis systems by Reynolds after a similar approach was 

developed by NASA to recycle waste water in the 1960s [1].  

In recirculating hemodialysis systems, sorbent dialyser-purifying cartridges 

are used such as the REDY cartridge developed by SORB technology (Oklahoma City, 

Oklahoma, US)  [18]. Modern dialyser filters consist of four sections [1, 3]. In the first 

section, activated carbon is used to absorb heavy metals, oxidants, chloramines, 

creatinine, uric acid, and a number of organic waste molecules. In the second 

section, immobilized urease is used to break down urea. In the third section, 

zirconium phosphate exchanges its Na+ and H+ ions for K+, Ca2+, Mg2+, metallic ions 

and ammonium. In the final section, zirconium phosphate is used to exchange Na+, 

HCO3- and acetate for PO43-, fluoride and heavy metals in the blood. 

There are numerous advantages to the multi-pass dialyser systems over 

single-pass systems. As sorbent cartridges are disposable, the equipment requires 

less maintenance and is less susceptible to contamination. Only 6 L of tap water is 

required per treatment compared to over 120 L of highly sterilised fluid for a typical 

single-pass systems [3]. The smaller and more light-weight systems are more 
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practical for home use and are more versatile for on-site use in emergencies and for 

military applications. If a practical portable dialyser system were realized, the 

increased portability would facilitate increasing treatment frequencies and 

durations which has already been shown to eliminate patients’ dependency on 

phosphate binders and blood pressure drugs, increase sodium retention, reduce 

hyperkalemia, hyperphosphosphatemia from bone disease, metabolic acidosis 

cardiovascular disease, strokes, hypertension, anemia, morbidity and mortality, and 

help increases patients’ appetite, nutrition, volume control, serum albumin levels 

and quality of life due to liberalization of the diet and fluid restrictions [7].  

There are currently a number of multi-pass dialysers either in development 

or on the market. Some of these include the Allient® system (Renal Solutions In. 

Warrendale, Pa, USA) [4], the Xcorporeal® Wearable Artificial Kidney (The WAK, 

Los Angeles, CA, USA) [5] and the Molecular Adsorbent Recirculating System 

(Gambro, Stockholm, Sweden) [6].  

2.1.3 Peritoneal Dialysis 

One of the most common alternatives to hemodialysis for patients suffering from 

CRD is peritoneal dialysis. In this method, patients add a sterile fluid to their 

abdominal cavity. Toxins diffuse into the fluid via the peritoneal membrane.  The 

fluid is drained and replaced for periodic clearance of the blood.    
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2.1.4 Hemoperfusion 

 Hemoperfusion is commonly used to help treat patients suffering from acute 

liver failure and acute drug intoxication. Although it is not as popular as 

hemodialysis, it has also been used to treat CRD. 

In hemoperfusion, blood is passed directly over a sorbent material. Immobilised 

activated carbon (AC) is commonly used as the generalized sorbent material due to 

its high porosity, high specific surface area and its relatively low cost. See Figure 2.3. 

AC is an excellent sorbent material for removing middle molecules, uric acid, 

creatinine, and other organic compounds from the blood [10, 11]. In general, it has 

been shown to have a strong affinity for molecules with low charge and with 

molecular weights greater than 100 [3].  

2.2 Applications of Extracorporeal Blood Filtration Devices 

2.2.1 Kidney Function and Disease 

The kidneys are two symmetrical organs that form part of the urinary system 

and are located within the abdominal cavity. Approximately 20% of the cardiac 

supply is diverted through the renal arteries into the kidneys where waste is 

removed from the blood [19]. Waste is dissolved in the urine which is diverted to the 

bladder and excreted through the urinary tract [20].  

The kidneys play an important role in the reabsorption of water, glomerular 

filtration and the control of the blood inorganic ion composition, volume and 

pressure [21]. The kidneys are responsible for gluconeogenesis, the production of 
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glucose from amino acids and various precursors, as well at the production of 

hormones such as erythropoietin, renin, and 1,25-dihydroxyvitamin D.  

The kidney filtration rate is calculated separately for each chemical, and 

represents the volume of blood that is completely cleared of a chemical per unit of 

time [21]. This is calculated as: 

Eq. 1 
 ̇  

 
    ̇ 

   
 

where  ̇  
 is the cleared volume of blood per unit of time [L/h],     is the 

concentration of chemical A in the urine [g/L],  ̇  is the volume of urine excreted per 

unit time [L/h], and    
 is the concentration of chemical A in the plasma [g/L]. 

Chronic renal disease (CRD) is characterised by the progressive loss of renal 

function over time and affects between 1.9 and 2.3 million Canadians [22]. In the 

United States, CRD is estimated to cost $24 billion dollars annually [23]. Patients 

showing signs of CRD are screened for blood levels of creatinine which is an 

indicator of the kidney glomerular filtration rate. Patients are often at risk of CRD if 

they have high blood pressure, diabetes, or if they have blood relatives with CRD.  

Symptoms of CRD include increase in blood pressure, reduction in 

erythropoietin production, azotemia, uremia, potassium accumulation, fluid volume 

overload, hyperphosphatemia and metabolic acidosis. Symptoms can be mitigated 

through supplements, a tight control over nutrition, medication, and through 
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extracorporeal dialysis. Currently, the only permanent solution is through kidney 

transplantation [24].  

2.2.2 Acute Liver Failure 

Patients are at risk of acute liver failure (ALF) when their liver becomes severely 

damaged. This occurs when liver cells no longer function which causes 

cardiovascular collapse, encephalopathy, and other symptoms [6, 25]. There are 

over 100 different forms of liver diseases including hepatitis, liver cancer, poisoning 

and cirrhosis [26]. In 2009, over 100,000 Americans died of cirrhosis alone [27]. 

Spontaneous recovery from ALF is possible, and the probability of occurrence 

depends on the stage of the disease. Spontaneous recovery occurs in 65-70% of 

stage II, 40-50% of stage III, and 20% of stage IV ALF patients [28]. Although there 

are medications under development such as acetylcysteine [29, 30] and various 

stem cell approaches are being explored [31-33], the long term survival of patients 

is not currently possible without transplantation unless spontaneous recovery 

occurs. Due to the scarcity of donors, only 20% of patients that require liver 

transplants in the United States receive them [34]. Only recently have techniques 

been developed that can remove the albumin-bound toxins that are normally 

cleared by the liver [35]. Thus, to prolong the patient’s life long enough for either a 

donor to become available or for spontaneous recovery to occur, patients may be 

subjected to extracorporeal flood filtration. This allows for the clearance of toxins no 

longer cleared by the failing liver that would further harm the body if not removed. 

Moreover, in certain cases, it may remove a poison whose presence was preventing 
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spontaneous recovery. Spontaneous recovery is the preferred outcome as it avoids 

many of the complications of liver transplantation [28]. Liver dialysis is still a 

relatively new technique. 

2.3 Current Limitations in Extracorporeal Blood Filtration 

Techniques 

2.3.1 Multi-Pass Hemodialysis Limitations 

Multi-pass dialyser systems are an emerging technology, and costs are still 

too high for widespread use. Currently, there are numerous design challenges 

associated with the systems. The filters use small sorbent particles which result in a 

large pressure drop when the dialyser fluid passes through it. Stronger pumps and 

larger batteries are required to overcome large pressure drops which add to the 

mass of the system. Cartridges are also expensive, driving up the cost of operating 

the system.  

2.3.2 Peritoneal Dialysis 

Peritoneal dialysis requires a highly invasive procedure. Although this 

procedure gives patients greater autonomy, replacing the fluid is cumbersome. One 

approach to reduce the frequency with which the fluid is replaced is to circulate it 

through a sorbent filter such as the REDY system [36]. Citing the need to reduce the 

resistance caused by the small particle sizes of the sorbent filter, Ofsthun and 

Stennett proposed immobilizing the sorbent particles on the inner walls of long 

hollow tubes [37]. Further work is still required before clinical trials can be 

performed. 
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2.3.3 Hemoperfusion 

When a sorbent particulate such as AC is used for hemoperfusion it must be 

free from particulate fines and it must resist attrition [38].  AC should not be in 

direct contact with the blood as it causes thrombocytopenia and neutropenia [12]. 

To satisfy the above criteria, an immobilization agent is often used [13]. 

Microcapsules are popular for this purpose as they can be produced on the micron 

scale, ensuring a high surface-area-to-volume ratio [14-16]. Although 

microencapsulation will yield a sorbent material with a large contact area with the 

blood for a given volume, it requires an expensive secondary polymer to form the 

beads. Moreover, for smaller beads with improved surface area to volume ratios, a 

large overhead is required and the process may be poorly adapted for large scale 

production. The spherical geometry is also not ideal as it creates a considerable 

pressure drop in passing fluid when compared with other geometries that have 

equivalent absorptive behaviour. 

Hemodialysis is highly efficient at removing excess water and molecules 

smaller than 500 D from the blood [38]. Nevertheless, molecules in the range of 1-50 

kD are poorly removed due to the nature of the high flux dialysis membrane. It has 

been shown that their continued presence in the patients’ blood has been linked to 

amyloidosis and cardiovascular disease [39-41]. In one study, the enhanced removal 

of middle molecules increased patients’ survival by 5 % [42]. It has recently been 

suggested that the removal of an additional spectrum of molecules can only be 

achieved through direct contact of sorbent material with the blood [10]. A 

combination of hemoperfusion and hemodialysis may be required in order to 
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efficiently remove low molecular weight toxins while also removing middle-

molecules [43].  

An alternate to the generalized sorbent approach is to use resins developed 

to bind to specific molecules such as β2-Microglobulin [44]. Although such resins can 

be tailored with high biocompatibility, there are at least 100 uremic toxins that have 

been discovered, rendering the molecular specific resin approach unrealistic for 

most applications [45]. 

2.4 Design Criteria for Novel Extracorporeal Blood Filtration 

Sorbent Material 

There are numerous design criteria for sorbent material to be used in ECBF. As 

general sorbents are more practical than specific sorbents, the material should be 

able to absorb a variety of blood toxins. The absorptive capability of a given material 

in light of a given chemical depends on the concentration of the chemical in the 

solution in contact with the material. As the concentration increases, so does the 

absorptive capability. There is no standard set of conditions in which sorbent 

materials are evaluated in-vitro for ECBF, however the initial concentration of the 

toxins being absorbed must be higher that physiological conditions for the data to be 

useful in predicting in-vivo behaviour. Creatinine and uric acid are commonly 

evaluated in-vitro using either blood or a saline solution; other chemicals that have 

been evaluated include uric acid, nembutal, albumin and inulin [46-48]. A general 

sorbent material should have pores larger than the chemicals to be absorbed. 
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The surface area over which the blood or dialysate flows must be large in order 

to facilitate the toxin diffusion into the material. The ideal geometry should result in 

the smallest possible pressure drop in the passing fluid while optimising mass 

transfer. 

2.5 Background on Method for Designing Novel Sorbent Material 

2.5.1 Electrophoretic Deposition 

2.5.1.1 Overview 

Electrophoretic deposition (EPD) was first performed in 1808 by Ruess on 

clay particles suspended in water. The process was developed slowly and it wasn’t 

until 1933 that the first patent was issued for an EPD process for the deposition of 

thoria particles onto a platinum substrate [49]. At that time, EPD gained attention in 

academia with extensive research performed by Hamaker who was the first to 

model deposition rates [50]. In the last 20 years, researchers have focused on EPD as 

a means of creating advanced materials including functional and structural ceramic 

coatings, laminated ceramics, biomaterials, composites, porous materials, thin films 

and nanostructured materials [51]. Today, EPD is considered a relatively 

inexpensive method of forming uniform layers or bi-layers on substrates with 

complex geometries. 

EDP is carried out by first suspending particles or dissolving ions in solution. 

A substrate and counter-electrode are placed in the solution and an electric field is 

induced between them, driving the particles/ions towards the substrate as shown in 

Figure 2.4. The particles/ions then form a solid film on the substrate through a 
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number of possible mechanisms including flocculation through accumulation [52], 

particle charge neutralization [53], particle coagulation [51], and electrical double 

layer thinning [54]. As long as particles can be suspended in a stable solution and 

are free to migrate towards the electrode, they can be used as a deposition material. 

Fine powders, metals, polymers, ceramics and glass have all been used for EPD, 

although in many cases a heat-treatment or sintering step is required post-

deposition [54-57].  

EPD has been used on a number of biomaterials such as bioceramics, 

bioactive materials such as hypoxyapatite [58, 59], biodegradable materials such as 

Bioglass® powder [60], nanoparticles and nanocomposites [61], and hydrogels [62-

64]. Porous materials, composites, and textured layers have all been produced for 

biomedical engineering purposes using EPD [62].  

2.5.1.2 Modelling 

 EPD deposition rates were first modelled by Hamaker [50] who obtained the 

following relation describing the process: 

Eq. 2   

  
       

where μe is the electrophoretic mobility [cm2/Vs], C is the concentration [g/cm3], S is 

the surface area of the substrate [cm2], E is the electric field strength [V/cm], and m 

is the mass of the deposit [g]. This relation indicates that for a constant geometry, 

concentration and electric field strength, the deposition rate would remain constant. 



 
 

14 
 

Although this relationship was true for short deposition times, it was found that the 

deposition rate may decrease with time. 

 To explain this phenomenon, Sarkar et al. noted that longer depositions could 

be modelled either under constant current/constant voltage and constant 

concentrations/variable concentrations conditions [54]. For the constant 

voltage/constant concentration condition, the reduction in deposition rate is 

primarily caused by the buildup of a resistive layer of deposit which decreases the 

effective electric field strength between the solid/liquid deposition surface and the 

counter electrode. For constant current/variable concentrations, the reduction in 

concentration reduces the deposition rate as would be predicted by the Hamaker 

equation. Although a resistive layer builds up, the current passing through the 

solution and solution resistivity do not change, so the electric field strength remains 

constant as well. Such a process was first modelled by Zang et al. for naturally 

depleting solutions [65]. Under constant voltage/variable concentration conditions, 

both the buildup of deposit and the change in concentration reduce the deposition 

rates. Only under constant current/constant concentration does the deposition rate 

remain fixed. Equations for each case are shown in Table 2.1.  

2.5.2 Alginate 

2.5.2.1 Overview 

Sodium alginate is a polysaccharide copolymer made of (1-4)-linked β-D 

mannuronate (M) and C-5 epimer α-L-guluronate (G) blocks.  The hydrogel is 

derived from brown algae and has many uses in a variety of fields including tissue 



 
 

15 
 

engineering. Alginate can be used for both in-situ gelation and immobilization-

through-microencapsulation to create injectable tissue engineering scaffolds [66]. 

Such methods have already been used for bone tissue repair [67], cartilage repair 

[68], skin repair [69] and in neural tissue repair [70]. Recently, alginate has been 

used to prevent adverse tissue remodelling in damaged myocardial tissue [71]. 

Alginates are also used for drug delivery [72], cell delivery, enzyme encapsulation 

and wound dressing [73]. The popularity of alginate in the field of biomedical 

engineering is widely attributed to its non-toxicity, biodegradability, and its 

excellent biocompatibility [72]. 

Sodium alginate is readily available in powder form. It is typically dissolved 

in water and a gel matrix is formed through cross-linked using di- or trivalent 

cations such as calcium, barium or iron [74, 75]. Cross-linking generally occurs in a 

random manner, resulting in the final gel form. Gelation can be reversed by exposing 

the gel to salts containing monovalent cations such as sodium citrate. Typically, the 

gels have to be exposed to positively charged polymers such as poly-l-lysine or 

chitosan to form secondary layers. There are several grades of alginate viscosities 

available which, along with the G/M block ratio, the concentration of cations and the 

cation species employed during the cross-linking process, greatly affect the gel’s 

mechanical and swelling properties [72, 76]. The weight average molecular weight 

has been correlated with viscosity [77] which was shown to have a large impact on 

the drug release rate of the gel under neutral pH [78-80]. The erosion of the gel has 

been shown to vary depending on the acidity of the environment [80, 81]. 
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2.5.2.2 EPD of Alginate 

The negatively charged alginate ions are amenable to EPD and yield a 

uniform alginate-gel film on the desired substrate [52, 69, 82, 83]. The polymer 

undergoes an anodic deposition, and the mechanism has been previously described 

in literature by Yokoyama et al. [82].  The application of electric current causes a 

hydrolysis reaction in the water, reducing the pH around the anode through the 

following mechanism: 

Eq. 3 
    

 

 
     

      

The electric field causes sodium alginate particles to migrate towards the anode 

where they undergo the following reactions:  

Eq. 4                 

             

where Na-Alg is sodium alginate and HAlg is alginic acid. A solid phase is formed due 

to the hydrogen bonding interaction between alginic acid particles. Cross-linking can 

also be used to further solidify the gels if desired. It is possible to add subsequent 

layers without requiring secondary polymers simply by changing the contents of the 

deposition solution. 

The process was first performed on a platinum wire over a span of 6 hours to 

create a bulk gel [82]. The deposition rate, sodium content and polymer molecular 

weights were characterized as a function of radial distance from the substrate. EPD 
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has since been used to co-deposit a number of materials with alginate using 

significantly smaller deposition times. Hydroxyapatite and TiO2 were co-deposited 

to obtain a novel bone tissue replacement which could be formed over a layer of 

cathodically-deposited chitosan to improve the corrosion resistance of the substrate 

[84]. The EPD of alginate has also been used to bind hypoxyapatite and carbon 

nanotubes while avoiding a damaging sintering process [85]. Carbon nanotubes 

reinforce the hypoxyapatite and were shown to increase its mechanical strength 

[86]. Although such a material has direct applications in bone tissue engineering, the 

toxicity of carbon nanotubes is still in question for in-vivo applications [87]. A 

biosensor has been formed through the co-deposition of horseradish peroxidase and 

alginate, and its selectivity to hydrogen peroxide showed favourable results [88]. In 

another study, CaCO3 was added to the deposition solution to carry out EPD under 

less harsh conditions allowing for the entrapment of E. coli cells [83]. While this was 

also the first study to induce cross linking post-deposit using a CaCl2 solution, the 

effects of cross-linking were not extensively examined on the electrophoretically 

deposited alginate gels. 

2.5.3 Stacked Wire Mesh Materials 

2.5.3.1 Heat Exchangers 

Simple two dimensional wire meshes can be stacked to form three 

dimensional materials with open pores and highly controlled geometries. In heat 

exchanger studies, channels were packed with stacked wire mesh in order to 

improve the heat exchange rate between a passing fluid and the wall by up to 40% 
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[89, 90]. These improvements are due to both the increase in contact surface area of 

the heat exchanger and the introduction of a localized turbulent flow. Tian et al. 

studied the effects of porosity and orientation of stacked wire mesh on heat transfer 

efficiency when a current was applied directly to the mesh. They found that there 

was an optimal porosity of approximately 0.75 [91]. As the porosity increases, the 

mass transfer of passing fluid increases whereas the contact surface area of the 

mesh decreases. These factors change the heat transfer rate in opposite directions 

for a given change in porosity. Similar results were obtained by Xu et al. [90]. 

Conductive heat transfer represents the heat flowing into a body caused 

strictly by the diffusion of heat, and is the only means of heat transfer between two 

solid bodies. Convective heat transfer represents the heat flowing into a body in the 

presence of a flowing fluid, and consists of conductive and advective heat transfer. 

Convection only occurs when a fluid has movement. Natural convection occurs when 

the movement of the fluid is induced through differences in fluid density caused by 

fluid temperature gradients. Forced convection occurs whenever an external force 

causes the bulk flow of the fluid.  

The Nusselt number is a dimensionless number representing the ratio of 

convective to conductive heat transfer. Studies have already shown Nusselt numbers 

above 100 are readily achieved in stacked wire mesh heat exchangers for Reynolds 

numbers as low as 500 [90]. 

2.5.3.2 EDP on Stacked Wire Mesh for Mass Exchange Applications 
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Heat and mass transfer are analogous to one another. Wire meshes have 

gained attention for use in mass exchangers and for solid state catalytic applications. 

For these, EPD has proven to be a useful process in saving costs and in improving 

performance [92]. Meshes made of bulk-catalyst-material wires have been used such 

as in the production of nitric acid from ammonia and formaldehyde [93]. 

Alternatively it is significantly less expensive to coat stainless steel wire mesh with 

powdered catalyst using EPD [92]. Stainless steel wire meshes have been coated 

with aluminum particles for catalytic applications such as the oxidation of 1,2-

dichlorobenzene (o-DCB) [92, 94-96]. Ti [97, 98] and TiO2 [99] were also deposited 

on wire mesh for catalytic applications. 

EPD can also be used to increase the surface area of bulk mesh material by 

creating micropores. In one case, Ti particles were deposited onto a Ti mesh to 

increase the specific surface area by almost 4 times to improve the electrical 

generation of hydrogen peroxide [98].  

2.5.3.3 Pressure Loss with Passing Fluid 

Studies have examined the effects of wire mesh dimensions on the pressure 

drop in passing fluid for both heat exchangers and mass exchangers, and a number 

of correlations have been established [90, 100, 101]. A stacked wire mesh is 

advantageous over a packed bed of spheres in that its dimensions can be controlled 

to obtain better heat transfer efficiencies with smaller pressure drops [102].  
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One study performed by Tian et al. examined the effect of open cross 

sectional area on the pressure loss coefficient       over a short distance [91]. The 

pressure loss coefficient is defined as  

Eq. 5 
      

             

                
 
      
    

 

 

where        is the pressure loss of the passing fluid [N/m2],   is the fluid density 

[kg/m3], and    is the fluid velocity [m/s]. The open area ratio for a given geometry 

is 

Eq. 6 
      

         

          
 

It was found that for a given       the pressure coefficient could be 

approximated by 

Eq. 7 
      (

       

     
)

 

 

This shows that although the heat transfer rate increases with porosity until 0.75  

[90], the pressure will always decrease.  

 The Sherwood number is a dimensionless mass transfer number analogous to 

the Nusselt number. Using both experimental and modelling approaches, Kołodziej 

et al. showed that the Sherwood and Nusselt numbers for stacked wire meshes could 

be converted from one to another using empirical relations [103].  Moreover, it was 

shown that in their specific example, Sherwood numbers above 100 could be 
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obtained using stacked wire mesh for Reynolds numbers as low as 500. Further 

research is still required as their relations were only shown for gaseous fluids under 

a narrow range of conditions. 

2.6 Research Justification 

Although the use of sorbent technology is widespread in ECBF, there is a need 

for new and innovative sorbent immobilization techniques. This thesis investigated 

electrophoretic deposition of alginate and AC onto stacked wire meshes as a method 

to produce a novel sorbent material with a large macro-porosity. Appropriate steps 

were taken to model the deposition process in order to obtain a control over the 

material dimensions. The material was evaluated under in-vitro conditions and 

showed promising results. 
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Figure 2.1 Simplified Single-Pass Hemodialysis System. Blood leaves the arm 
(blue) and is passed through an artificial kidney.  This clears the blood of toxins 
(red) before it is re-introduced to the circulatory system. A sterile solution is used as 
dialysate and is disposed of once used. 
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Figure 2.2 Simplified Re-Circulating Hemodialysis System. This is the same as 
hemodialysis, except tap water is used as a dialysate. Salts are introduced into, and 
waste is removed from the dialysate via a sorbent cartridge. 

 
 
 
 

 

Figure 2.3 Simplified Hemoperfusion System. Blood leaves the body and is 
filtered through a hemoperfusion cartridge. 
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Figure 2.4 Cathodic Electrophoretic Deposition. Positively charged particles are 
first suspended in solution. A voltage difference is applied between two electrodes, 
and the particles are then driven towards the cathode where they form a deposit 
[62].  
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Conditions Mass Equation Reference 

Constant Current/ 
Constant 
Concentration  

         [50] 

Constant Current/ 
Variable 
Concentration  

    (   
     
 

 ) 
[54] 

Constant Voltage/ 
Constant 
Concentration  

  
   

 (    )
(   √

 (    )     

   
   ) 

[54] 

Constant Voltage/ 
Variable 
Concentration  

(    )

  
  (

(    )

  
    )   (

    

  
)  

     

 
    

[54] 

 

Table 2.1 Mass of Electrophoretically Deposited substance as a Function of 
Time for Various Conditions. V is the volume of the solution [mL], L is the distance 
between electrodes [m],    is the resistivity ratio [unitless], and    is the initial 
mass of deposition material in solution [g].   
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Co-Deposited Particle  Potential Applications Reference 

Carbon Nanotubes - Hypoxyapatite Bone tissue replacement [85] 

Cells (E. coli) Tissue engineering applications, 
in-vitro modelling, biosensor 

[83] 

Proteins 

    Horseradish Peroxidase 

    Haemoglobin 

 

Peroxide biosensor 

Implant surface modifications 

 

[88] 

[104] 

Hypoxyapatite Bone tissue replacement [84] 

Albumin Culture matrix, unspecified [105] 

TiO2 Bone tissue replacement [84] 

 

Table 2.2 Substances Co-Deposited With Alginate and their Various 
Applications. 
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Preface to Chapters 3, 4, and 5 

In accordance with the McGill thesis preparation and submission guidelines, the 

thesis is written as a compilation of original papers. Subsequent chapters are 

original research articles and I am the first author on each. Chapter 3 examines the 

design of a novel device used to electrophoretically deposit alginate onto a flat 

substrate. Low, medium and high viscosity grade alginates were examined and 

medium viscosity grade alginate was selected for use in chapters 4 and 5. In Chapter 

4, an alginate-activated carbon gel was deposited onto a steel wire-mesh substrate 

to create a novel sorbent material. Dimensional analysis was carried out and the gel 

properties were obtained. In Chapter 5, the sorbent properties of the novel sorbent 

material were evaluated and compared with other methods.  

Formatting was used as per the journal requirements for each article. Exceptions 

were made in order to better integrate the manuscripts with the thesis. The 

placement of the figures and the numbering of each section were both changed.  
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Hypothesis and Research Objectives 

Hypothesis 

A novel sorbent material can be produced for extracorporeal blood filtration by 

applying electrophoretic co-deposition of alginate and activated carbon onto a steel 

wire mesh substrate. 

Research Objectives 

The primary goal of this thesis is to develop a novel sorbent material with 

potential use in recirculating hemodialysis sorbent cartridges or as a hemoperfusion 

device that meets the following criteria: (i) low cost of production with high 

scalability, (ii) highly controllable geometry and dimensions, and (iii) high affinity 

for blood toxins. The specific objectives are: 

1. To perform an extensive literature review on the design problems currently 

associated with the production of extracorporeal blood filtration devices, and on 

potential methods that can be used to design a novel sorbent material for this 

purpose. 

2. Design a method to produce a novel sorbent material that is highly scalable and 

select appropriate sub-materials. 

3. Investigate the dimensional constraints of the system. 

4. Evaluate in-vitro the ability for the sorbent materials to absorb toxins. 

In the following sections, we will discuss experiments and results to meets the above 

specific objectives.  
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Preface 

The present study focuses on the development of a device used to study 

electrophoretic deposition as applied to hydrogels. Three viscosity grades of alginate 

were tested, and their rates were modelled using previously established relations. 

Gel properties were also evaluated. Co-authors (Pavan M. V. Raja and Satya Prakash) 

contributed to the design of the experiments and gave project oversight.  
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A Novel Electrophoretic Deposition Device: Effects of Alginate 
Viscosity Grade on Deposition Kinetics  

3.1 Abstract 

A novel device was designed to perform electrophoretic deposition under 

tightly controlled conditions. The device physical parameters were investigated by 

depositing three different viscosity grades of sodium alginate hydrogels. A thin 

metallic rectangular substrate was used to obtain the various time dependant 

deposition rates of the gels. The resulting deposition curves showed the effective 

electrophoretic mobilities of the low, medium and high viscosity grade gels were 

0.0610 cm2/Vs, 0.0584 cm2/Vs and 0.0909 cm2/Vs and that the ratios of gel deposit 

to solution resistivities were 21.0, 16.2 and 47.5 respectively. Following 

electrophoretic deposition, the gels were cross-linked in a 0.1 M CaCl2 solution in 

order to further solidify the gels. Cross-linking reduced the masses of the gels to 50.9 

± 1.8%, 26.7 ± 2.0%, and 28.5 ± 1.3% of their initial masses respectively. 

Lyophilization was applied to the gels to determine the alginate content of the gels. 

Immediately after deposition the alginate mass fractions of the low, medium and 

high viscosity grade gels were 2.92 ± 0.49%, 2.70 ± 0.08% and 2.94 ± 0.15% 

respectively. Cross-linking caused the mass fraction of alginate to increase 

significantly to 5.59 ± 0.07%, 7.11 ± 0.37% and 7.02 ± 0.24% respectively. The 

device in this study provided sufficient data to model the electrophoretic deposition 

rates. The technique can be expanded to other hydrogel species which can be used in 

a variety of biomedical and biotechnological applications. 
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3.2 Introduction 

Electrophoretic deposition (EPD) is a relatively inexpensive method of 

forming uniform layers or bi-layers on substrates with complex geometries. It has 

gained much attention in the last 20 years in the development of advanced materials 

including functional and structural ceramic coatings [106], laminated ceramics 

[106], biomaterials [62, 107], composites [51, 107-109], porous materials, thin films, 

and nanostructured materials [51].  

In this method, particles are suspended or ions are dissolved in solution 

before they are driven towards a substrate through the application of an electric 

field. The particles/ions then form a solid film on one of the electrodes through a 

number of possible mechanisms including flocculation through accumulation [52], 

particle charge neutralization [53], particle coagulation [51], and through electrical 

double layer thinning [54]. EPD has been used on a number of biomaterials such as 

bioceramics, bioactive materials, nanoparticles, and hydrogels [62]. Porous 

materials, composites, and textured layers have all been produced for biomedical 

engineering purposes using this technique.  

Sodium alginate is a polysaccharide copolymer made of (1-4)-linked β-D 

mannuronate and C-5 epimer α-L-guluronate blocks. To date, our laboratory has 

focused on the therapeutic applications of encapsulated alginate systems. The 

hydrogel is derived from brown algae and has many uses in a variety of fields 

including tissue engineering. Alginate can be used for both in-situ gelation and 

immobilization-through-microencapsulation to create injectable scaffolds [66]. Such 
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methods have already been used for bone tissue repair [67], cartilage repair [68], 

skin repair [69] and in neural tissue repair [70]. Recently, alginate has been used to 

prevent adverse tissue remodelling in damaged myocardial tissue [71]. Alginates are 

also used for drug delivery [72], cell delivery, enzyme encapsulation  and wound 

dressing [73]. This class of materials is widely used for its non-toxicity, 

biodegradability, and excellent biocompatibility [72]. 

There are several alginate viscosity grades available which, along with the 

G/M block ratio, the concentration of cations and the cation species employed 

during the cross-linking process, greatly affect the gel mechanical and swelling 

properties [72, 76]. The weight average molecular weight has been correlated with 

viscosity [77] which was shown to have a large impact on the drug release rate of 

the gel under neutral pH [78-80]. The erosion of the gel has been shown to vary 

depending on the acidity of the environment [80, 81]. Previous research has also 

focused on the importance of cross linking with either Ca2+ or Ba2+ ions in order to 

improve the mechanical stability of alginate gels [74]. 

The negatively charged alginate particles are amenable to EPD which results 

in the formation of a thin uniform alginate-gel film on the desired substrate [52, 69, 

82, 83]. Previous studies have focused on the EPD of sodium alginate for biosensor, 

tissue engineering, and corrosion resistance applications [73, 83, 84, 88]. Sodium 

alginate undergoes an anodic deposition, and the mechanism has been previously 

described in literature [82].   
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Although the feasibility of alginate deposition and co-deposition has been 

well established, more research is needed to better understand the characteristics of 

the deposition itself. To the best knowledge of the authors, no study has yet been 

published that investigated the electrophoretic mobility and the resistivity ratio 

between the deposited gel and the solution, both of which are required to model the 

deposition rates. This would allow for a more precise control over the gel thickness 

which is important for industrial applications. Moreover, the impact of alginate 

viscosity on EDP has not yet been addressed even though it greatly affects 

properties such as drug release rate, swelling, and mechanical strength of the gel 

when it is prepared through direct cross-linking alone.  

3.3 Materials and Methods 

3.3.1 Materials 

Three alginate viscosity grades were used for deposition: low viscosity (LV) 

alginic acid sodium salt (MP Biomedicals, Solon, Ohio, USA) which was rated at 250 

cP at 2% aqueous, medium viscosity (MV) alginate (Sigma Aldrich, St. Louis, 

Montana, USA) which was rated at 3,500 cP at 2% aqueous, and a high viscosity (HV) 

alginate (Sigma Aldrich, St. Louis, Montana, USA) which was rated at 14,000 cP at 

2% aqueous. The alginates were chosen in order to span the viscosity grades that 

are commonly manufactured.  All alginates were derived from the kelp species M. 

pyrifera.  
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3.3.2 Method for Determining Alginate Deposition Rates  

The EPD device was used to investigate the deposition rates of the three different 

viscosity grades of alginate. After alginate was deposited on the substrate, the film 

was rinsed in deionized water before it was briefly exposed to compressed lab air to 

remove droplets from the surface. The mass was measured before and after 

deposition using a Mettler Toledo AG204 DeltaRange scale (Mettler-Toledo, 

Greifensee, Switzerland). The mass of the substrates and films were recorded at 1, 2, 

3, 5 and 10 minutes. Approximately 1.5 L of solution was used to ensure the alginate 

concentration remained approximately constant. Depositions were carried out in 

triplicate at room temperature under static conditions. 

3.3.3 Method for Cross-Linking and Evaluation of Mass  

Cross-linked gels were obtained by submerging the post-deposit-gels in a 0.1 M 

CaCl2 (ACP, Montreal, Quebec, Canada) solution overnight at 4°C. The gel masses 

were evaluated before and after cross-linking and samples were obtained in 

sextuplicate while the gels were still attached to the substrate. 

3.3.4 Method for Lyophilization and Dry Gel Mass 

After deposition, sample gels were removed from the substrate, weighed, and 

placed in petri dishes. A ThermoSavant ModulyoD-115 (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) was used to freeze-dry the samples over the span of 

two days after which changes in mass were recorded. Samples were obtained in 

triplicate.  
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3.3.5 Method for Determining Molecular Weight through Gel Permeation 

Chromatography 

Gel permeation chromatography (GPC) was used to differentiate the alginate 

powders by molecular weight. Experiments were performed courtesy of the 

Laboratoire de Caractérisation des Matériaux Polymères au Département de Chimie 

at L’Université de Montreal. The weight average molecular weight (Mw), the number 

average molecular weight (Mn) and the size average molecular weight (Mz) of the 

three alginate powders were obtained. Samples were dissolved in a 0.1M NaNO3 

solution at a concentration of 10 mg/ml, and experiments were carried out at 35°C. 

A Polysep-5000 GPC setup (Phenomenex, Torrance, California, USA) with an 

Ultrahydrogel 500 (Waters, Milford, Massachusetts, USA) column was used with 

Breeze v.3.20 software (Waters, Milford, Massachusetts, USA). The molecular 

weights were subsequently used to calculate the viscosities of the different alginate 

grades using the Mark-Houwink-Sakurada equation. 

3.3.6 Method for Determining Contact Angles of Dried Alginate Gels 

Contact angles were obtained using a VCA Optima (Billerica, Massachusetts, 

USA) goniometer with 0.25 μL water droplets. Gels were allowed to dry overnight 

under vacuum before experimentation. A sample size of 12 was used. 

3.3.7 Statistical Analysis 

Statistical analysis was performed using Minitab software (Minitab, Version 

15; Minitab Inc, Pennsylvania, USA). Values are expressed as mean ± standard error. 

Statistical comparisons were carried out by multiple analyses of variance (ANOVA) 

or by student t-test where appropriate. Randomized independent sampling was 
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assumed and statistical significance was set at p < 0.05. All interaction terms were 

treated as fixed terms. Sample sizes varied between 3 and 12, as indicated per 

experiment.  

3.4 Results 

3.4.1 Design of EPD Device  

A 10 x 10 x 25 cm box was constructed out of chemically welded acrylic as a 

means of holding the deposition solution. The 3 x 8 x 0.1 cm rectangular metallic 

substrate was submerged in the deposition solution and was held in place via a 

simple holding device that was also constructed out of chemically welded acrylic. To 

keep the substrate mechanically stable, the 3 cm side of the substrate was pinched 

between two surfaces whose widths were 0.3 cm. The area exposed to the 

deposition solution was therefore 43.2 cm2. An electric field was supplied via an 

Abra AB-3000 (Abra, Champlain, New York, USA) voltage source which remained at 

a constant voltage of 10.0 V throughout the experiment. Two rectangular counter-

electrodes were placed parallel 4 cm from either side of the substrate to obtain a 

uniform electric field of 2.5 V/cm, which was sufficient to induce alginate deposition. 

A long thin metallic strip that ran along the side of the substrate holder was used as 

the contact surface between the voltage source and the substrate. It was positioned 

such that it was not exposed to the solution. An overview of the device design is 

shown in Figure 3.1. In preliminary experiments, it was observed that highly 

concentrated solutions formed deposits with poor thickness uniformity, so the 

deposition concentration was kept at 0.4% for all experiments in this paper. 
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3.4.2 Alginate Deposition Rates 

The EPD device was used to deposit alginate on a flat geometry. The device was 

designed to be flexible such that other hydrogels can easily be substituted in the 

deposition solution. Moreover, a co-deposition can also be performed with another 

particle. The device is an excellent tool for modelling the deposition rates as the 

solution is geometrically constrained to the same cross-section as the substrate, 

ensuring the electric field is approximately constant over the substrate surface. 

Moreover, a large volume of deposition solution can be held by the device, allowing 

for a constant-concentration approximation assumption to be taken, although it 

must be supported with rigorous calculations based on the mass of the deposit layer 

formed. 

The mass of the alginate films increased approximately linearly for the first few 

time points, but over time the deposition rates decreased. The surface was smooth 

for low deposition times, but dimples and variations in colour concentration 

appeared as deposition time approached 10 minutes.  

Figure 3.2 shows the alginate film mass as a function of time. For the first 180 

seconds, the LV and MV grade alginates deposited at the same rate which was 

slightly below that of the HV grade alginate. By 10 minutes, the HV gel had the 

lowest mass, implying that the HV grade alginate deposition rate was most severely 

slowed down in the later stage of the deposition. By the end of the deposition, the LV 

and MV gels had different masses, with the MV being the higher of the two. All three 

gels were found to be significantly different from one another with p-values < 0.005. 
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3.4.3 Cross Linking Mass Reduction 

 The cross-linked-gel mass was calculated as a percent of the initial mass and 

is shown in Figure 3.3. The MV and HV gels had similar changes in mass (p-value = 

0.508) with a reduction to 72.3 ± 1.2%. The LV gel mass decreased the most with a 

reduction to 49.1 ± 1.8%. 

3.4.4 Gel Description  

All un-cross-linked gels were opaque, with a yellow tint. The side of the gel 

that was exposed to the deposition solution had bumps, while the substrate side of 

the gel was flat. The opacity of the un-cross-linked gels decreased with viscosity. The 

cross-linked gels were more opaque than their un-cross-linked counterparts.  

Images of gels obtained after 5 minute depositions are shown in Figure 3.4. A water 

displacement test was performed on the gels and showed they all had a density of 

approximately 1.0 g/cm3. 

3.4.5 Effect of Lyophilization on Alginate Gels Mass  

 The dry alginate mass was calculated as a percent of the post-deposit gel 

mass. The dry alginate contents were statistically similar (p-values > 0.266) for all 

three gels with dry mass fractions of 2.85 ± 0.46%. When the gels were cross-linked, 

their water contents were reduced. The MV and HV gels had similar dry masses (p = 

0.839) of 7.07 ± 0.46%, while the LV gel has a dry mass of 5.59 ± 0.07%. See Figure 

3.5. 
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3.4.6 Molecular Weight through Gel Permeation Chromatography 

The values of Mn, Mz and Mw are shown in Table 3.1. It was shown that for all 

measurements except Mn, the molecular weight increased with viscosity grade. This 

indicates that although the majority of the mass of the HV alginate was found in the 

higher molecular weight range, there was a larger presence of smaller molecules. 

Increased molecular weights are associated with higher alginate viscosity [110, 

111], and the relation between the two have been discussed in literature [112, 113]. 

3.4.7 Dried Alginate Gels’ Contact Angles  

 Contact angles are expressed from the water side of the droplet, so angles 

<90° are hydrophilic. All gels had statistically similar (p-values > 0.193) contact 

angles of 47.4 ± 1.1° except for the cross-linked HV gel whose contact angle was 37.2 

± 6.38°. As the dried gel is both highly hydrophilic and porous, droplets would 

absorb quickly, which warped the surface of the dried gels. Contact angles were 

therefore taken quickly after droplets were deposited before warping occurred. See 

Figure 3.6. 

3.5 Discussion 

3.5.1 Electrophoretic Deposition Device 

 EPD devices commonly employ large baths of deposition solution while 

completely neglecting the effects of solution geometry on the local electric field 

strength. For substances that deposit relatively much quicker than ceramics such as 

hydrogels, this means that an uneven deposition can become very pronounced, 

which can skew the results for modelling purposes. Boccaccini et al. for example 
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describe an EPD device in which the substrate was held in an excessively large 

solution bath [62]. Although such a container is flexible in that unspecific substrate 

geometries can be used, it is not ideal for modelling the deposition rates. Non-

uniform coatings may also have played a role in the non-linear correlation between 

chitosan concentration and deposition rate [114]. In another study, quartz crystal 

microbalance method of measuring deposit mass was used to yield significantly 

more time points [84], but it cannot be used for extensive deposition times where 

the deposit resistance becomes significant.  

 The device presented in this study overcomes the above mentioned obstacles. 

The container shape forces the deposition solution into a geometry such that the 

electric fields are parallel, ensuring the electric field strength is uniform over the 

surface of the substrate. The ability to weigh deposits after extended deposition 

times allowed for the characterization of gel deposition rate well beyond the non-

linear range which has not been attempted before for alginate. The device could 

easily be used with other charged polymers, hydrogels, ceramics and nanoparticles 

as well as other suspension mediums such as ethanol and other organic solvents as 

long as the electric field strength and direction is controlled appropriately.     

3.5.2 Alginate Deposition Rates 

 EPD  rates were first modelled by Hamaker [50] who obtained the following 

relation describing the process: 
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Eq. 8   

  
       

where μe is the electrophoretic mobility [cm2/Vs], C is the concentration [g/cm3], S is 

the surface area of the substrate [cm2], E is the electric field strength [V/cm], t is 

time [s] and m is the mass of the deposit [g]. Although this relationship was true for 

short deposition times, the deposition rate slowed down throughout longer 

deposition times. 

 To explain this phenomenon, longer depositions are modelled either as 

constant current or constant voltage conditions. These are further classified into the 

two scenarios where the deposition solution concentration is or isn’t kept constant. 

Under constant voltage/constant concentration conditions, the buildup of a resistive 

layer of deposit slows down the deposition rate with time. Sarkar et al. used the 

Hamaker equation to obtain the relation for deposit mass under these conditions 

[54]: 

Eq. 9 
  

 

 
(   √      ) 

  
 (    )

   
 

        

where L is the distance between electrodes [cm],    is the ratio of deposit resistivity 

to the suspension resistivity, and   is the density of the deposit [g/cm3].  
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In many EPD processes including those involving ceramics, the solute is the 

only species deposited on the substrate. In the case of hydrogels, however, the 

solvent also forms part of the deposited mass. It is therefore more practical to model 

the deposition rate in terms of the total mass of the deposited hydrogel and not just 

the polymer species. The alginate deposition curves obtained from our EPD device 

were fit to the above Sarkar equation using MatLab R2010a (MathWorks, Natick, 

Massachusetts, USA) cftool function and the results are shown in Figure 3.2. Values 

for α and β, as well as the calculated values of μe and    are shown in Table 3.1. It 

was found that μe and    for the LV and MV grade alginates were similar, however 

both values were noticeably higher for the HV gel.  

The first two terms of the Maclaurin series for the above equation yields: 

Eq. 10 
    (  

   

 
) 

As the Maclaurin series for the Sarkar equation is an alternating series, this equation 

can be used to show that the error associated with the Hamaker equation is 

negligible for values of    
 

  
 .  

The electrophoretic mobility is an empirical value that results from the 

balance between the electrostatic forces and the friction forces exerted on the 

particle. Although the viscosity grade is a good indicator of the friction forces 

resisting particle motion towards the substrate, the electrostatic force is much more 

complex, and depends on particle charge, inter-particle interactions, and local pH 

which varies along the distance between the electrodes [49]. The viscosity of the HV 
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gel indicated that the friction force would have been higher during EPD compared to 

the other two gels. The HV    was nevertheless greater, indicating that the increased 

friction was overcome by an even greater increase in electrostatic force. The HV gel 

deposition rate slowed down the most throughout the run due its larger   .  

3.5.3 Cross-Linking 

The MV and HV gels had a larger mass reduction following cross-linking than did 

the LV gel. This is because the MV and HV alginate particles were larger, offering 

more sites for Ca2+ bridging. This resulted in a higher degree of cross-linking, and 

therefore a reduction in swelling properties. In literature, dry alginate and alginate 

microcapsules were also shown to have changes in mass increase with viscosity 

grade when they were moved from cross-linking solutions to water [80, 115, 116]. 

When alginate microcapsules produced through an emulsion technique were placed 

in water [117], a slightly higher change in mass was observed compared to gels 

produced using EPD subjected to a cross-linking solution.  

All gels had approximately the same density so the change in volume was the 

same as the change in mass. Gel opacity was caused by micro-bubbles formed at the 

cathode. As bubble transportation from the cathode to the anode increased as 

viscosity decreased, it follows that opacity also increased as viscosity grade 

decreased. Gels were qualitatively observed to have improved mechanical 

properties following cross-linking. This was especially true for the LV grade alginate. 

Future works should focus on a qualitative assessment of the gel mechanical 

properties. 
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3.5.4 Contact Angle 

The HV gels contact angle following cross-linking was likely smaller due to 

Ca2+ uptake. All surfaces were shown to be highly hydrophilic, with contact angles 

below 47.4°. Hydrophilic materials are ideal for mammalian cell cultures [118] due 

to an uptake in adhesive proteins [119-121]. As hydrophobic materials are 

commonly antithrombotic and resistant to fibrin sheath formation [122], the gels 

may have potential in tissue engineering and implant coating applications due to 

their increase biocompatibility. EPD would be especially useful as it would be 

possible to coat arbitrarily shaped tissue engineering scaffolds, so long as they are 

conductive. The hydrophilic surface is also ideal for immobilizing hydrophilic 

proteins.  

3.5.6 Viscosity Calculations from Molecular Weights 

It was shown that cross-linking reduced the mass for the MV and HV grade 

alginates to a greater extent than it did for the LV grade alginate. This is in 

accordance with previous studies that have shown a greater degree of cross-linking 

in alginates of higher molecular weight [123]; however it may also be due to 

differences in the fraction of G blocks in the polymer, which also have a higher 

affinity for Ca2+ ions. The viscosity grade increased with    as shown in previous 

studies [77]. The loss of mass that occurred during cross-linking was least extreme 

in the LV gels, which resulted in them having the smallest change in water mass 

fraction after cross-linking out of the three gels.  



 
 

47 
 

The viscosities of the solutions used in the experiments were approximated 

using the relation obtained by Morris et. al [112] whereby the concentration 

dependent viscosity of a random coil polysaccharide varied as      and      for dilute 

and highly concentrated solutions respectively. The transition between dilute and 

highly concentrated solution occurs at concentration C’: 

Eq. 11 
   

 

[ ]
 

where [ ] is the intrinsic viscosity [ml/g]. Values of [ ] were calculated from 

experimentally obtained values of    using the Mark-Houwink-Sakurada relation 

[112, 113]:  

Eq. 12 [ ]      

where K and a are the Mark-Houwink-Sakurada constants. As the molecular weights 

for all alginates were above 300 kDa, values of 0.0305 and 0.66 were used for K and 

a respectively [112, 113]. Viscosities of 2% solutions provided by the respective 

manufacturers were used to calculate the viscosities of the solutions at the critical 

concentrations and at 0.4% by scaling accordingly. Relevant values are shown in 

Table 3.2. It was thus shown that the viscosities of the 0.4% solutions spanned a 

total of 1.5 orders of magnitude.  

3.6 Conclusion 

A novel EDP device was designed to effectively deposit alginate on a flat 

substrate. Alginate films were then produced on thin steel rectangles using three 
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alginates of different viscosity grades. The deposition mass was quantified and was 

used to show that the process could be modelled using the Sarkar equation for a 

constant voltage/constant concentration EPD. A change in mass was observed 

following cross-linking using CaCl2 solution, with the LV grade alginate having the 

smallest change in mass. The dry alginate content was similar for all samples before 

cross-linking, but it was lower for the cross-linked LV grade alginate than for the 

other two. Although the viscosity grade affected the deposition rate, the Sarkar 

model was still accurate as long as appropriate    and    values were used. Although 

results indicated that many properties varied with viscosity grade, it is possible that 

properties may become more extreme with a larger range of grades. These results 

will be useful in the design and manufacturing of devices that incorporate EPD of 

sodium alginate. Moreover, the methods outlined in this paper can be extrapolated 

to model and understand other hydrogel systems.  
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 Figure 3.1 Electrophoretic Deposition Device. Acrylic container (a) is 2.5 L in 
volume. This is sufficiently large to hold the deposition apparatus and the deposition 
solution. Metallic counter-electrodes (b, c) are suspended parallel to the substrate 
(d). A 10 V potential is applied between the substrate and the electrodes which 
drives alginate in the solution towards the substrate to forms a solid gel layer. A 
metallic ribbon (e) acts as a contact between the substrate and the voltage source 
but is not exposed to the solute. An acrylic holding device (f) immobilizes the 
substrate and ensured that it is flush against the contact strip. 
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Figure 3.2 Mass of Alginate Film Based On Deposition Time. Three different 
alginate viscosity grades were electrophoretically deposited on thin rectangular 
substrates. By 1 minute, the LV and MV grade alginates did not have dissimilar 
masses (p-value = 0.163) and were 1.31 ± 0.02 g. The HV grade alginate was heavier 
(p-value = 0.011) with a mass of 1.47 ± 0.03 g. By 10 minutes, the LV and MV grade 
gels were similar (p-value = 0.347) with masses of 8.33 ± 0.15 g. The HV grade 
alginate was then lighter (p –value = 0.010) than the other gels with a mass of 7.60 ± 
0.16 g. The Sarkar model was used to fit the LV (R2 = 0.9914), MV (R2 = 0.9886) and 
HV (R2 = 0.9907) data. Error bars are in S.E.M., n = 3. 
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Figure 3.3 Effect of Viscosity Grade on Gel Mass Following Cross-Linking. 
Alginate gels were placed in a 0.1 M CaCl2 solution overnight at 4°C which cross-
linked the polymer and reduced the gel mass. The LV grade alginate shrank the least 
by 49.1 ± 1.8%. The MV and HV grade alginate gel mass reductions were not 
statistically dissimilar (p-value = 0.508) and were 72.3 ± 1.2%. Error bars are in 
S.E.M., n = 6. 
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Figure 3.4 Photographs of Alginate Gels. (a-c) Un-cross-linked and (d-f) cross 
linked (a, d) low viscosity, (b, e) medium viscosity and (c, f) high viscosity grade gels 
formed through electrophoretic deposition are shown. 
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Figure 3.5 Effect of Viscosity Grade on Dry Alginate Mass. Alginate gels were 
lyophilized for 2 days either before or after cross-linking. The dry alginate masses of 
the un-cross-linked (white) and cross-linked (grey) gels are represented above. Un-
cross-linked gels had statistically similar dry masses (p-values > 0.266) of 2.85 ± 
0.46%. Cross-linking increased all of the dry masse with p-values < 0.033. Error bars 
are in S.E.M., n = 3. 
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Figure 3.6 Effect of Alginate Viscosity Grade on Dry Gel Contact Angle. Gels from 
three different viscosity grades of alginate were produced using electrophoretic 
deposition, and they were dried overnight in vacuum. The contact angles were then 
obtained by depositing a 0.25 μL drop of water on the dried gel surface. Un-cross-
linked (white) and cross-linked (grey) gel contact angles are represented above. All 
gels had similar contact angle (p-values > 0.193) of 47.4 ±1.1° except for the cross-
linked HV grade alginate (p-value < 0.001) that had a contact angle of 37.2 ± 6.38°. 
Error bars are in S.E.M., n = 12 
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Alginate Grade Mn Mw Mz [η]  C'             

Units [kDa] [kDa] [kDa] [ml/g] [%] [cP] [cP] 

0.4% M. pyrifera LV 196 643 1,652 208 1.92 250 24.4 

0.4% M. pyrifera MV 196 779 2,055 236 1.70 3500 269 

0.4% M. pyrifera HV 178 981 2,446 275 1.46 14,000 805 

 

Table 3.1 Viscosities of Deposition Solutions The molecular weights of the three 
sample alginates were obtained courtesy of the Laboratoire de Caractérisation des 
Matériaux Polymères au Département de Chimie at L’Université de Montréal. From 
Mw , [η] was calculated using the Mark-Houwink-Sakurada equation  [113],  which 
allowed for the calculation of the critical concentration C'. Using the viscosities of the 
2% solutions which were provided by the manufacturers, the 0.4% viscosities were 
then calculated. 
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Alginate Grade α β  μe     

Units [1/g] [g/s] [cm2/Vs] [unitless] 

0.4% M. pyrifera LV 0.2302 0.02634 0.0610 21.0 

0.4% M. pyrifera MV 0.1759 0.02524 0.0584 16.2 

0.4% M. pyrifera HV 0.5377 0.03927 0.0909 47.5 

 

Table 3.2 Deposition Rate Modelling Parameters. Values of α and β were 
obtained by curve-fitting the mass vs. time curves shown in Figure 3.2 with the 
Sarkar equation for constant-voltage/constant-concentration deposit mass. From 
this, the electrophoretic mobility (μe) and deposit-solution resistivity ratios (  ) 

were obtained.  
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Preface 

In the present study, a novel sorbent material was first created by depositing 

alginate and activated carbon onto a stainless steel wire mesh using electrophoretic 

deposition. Knowledge of deposition rates as well as alginate swelling properties 

obtained in the previous chapter was used to select the medium viscosity grade 

alginate. Throughout this chapter, the research focused on the impact of deposition 

time and cross-linking on the final material dimensions. 
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In-Vitro Characterization of a Novel Sorbent Device for 
Extracorporeal Blood Filtration 

4.1 Abstract 

 Sorbent materials are used in re-circulating hemodialysis devices and 

hemoperfusion devices to clear toxins from dialysate and the blood respectively. In 

this paper, a novel method of creating sorbent materials was developed by co-

depositing alginate and activated carbon onto a stainless steel wire mesh using 

electrophoretic deposition. A 0.668% ± 0.006% carbon loading was obtained, and 

the gel deposition rate was investigated. Dimensional analysis was carried out and 

showed that deposited gel filled the mesh holes after 70 second. Cross-linking 

increased the size of the macro-pores while reducing the size of the micro-pores 

from 32.9 ± 1.1 nm to 15.6 ± 0.8 nm. The novel sorbent material has potential use in 

dialysis where it may be used as a low-cost alternative to current sorbent materials.  

4.2 Introduction 

4.2.1 Sorbents in Hemodialysis  

The most common extracorporeal blood filtration method is hemodialysis 

and involves passing blood over a semi-permeable membrane. Toxins pass through 

the membrane and into a counter-flowing dialyser fluid which is then removed 

through a drain.  

Recent efforts have aimed at developing portable dialysis machines to give 

patients mobility during the treatment. To reduce the weight of the system, the 

dialysate is cleared of toxins and recirculated. Current devices use just 6 L of tap-
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water compared to the 120 L of sterile fluid required for single pass hemodialysis 

systems [3]. To date, over 2,000,000 treatments have been carried out using this 

technology. 

Sorbent cartridges that are used to filter the dialysate make use of fine 

powders for their high specific surface area. Small powders create large pressure 

drops which require larger and more powerful pumps and batteries to overcome, 

adding to the overall weight of the system. Cutting down the weight of systems is 

paramount if it is to become the primary form of dialysis. One approach taken to 

mitigate this problem has been to put sorbent particles in the shell side of the 

dialyser membrane [37]. Although this resulted in a smaller device, no experimental 

data showing the viability of the system has yet been published. 

4.2.2 Sorbents in Hemoperfusion  

In hemoperfusion, blood is passed directly over a sorbent material to remove 

toxins. When sorbent particulates are used for hemoperfusion, they must be free 

from particulate fines and resist attrition [38]. Activated carbon (AC) is commonly 

employed but it cannot be in direct contact with the blood as it causes 

thrombocytopenia and neutropenia [12]. A polymer such as alginate is often used to 

immobilize AC [13]. Microcapsules are popular for this purpose as they can be 

produced on the micron scale ensuring a large contact surface with blood is 

obtained for a given volume [14-16]. Microencapsulation nevertheless requires a 

large overhead and an expensive secondary polymer to form the beads, and the 

process is poorly scalable. 
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4.2.3 Stacked Wire Mesh in Heat and Mass Exchangers 

Two-dimensional wire mesh can be stacked to form three dimensional 

materials with open pores and highly controllable dimensions. These materials have 

gained attention in mass exchangers and for use as solid state catalysts. 

Electrophoretic deposition (EPD) has proven to be a useful process in reducing costs 

and improving overall performance in these materials [92]. Although wire meshes 

made of bulk catalyst material have been used such as in the production of nitric 

acid from ammonia and formaldehyde [93], it is significantly less expensive to coat 

stainless steel mesh with powdered catalyst using EPD [92]. In one example, 

stainless steel wire meshes were coated with aluminum particles for catalytic 

applications such as the oxidation of 1,2-dichlorobenzene (o-DCB) [92, 94].  

Previous studies have examined the effects of wire mesh dimensions on 

pressure drops for both heat exchangers and mass exchangers, and a number of 

correlations have been established [90, 100, 101]. Stacked wire mesh material is 

advantageous over a packed bed of spheres in that it can be tailored to yield 

superior heat and mass transfer efficiencies with significantly smaller pressure 

drops [102].  

 In this paper, a novel sorbent material with highly a controllable macro-pore 

size is developed for extracorporeal blood filtration purposes. EPD is used to co-

deposit a hydrogel with sorbent particles onto a wire mesh. AC was chosen due its 

dark colour which is easily identifiable under an optical microscope, and because it 

is one of the most effective general sorbents of blood toxins [3].  
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4.3 Materials and Method 

4.3.1 Materials 

Medium viscosity grade alginic acid (Sigma Aldrich, St. Louis, Montana, USA) 

was dissolved in deionized water with 1000 m2/g AC powder (Sigma Aldrich, St. 

Louis, Montana, USA) [124]. A 2% alginate – 1% AC solution was used for all 

experiments. Both alginate and AC were used for their high biocompatibility. A 20 

gauge T316 stainless steel wire mesh (TWP, Berkley, California, USA) was used as a 

substrate for all depositions. Mesh holes were 1.041 mm wide and the wires were 

0.2286 mm in diameter. 

4.3.2 Method for Depositing Gel onto Mesh Substrate 

Meshes were cut into 5 cm x 10 cm rectangles prior to deposition. A holding 

apparatus was used that covered 0.3 cm of each of the shorter sides of the mesh, so 

the area of mesh affected by the deposition was 47 cm2. The same EPD device has 

previously been used in our laboratory (see Chapter 3). A 2.5 V/cm electric field was 

supplied via an Abra AB-3000 (Abra, Champlain, New York, USA) voltage source.  

4.3.3 Method for Determining Mesh Hole Open Area and Gel Thickness  

The AC-alginate gels were deposited up to 70 seconds and samples were 

collected at 10 second intervals. Images were taken of samples at 4 x magnification 

using a Leica ICC50 (Leica Microsystems, Wetzlar, Germany) with a DM500 

attachment. Sample gels were cross-linked in a 0.1 M CaCl2 solution overnight at 4°C 

before they were re-imaged. The hole open areas of the mesh before and after cross-
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linking were analysed using ImageJ 1.44p (National Institutes of Health, USA).  

Depositions were carried out in triplicate, and 9 holes were imaged per deposition.  

For gel thickness calculations, the deposit was modelled as being perfectly 

centered with square edges. Thus 

Eq. 13 
     

√     √     

 
 

where       is the gel thickness [mm],      is the total area of the mesh [mm2], and  

      is the post-deposition open hole area [mm2].  

4.3.4 Method for Evaluating Gel Mass Deposition Rate 

Steel wire mesh masses were obtained before deposition using a Mettler 

Toledo AG204 DeltaRange scale (Mettler-Toledo, city, Ohio, USA).  Following 

deposition, the gels were cross-linked overnight. Water droplets were removed 

using compressed lab air and the gel mass was obtained. The mass was only 

obtained following cross-linking because the non-cross-linked alginate could not be 

cleared of droplets without mechanical damage to the gel. Depositions were carried 

out in triplicate. 

4.3.5 Method for Evaluating Activated Carbon Loading 

The gel AC loading was obtained via two independent methods; gel dissolution 

followed by filtration, and thermogravimetric analysis (TGA). 
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4.3.5.1Gel Dissolution and Filtration 

Gel samples were massed and re-dissolved in sodium citrate. The resulting 

solution was passed through a grade 1 filter paper (Whatman, Maidstone, Kent, UK). 

Once the filter was dried, the mass was recorded. 

The mass of AC powder caught by the filter paper is not expected to be the 

same as the mass of AC loaded in the gel, as some of the AC was smaller than the 

pore size of the filter paper. Moreover, the mass of the particles would either 

increase or decrease due to alginate attachment and sodium citrate corrosion. Thus, 

a known mass of AC was added to a sodium citrate – alginate solution and was 

filtered using the same method in order to proportion the mass of the powder 

caught by the filter versus the mass of AC in the gel. 

4.3.5.2 Thermogravimetric Analysis 

Thermogravimetric Analysis was carried out using a Q500 (TA Instruments, 

New Castle, Delaware, USA) on a 2% alginate gel, a 2% alginate-1% AC gel, and on 

the AC powder. A ramp speed of 20°C/min was used in all experiments, and a 

temperature range between 40°C and 1000°C was observed. The mass fraction of AC 

in the gel was computed graphically using ImageJ software. 

4.3.6 Method for Determining Pore Size Using Scanning Electron 

Microscopy 

 Critical point drying was used to remove water from the gels without altering 

the pore sizes. Sample gels were washed in 30%, 50%, 70%, 80%, 90%, 95% and 

100% ethanol solutions for 10 minutes each. They were then washed in 25%, 50%, 
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75% and 100% solutions of amyl acetate in ethanol for 15 minutes each. The gels 

were removed from their substrates and critical point drying was performed using a 

Leica ME CPD030 (Leica Microsystems, Wetzlar, Germany). The dried gels were 

coated in Au/Pd for 5 minutes using a Hummer VI sputter coater (Anatech, Union 

City, California, USA). 

SEM images were obtained using a Hitachi Cold FE SU-8000 (Roche 

Diagnostics Corps., Indianapolis, Indiana, USA) with an accelerating voltage of 2 kV 

and 10 μA. Images were analysed using ImageJ 1.44p (National Institutes of Health, 

USA) software to obtain the pore size distribution. Pores were measured over a 1.5 

μm square area. 

4.3.7 Statistical Analysis 

Statistical analysis was performed using Minitab software (Minitab, Version 

15; Minitab Inc, Pennsylvania, USA). Values are expressed as mean ± standard error. 

Statistical comparisons were carried out by multiple analyses of variance (ANOVA) 

or by student t-test where appropriate. Randomized independent sampling was 

assumed and statistical significance was set at p < 0.05. All interaction terms were 

treated as fixed terms. Sample sizes varied between 3 and 18, as indicated per 

experiment.  
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4.4 Results 

4.4.1 Mesh Hole Open Area and Gel Thickness  

 

 When there was no AC in the deposition solution, the boundary of the gel was 

not distinguishable from the water droplet using the light microscopy. With the 

addition of AC, the boundary was clearly visible.  

The deposit was not uniform and was thicker at the extremities of the mesh. 

The resulting mesh was therefore divided into two sections; the central area of the 

mesh and the area near the edges. Holes were imaged from the central area, which 

accounted for the majority of the mesh. Figure 4.1 shows the steel wire mesh before 

and after depositions. 

 Examples of light microscope images are shown in Figure 4.2. For all time 

points before 70 seconds, the holes were larger post-cross-linking due to the 

reduction in gels volume as shown in Figure 4.3. Once holes closed at 70 seconds, 

cross-linking did not reopen them. Gel thickness is shown in Figure 4.4.  

4.4.2 Gel Mass Deposition Rate 

 The gel mass increased steadily with deposition time, and is shown in Figure 

4.5. The gel mass per unit area is shown as a function of time in Table 4.1. 

 

 



 
 

68 
 

4.4.3 Activated Carbon Loading 

4.4.3.1 Gel Dissolution and Filtration 

When a known mass of AC was dissolved in the alginate-sodium citrate 

solution, 58% of the initial mass was recovered. The gel AC loading was 0.67% ± 

0.0058%. 

4.4.3.2 Thermogravimetric Analysis 

The TGA curves for AC powder, 2% alginate gel, and for the 2% alginate - 1% 

AC gel are shown in Figures 4.6, 4.7 and 4.8 respectively. The AC powder curve 

showed that the majority of the mass was lost at approximately 670°C and that 

13.0% of the mass remained by 1000°C. The 2% alginate gel initially lost 95.0% of 

its mass below 180°C. The differential curve indicated that there was another loss in 

mass at 310°C and again at 570°C, and that 1.6% of the mass remained after the run. 

For the 2% alginate - 1% AC gel, 72.5% of the mass was lost below 110°C. The 

differential curve indicated that there were four more peaks at 280°C, 450°C, 530°C 

and 650°C. The final peak at 650°C accounted for a 0.84% change in mass due to AC. 

There was a final residue of 6.6% at 1000°C. 

4.4.4 Pore Size Using Scanning Electron Microscopy 

Gel images at 30,000 x and 100 x magnification are shown in Figures 4.9 and 

4.10 respectively. For the alginate gel, the pores were ellipsoid, and their long axis 

was unidirectional. The alginate gel was found to have an average pore size of 32.9 ± 

1.1 nm. When AC was added to the gel, pores were round and their size was reduced 

to 15.6 ± 0.8 nm. Images of the AC-gel at 100 x magnification revealed that AC was 
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scattered along the surface. Histograms of the pore sizes were produced with 5 nm 

bins and are shown in Figure 4.11. 

4.5 Discussion 

4.5.1 Mesh Hole Open Area and Gel Thickness  

A tight control over the post-deposit mesh hole size is desired for 

optimization. Increasing the deposit mass will increase the total mass of AC available 

for toxin absorption, but will negatively affect mass transfer efficiencies if too high 

[90]. Too small a hole will render the mesh susceptible to clogging. The pressure 

drop has previously been shown to increase with the square of the open area ratio 

[91]. An ideal hole size therefore depends on numerous factors including AC loading, 

absorption rate, toxin concentration, pump strength and run-time. 

4.5.2 Gel Mass Deposition Rate 

 The mass of the gel increased linearly with deposition time. Figure 4.5 shows 

that a fit was obtained with the equation 

Eq. 14           

where m is the mass of the gel [g] and t is the deposition time [s], with an R2 value of 

0.9834.  

4.5.3 Activated Carbon Loading 

The AC loading value obtained using the filtration method was compared to 

the value obtained using the TGA. Similar values of 0.668% ± 0.006% and 0.84% 

were obtained respectively. The TGA results were likely overestimated as there was 
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significant overlap with other peaks in the differential curves. The filtration method 

was likely more accurate, although the electrophoretic deposition selectivity to 

particle size should be evaluated to ensure accurate proportioning. 

Alginate gel residue following the TGA run was largely due to the formation 

of Na2CO3, as reported previously in literature [125]. AC residue was likely due to 

impurities in the powder and unreacted carbon. 

The loading obtained using electrophoretic deposition was significantly 

lower than using other immobilizing techniques such as chitosan matrix 

encapsulation [47] and polyhydroxy ethyl methacrylate encapsulation [48] who 

achieved 40% and 75% loading respectively. Future works needs to address the 

high electrophoretic mobility of alginate when compared to activated carbon in 

order to increase loading.  

4.5.4 Pore Size Using Scanning Electron Microscopy 

The co-deposition of carbon significantly reduced the average pore size (p-value 

< 0.001). This has been previously seen in the production of alginate-activated 

carbon microcapsules [126]. Pore sizes for alginate gels produced using EPD were a 

full order of magnitude larger than for alginate gels produced using a dissolution 

technique. Creatinine is a common marker for chronic renal disease found in the 

blood. With dimensions smaller than 0.53 nm, it should easily be transported 

through the gel pores [127]. Diffusivity increases with particle size, so EPD alginate 

is expected to have significantly improved diffusional characteristics over alginate 
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microcapsules [89, 128]. Histograms revealed that the pore size distribution was 

more homogeneous for gels with no AC than it was for the alginate alone.  

4.6 Conclusion 

 In this study, alginate was electrophoretically co-deposited with AC onto a 

stainless steel wire mesh to form a novel sorbent material with high macro-porosity 

for potential use in extracorporeal blood filtration. A high degree of control over the 

deposition rate was obtained and will allow for hole size optimization. A 2.5 V/cm 

electric field was applied to a 20 gauge stainless steel mesh in a 2 % alginate – 1% 

AC deposition solution, and holes were completely filled with deposited gel within 

70 seconds. The resulting gel had a carbon loading of 0.67% ± 0.0058%. 

Although this paper outlined the general approach taken to make the novel 

sorbent material, there is still much room for optimization. It is likely possible to 

increase the mass fraction of AC in the resulting gel by increasing its concentration 

in the deposition solution [55]. It would then also be important to establish the 

effect of AC loading on the mechanical properties of the gel to ensure that it is not 

significantly weakened. It is also important to validate the materials’ ability to 

absorb blood toxins. 
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Figure 4.1 Photograph of 20 Gauge Stainless Steel Mesh. Images are shown (top) 
before and (bottom) after deposition. 
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Figure 4.2 Light Microscope Images of Sorbent Material at 4 x Magnification. 
Mesh Holes are shown after deposition times of (a, and b) 20 seconds and (c and d) 
60 seconds for (a and c) non-cross-linked and (b and d) cross-linked gels. The 
stainless steel wire is clearly visible as solid black, while the gel is gray with black AC 
particles. The central white area is the hole open area. 
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Figure 4.3 Hole Open Area Depending on Deposition Time. Meshes were 
photographed after 10, 20, 30, 40, 50, 60 and 70 second deposition times. Cross-
linked open hole areas were larger due to gel shrinking. Error bars are in S.E.M., n = 
18. 
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Figure 4.4 Gel Thickness Depending On Deposition Times. The gel thicknesses 
were calculated using the hole open area. Both gels increased with time, and the 
cross-linked gel was thinner than the un-cross-linked gel due to shrinking. Error 
bars are in S.E.M., n = 18.  
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Figure 4.5 Gel Mass Depending On Deposition Time. The mass of the deposit is 
represented above for the given deposition times. The mass of the gels increased 
approximately linearly until a final mass of 2.59 ± 0.13 g was obtained at 70 seconds. 
A curve fit is shown with a slope of 0.0336 g/s.  Error bars are in S.E.M., n = 3. 
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Figure 4.6 Thermogravimetric Analysis of AC Powder. Most of the powder 
reacted at 670°C, and 13.0% of the mass remained as residue by 1000°C. 
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Figure 4.7 Thermogravimetric Analysis of 2% Alginate Gel. The water fraction of 
the gel was lost before 180°C. Alginate reacted at 310°C and at 570°C, and 1.6% of 
the mass remained as residue. 
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Figure 4.8 Thermogravimetric Analysis of  2% Alginate – 1% AC Gel. The water 
fraction of the gel evaporated below 110°C. Peaks at 280°C, 450°C, and 530°C 
accounted for the algiante gel, and the peak at 650°C accounted for AC powder.   

  

0 100 200 300 400 500 600 700 800 900 1000

0

20

40

60

80

100

Temperature [C]

W
e

ig
h

t 
[%

]

0 100 200 300 400 500 600 700 800 900 1000

0

1

2

3

4

5

D
e

ri
v
a

ti
v
e

 o
f 
W

e
ig

h
t 
[%

/m
in

]



 
 

81 
 

 

 

Figure 4.9 SEM Images of Gels. (a) 2% Alginate and (b) 2% Alginate - 1% AC gels 
were prepared using electrophoretic deposition. Images were taken at 30,000 x 
magnification, and were used to obtain the pore sizes of the two gels. 

 

b 
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Figure 4.10 SEM Images of Alginate-AC Gel and AC Particles (a) Alginate – AC gel 
and (b) AC particles were imaged using SEM at 100 x magnification. AC Particles are 
clearly visible embedded along the surface and within the gel.  

a 
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Figure 4.11 Pore Size Distributions of Alginate and Alginate-AC Gels. The 
alginate-AC (bottom) gel has smaller pores and a narrower pore-size distribution 
than the alginate gel (top).  
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Deposition 

Time [s] 

Un-Cross Linked Cross Linked 

Hole Area 

[mm2] 

Gel Thickness 

[mm] 

Gel Mass 

[mg/cm2] 

Hole Area 

[mm2] 

Gel Thickness 

[mm] 

0 1.084 0 0 1.084 0 

10 0.568 ± 0.045 0.496 ± 0.043 3.5 ± 0.7 0.805 ± 0.020 0.268 ±0.019 

20 0.414 ± 0.031 0.643 ± 0.030 19.3 ± 5.9 0.631 ± 0.029 0.434 ±0.028 

30 0.193 ± 0.028 0.856 ±0.027 26.1 ± 1.7 0.432 ± 0.023 0.626 ± 0.022 

40 0.131 ± 0.014 0.915 ±0.013 30.9 ± 1.6 0.472 ± 0.031 0.588 ± 0.030 

50 0.103 ± 0.022 0.942 ±0.021 37.9 ± 0.4 0.212 ± 0.028 0.837 ± 0.027 

60 0.016 ± 0.008 1.025 ±0.006 45.2 ± 8.5 0.260 ± 0.030 0.791 ± 0.029 

70 0 1.041 55.2 ± 2.8 0 1.041 

 

Table 4.1 Physical Characteristic of Sorbent Material per Unit Area, Depending 
on Deposition Time. Gels were formed on 20 gauge stainless steel substrates 
through EPD. The size of the holes and gel thicknesses were evaluated using 
graphical methods. Values are shown with ± S.E.M., with n = 3 for gel mass and n=18 
for hole size and gel thickness.  
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A deposition time was selected using the dimensional data made available in the 

previous chapter. The ability for the sorbent meshes to absorb a selection of blood 

toxins was evaluated and compared to encapsulation techniques reported in 
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In-Vitro Investigation of Efficacy of Novel Sorbent Device for Removal 
of Uremic Blood Toxins 

5.1 Abstract 

Alginate and activated carbon were co-deposited onto 20 gauge stainless steel 

wire meshes to produce a novel sorbent material. In this paper, the sorbent 

performance was evaluated using selected blood toxins. After a 150 minutes 

experimental run, the uric acid concentration decreased by 99.0 ± 1.1%, the 

creatinine concentration decreased by 38.3 ± 1.1%,  the ammonia concentration 

decreased by 13.7 ± 2.2%, and the urea concentration decreased by 3.7 ± 1.0%. The 

novel sorbent material shows promise for use in extracorporeal blood filtration 

devices. 

5.2 Introduction 

5.2.1 Dialysis 

Patients suffering from chronic renal disease (CRD), liver failure, and acute drug 

intoxication are all likely to be subjected to extracorporeal blood filtration to remove 

toxins from their blood. There are nearly 900,000 CRD patients worldwide [2] that 

must undergo treatment for up to 4 hours a day, 3 days a week. Patients suffering 

from acute drug intoxication or liver failure may also require extracorporeal dialysis 

with treatments lasting as long as 48 hours [17]. Extracorporeal dialysis is justified 

whenever it can increase the rate at which the body removes toxins by at least 30% 

[17]. 
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5.2.2 Sorbents in Dialysis 

Hemoperfusion is commonly used to help treat patients following liver 

failure, patients suffering from acute drug intoxication, and occasionally CRD 

patients. In this method, blood is passed directly over a sorbent material. 

Immobilised activated carbon (AC) is commonly used as a generalized sorbent 

material for its extremely high specific surface area, low cost, and high affinity for a 

number of blood toxins including middle molecules, uric acid, creatinine, and other 

organic compounds [10, 11]. AC has been shown to have a strong affinity for 

molecules with low charge and molecular weights greater than 100 [3].  

When a sorbent particulate is used for hemoperfusion, it must be free of 

particulate fines and it must resist attrition [38]. When AC is used, it must not be in 

direct contact with the blood as it causes thrombocytopenia and neutropenia [12]. 

To satisfy the above criteria, an immobilization agent is used [13]. The naturally 

occurring di-polymer alginate derived from seaweed is commonly used for this 

purpose [129]. Microencapsulation of AC is popular because a high contact area with 

the blood can be achieved for a given volume [14-16]. To obtain large specific 

surface areas, however, small microcapsules must be used which require a large 

overhead. A secondary shell polymer must also be used that adds a diffusion layer 

and is often expensive. Moreover, microcapsules are produced one at a time, so the 

process can be difficult to scale for mass production.   
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An alternative approach to generalized sorbents is to use resins developed to 

bind to specific molecules such as β2-Microglobulin [44]. Although such resins can 

be tailored with high biocompatibility, there are at least 100 uremic toxins that have 

been discovered, so molecule-specific binders are not likely to replace unspecific 

binders for most applications [45]. 

5.2.3 Hydrogel Electrophoretic Deposition 

 Electrophoretic deposition (EPD) is a technique used to deposit layers of 

material onto electrically conductive substrates. The method is commonly used in 

ceramics and has recently gained attention in developing biomaterials. EPD is 

relatively inexpensive, highly controllable, and results in the uniform coating on the 

substrate. Alginate has recently gained attention for anodic EDP and has already 

been successfully co-deposited with ceramics [84], proteins [88], cells [83] and 

carbon nanotubes [85].  

To the knowledge of the author, no sorbent material with stacked wire mesh 

geometry has been used for extracorporeal blood filtration. With the potentially 

small pressure drop, high versatility, and small overhead required for production, 

this material warrants further research. In this study we test the sorbent 

performance of the electrophoretically co-deposited alginate-AC gel. 

 

 

 



 
 

89 
 

5.3 Materials and Methods 

5.3.1 Materials 

 The alginate-AC gel coated mesh was developed using methods outlines in 

chapter 4. Medium viscosity grade alginic acid (Sigma Aldrich, St. Louis, Montana, 

USA) and AC (Sigma Aldrich, St. Louis, Montana, USA) were dissolved in deionised 

water and co-deposited on 5 x 10 cm rectangles of 20 gauge T316 stainless steel 

wire mesh (TWP, Berkley, California, USA). EPD was carried out under a 2.5 V/cm 

electric field for 40 seconds to ensure that a large mass of gel was deposited without 

clogging the pores. A 2% alginate - 1% AC solution was used in sufficient quantities 

that the concentration remained approximately constant throughout the deposition. 

Following EPD, the material was placed in 0.1 M CaCl2 solution overnight at 4°C to 

induce cross-linking.  

5.3.2 Method for Evaluating Sorbent Performance 

 A solution was prepared with approximately double physiological 

concentrations of urea (Sigma Aldrich, St. Louis, Montana, USA), uric acid (Sigma 

Aldrich, St. Louis, Montana, USA), creatinine (Sigma Aldrich, St. Louis, Montana, 

USA), ammonium chloride (Sigma Aldrich, St. Louis, Montana, USA). The initial 

concentrations of each are shown in Table 5.1. In order to imitate physiological 

blood pH, a 2 M NaOH (Sigma Aldrich, St. Louis, Montana, USA) solution was added 

drop-wise until a pH of 7.4 was achieved. 

 For each experimental run, the 5 x 10 cm alginate-AC coated steel meshes 

were cut into four 5 x 2.5 cm rectangles. Twenty of these smaller meshes were 
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added to 200 mL of the toxin solution under mixing conditions. Solution samples 

were extracted for analysis in 500 μL volumes at 0, 5, 10, 20, 45, 90 and 150 

minutes. The toxin concentrations were obtained using a Hitachi 911 Automatic 

Analyser (Roche Diagnostics Corps., Indianapolis, Indiana, USA). 

5.3.3 Method for Evaluating Volumetric Porosity   

 The volumetric porosity of a material is a fraction of a material that consists 

of fluid and can be determined through the following; 

Eq. 15 
  

             
      

 

where   is the porosity,        is the total volume of the material [mL], and        is 

the volume occupied by the solid portion of the material [mL].        was obtained by 

measuring length, height and width of 15 stacked meshes.        was obtained 

immediately after the absorption test and was carried out by first removing droplets 

from the surface of the individual meshes and then performing a water displacement 

test. 

The sorbent material was weighed before and after the absorption 

experiment using a Mettler Toledo AG204 DeltaRange scale (Mettler-Toledo, 

Greifensee, Switzerland) to indicate if the gel deteriorated throughout the 

experiment. 
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5.3.4 Statistical Analysis 

Statistical analysis was performed using Minitab software (Minitab, Version 

15; Minitab Inc, Pennsylvania, USA). Values are expressed as means ± standard 

error. Statistical comparisons were carried out by multiple analyses of variance 

(ANOVA). Randomized independent sampling was assumed and statistical 

significance was set at p < 0.05. Sample sizes with n = 3 were used. 

5.4 Results 

5.4.1 Sorbent Performance 

The urea concentration decreased by 3.7 ± 1.0% throughout the 150 minutes 

experimental run as shown in Figure 5.1. The experimental uric acid concentration 

was shown to decrease throughout the run with a total reduction of 98.9 ± 1.1%, 

while the control increased steadily by 30 ± 1.4% as shown in Figure 5.2. Although 

the ammonia concentration decreased very rapidly by 13.7 ± 2.2% within the first 5 

minutes, there was little change in concentration afterwards as shown in Figure 5.3.  

The creatinine concentration decreased throughout the run by 38.3 ± 1.1% as shown 

in Figure 5.4. Other than uric acid which increased, there was no change in toxin 

concentration in the control groups. All observations were statistically significant 

with p-values < 0.037. 

5.4.2 Volumetric Porosity  

 The material was found to have a volumetric porosity of 0.51. The sorbent 

mesh mass increased by 8.7 ± 1.7 % following the absorption experiment.  
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5.5 Discussion 

5.5.1 Sorbent Performance 

Urea was poorly absorbed as commonly seen in AC based hemoperfusion 

devices [46]. The protein urease is commonly used in addition to AC in order to 

break down urea in sorbent cartridges [1, 3]. Although experimentation is still 

required, proteins have already been electrophoretically co-deposited with alginate 

[88], so it is likely that the method described in this paper could also be used for this 

purpose. 

Although uric acid has a larger molecular weight and was more concentrated 

than creatinine, it was nevertheless found to absorb faster. Such results were 

expected when comparing the Langmuir adsorption isotherms for the two chemicals 

for charcoal binding as reported by Ash [3].  A higher gauge mesh would likely help 

in removing creatinine, as it would expose the solution to a larger surface area over 

which the creatinine would absorb. The increase in uric acid in the control group 

was likely due to a slow dissolution rate. 

Although uric acid was sufficiently absorbed, creatinine and ammonia were 

still present above physiological concentrations after 150 minutes. Ammonia was 

unique because although it absorbed very quickly, it saturated the AC within the first 

5 minutes. Increasing the mass of AC should be used to increase creatinine and 

ammonia absorbance. This may be achieved by either using a higher concentration 

of AC in the deposition solution, or by using a larger surface area of sorbent mesh. 

Higher gauge meshes would not likely have a large impact on the ammonia 
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absorption as it was limited by AC saturation and not by diffusion through the 

alginate matrix.  

Table 5.1 compares the performance of the alginate-sorbent mesh with 

various other immobilization techniques used in literature. In all cases, the sorbent 

mesh absorbed more creatinine and uric acid per gram of AC, though a lower 

concentration was used. This may be in part due to toxin absorption into the 

alginate matrix, which was negligible for the other techniques. The overall 

performance was nevertheless inferior due to the significantly smaller AC loading 

achieved with the electrophoretic deposition. The results are nevertheless 

promising, and indicated that an increase in AC loading should be considered in 

future research. Although only Uric Acid was reduced to within the physiological 

concentrations during the experimental run, with the proper ratio of activated 

carbon to absorbed chemical it should be possible to achieve physiological 

concentrations throughout a large spectrum of chemicals. Although the final 

concentration of uric acid was below physiological concentration, it may be possible 

to pre-load activated carbon to levels just before saturation, reducing its absorbance.  

5.5.2 Volumetric Porosity 

 Preliminary experiments showed that un-cross-linking gels deteriorated 

when exposed to mixing conditions. Cross-linking strengthened the gel and 

significantly reduced this effect. Exposing the gel to the lowly-saline solution (when 

compared to the cross-linking solution) caused the gels to swell which is not 

desirable, and must be taken into account when packaging the sorbent material. 
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Moreover, the deposition time should be altered to obtain a final porosity of 0.75 

which is ideal for hydrodynamic and mass transfer considerations [91].  

5.6 Conclusion 

The sorbent performance of the mesh material was evaluated by exposing it 

to a blood toxin solution under mixing conditions. The urea, uric acid, creatinine and 

ammonia absorption was evaluated. Uric acid had the highest of absorption a 98.9 ± 

1.1% absorption. Hard to remove middle molecules in the range of 1-50 kD should 

be evaluated in future works. 

Further research is required to optimize the sorbent material. Altering the 

composition of the deposition solution, the mesh gauge and dimensions, 

electrophoretic deposition parameters, and post-deposition processes should be 

investigated for improving mesh performance. The volumetric porosity was found to 

be 0.51, which is lower than the optimal 0.75, implying that there is further research 

required to optimize the deposition time. Although the functionality of the material 

was shown under in-vitro conditions, the performance must be improved before in-

vivo evaluation.  
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Figure 5.1 Urea Filtration Efficacy. A 200 mL volume of blood toxin solution was 
exposed to 250 cm2 of sorbent mesh under mixing conditions. The solution 
initially had double physiological concentrations of blood toxins. The initial and 
final urea concentrations were 70.71 ± 0.34 mg% and 68.05 ± 0.69 mg% 
respectively. Error bars are in S.E.M., n = 3. 
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Figure 5.2 Uric Acid Filtration Efficacy. The uric acid concentration decreased 
steadily with time in the experimental group. The initial and final uric acid 
concentrations were 6.93 ± 0.19 mg% and 0.070 ± 0.076 mg% respectively. Error 
bars are in S.E.M., n = 3. 
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Figure 5.3 Ammonia Filtration Efficacy. The initial experimental concentration 
was 0.1640 ± 0.0023 mg% and dropped within the first 5 minutes to 0.1413 ± 
03.0032 mg%. The final ammonia concentration was 0.1444 ± 0.0011 mg%. Error 
bars are in S.E.M., n = 3. 
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Figure 5.4 Creatinine Filtration Efficacy. Creatinine concentration decreased 
throughout the experiment, and the initial and final creatinine concentrations were 
2.893 ± 0.038 mg% and 1.784 ± 0.031 mg% respectively. Error bars are in S.E.M., n = 
3. 
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Figure 5.5 Percent of Toxin Mass Absorbed. The mass fraction of each toxin 
absorbed by the sorbent material after 150 minutes. Uric acid was absorbed the 
most with 98.9 ± 1.1 % and urea was absorbed the least with 3.7 ± 1.0. Error bars 
are in S.E.M., n = 3 
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Chemical Concentration [mg %] 

Initial Final Physiological [130]  Pathological 

Urea 70.71 ± 0.34 68.04 ± 0.69 21-43 >43 

Uric Acid 6.932 ± 0.188 0.070  ± 0.075 1.5-8.0 >8.0 

Creatinine 2.892 ±0.038 1.784  ± 0.031 <1.5 >1.5 

NH3 0.1639 ± 0.0024 0.144  ± 0.001 0.010-0.080 >0.080 

 

Table 5.1 Toxin Concentrations. Initial and final concentration of blood toxins in 
solution, physilogical concentration ranges, and pathological concentration ranges. 
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 Sorbent 
Mesh 

ACCB 
[47] 

PHEMA [48] ACAC 
[46] 

Run Time  [min] 150 360 120 120 

Activated Carbon Loading  [% mass] 0.67 40 75 - 

C
re

at
in

in
e 

concentration tested  [mg%] 2.892 10 5 21 

absorbed per unit mass of carbon  [mg/gcarbon] 48.5 15 15 6.6 

absorbed per unit mass of gel  [mg/ggel] 0.329 6 11.5 - 

U
ri

c 
A

ci
d

 concentration tested  [mg%] 6.932 10 9 11 

absorbed per unit mass of carbon  [mg/gcarbon] 303* 40 24 3* 

absorbed per unit mass of gel  [mg/ggel] 2.0301* 16 18 - 

 

Table 5.2 Comparative Creatinine and Uric Acid Absoprtion. The creatinine and 
uric acid absorption is compared for the sorbent mesh,  chitosan matrix (ACCB) [47], 
activated charcoal encapsulated with polyhydroxy ethyl methacrylate (PHEMA) 
[48], and albumin-coated activated carbon [46]. A (*) indicates that the toxin was 
fully absorbed before the end of the experimental run. In all experiments, gels were 
placed in contact with toxin solutions. The experimental run time, toxin 
concentration, and the activated carbon loading is included for each when available.  
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Chapter 6 Summary of Observations 

 Viscosity grade was shown to affect alginate electrophoretic deposition 

characteristics and the resulting gel properties. An alginate grade was selected and a 

novel sorbent material was developed for use in dialysis. The material was 

characterized and evaluated in-vitro. The following observations were made: 

1) Novel Electrophoretic Deposition Device  

A novel electrophoretic deposition device was designed to quickly deposit 

hydrogels onto flat substrates for analysis. The device was able to hold 

approximately 2 L of deposition solution, and would effectively deposit hydrogels 

onto flat substrates whose dimensions did not exceed 10 cm x 10 cm. The electric 

field strength could easily be controlled by changing the position of the counter-

electrodes relative to the substrate and by controlling the voltage produced by the 

voltage source.  

2) Electrophoretic Deposition of Alginate 

Low, medium and high viscosity grade alginates were deposited onto steel 

substrates. The deposition rates were modelled using the Sarkar equation for 

constant voltage-constant concentration conditions. Electrophoretic mobilities of 

0.0610, 0.0584, 0.0909 cm2/Vs and resistivity ratios of 21.0, 16.2 and 47.5 were 

found for the low, medium and high viscosity grade alginates respectively. Molecular 

weight was found using gel permeation chromatography and increased with 
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viscosity grade. Cross-linking the gels in 0.1 M CaCl2 solution reduced the weight of 

the low viscosity grade gel by 49.1 ± 1.8% and the medium and high viscosity grade 

gels by 72.3 ± 1.2% (p-value = 0.508). Lyophilization was used to show that all three 

un-cross-linked gels had dry mass fractions of 2.85 ± 0.46% (p-values > 0.266).  

Cross-linking increased the dry mass-fraction of the low viscosity grade gel to 5.59 ± 

0.07% and the medium and high viscosity grade gels to 7.07 ± 0.46% (p = 0.839). All 

dried gels had similar contact angles (p-values > 0.193) of 47.4 ± 1.1° except for the 

cross-linked high viscosity grade alginate with a contact angle of 37.2 ± 6.38°. 

3) Development Of A Novel Sorbent Material  

To produce a novel sorbent material, alginate and activated carbon were co-

deposited onto a wire mesh using electrophoretic deposition. A 2.5 V/cm electric 

field was applied between a 20 gauge stainless steel wire mesh and two counter-

electrodes in a 2% alginate – 1% activated carbon solution. A dark gel formed 

around the wires mesh and grew with time. Light microscopy was used to image the 

mesh holes and to relate holes size to deposition time. At 4 x magnification, the gel 

was clear with black specks which represented the activated carbon powder. Holes 

closed up after 70 seconds. Cross-linking was performed and increased the size of 

the holes in all cases except for once the holes were closed. Gel thickness was 

calculated from hole-open areas and decreased with cross-linking. Droplets were 

removed from the surface of the gels using compressed lab air. This was only 

performed following cross-linking as it would otherwise damage to gels. The mass-

deposition rate was steady at 0.0336 g/s throughout the experimental run.  
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4) Activated Carbon Loading 

Gels were dissolved in sodium citrate and the resulting solution was passed 

through filter paper. The change in mass of the dried filter paper correlated with a 

gel loading of 0.67% ± 0.0058%. Thermogravimetric analysis was also performed on 

activated carbon powder, alginate gel, and the sorbent alginate-activated carbon gel. 

The activated carbon peak was found at 670°C. Graphical analysis was used to show 

that activated carbon accounted for 0.84% of the mass. The mass fraction values 

found in both methods were similar, although the filtration method is considered 

more accurate than the graphical thermogravimetric analysis.  

5) Scanning Electron Microscopy 

Electrophoretic deposition was used to deposit alginate and alginate-activated 

carbon gels. Gels were cross-linked, and their surfaces were imaged using scanning 

electron microscopy. At 100 x magnification, activated carbon was seen clearly 

embedded along the surface of the alginate-activated carbon gel. The alginate gel 

pores were elongated and unidirectional with an average small-axis width of 32.9 ± 

1.1 nm. The alginate-activated carbon gel had round pores with an average width of 

15.6 ± 0.8 nm. Pore size histograms showed that alginate-activated carbon gels had a 

tighter pore size distribution than did the alginate gels alone.  

6) Sorbent Performance 

The performance of the novel sorbent material was evaluated in-vitro. A toxin 

solution was prepared and was left in contact with the material under mixing 
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conditions for 150 minutes. The urea concentration decreased by 3.7 ± 1.0% 

throughout the run. The uric acid concentration and creatinine concentration 

decreased steadily by 98.9 ± 1.1% and 38.3 ± 1.1% respectively. The ammonia 

concentration decreased within the first 5 minutes by 13.7 ± 2.2%, and remained 

steady throughout the rest of the run. Throughout the experiment, the gel mass 

increased by 8.7 ± 1.7 % due to swelling.  
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Chapter 7 General Discussion 

Extracorporeal blood filtration (ECBF) includes hemodialysis and hemoperfusion 

and is widely used in treating liver failure, chronic renal disease, and blood 

poisoning. Activated carbon is commonly encapsulated in microspheres for this 

purpose, but encapsulation has many drawbacks. Single spheres have the smallest 

surface area to volume ratio of any geometry. This is overcome by using 

progressively smaller and smaller spheres, which vastly increases the surface area 

to volume ratio but at the expense of increasing the pressure drop in the passing 

fluid.  

A radically different immobilization technique was developed in this thesis, and 

resulted in a stacked-wire mesh sorbent material. To the best knowledge of the 

author, this thesis marks the first time that such an approach has been taken to 

produce sorbent materials for ECBF. Dimensional analysis was carried out and 

indicated that further optimization is possible. The material was exposed to a toxin 

solution and the sorbent properties were evaluated, as is common for materials of 

this nature. Although single and multi-pass tests were not carried out, this thesis 

offers valuable insight into how the material is expected to perform under those 

conditions. A thorough literature review on stacked wire mesh in heat and mass 

exchangers was conducted to better understand the dimensional optimization of the 

material.  
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Results are discussed in light of the development of the novel material, with 

focus on material selection, design considerations, novel material geometric and 

physical parameters, and sorbent performance.  

1) Effect of Viscosity Grade on Electrophoretic Deposition Characteristics of 

Alginate  

 Three different viscosity grades of alginate were deposited onto rectangular 

substrates using electrophoretic deposition (EPD). The electrophoretic mobilities 

were calculated to be 0.0610, 0.0584 and 0.0909 cm2/Vs for the low, medium and 

high viscosity grade alginates respectively. The resistivity ratios between the 

deposited gels and the solution were 21.0, 16.2, and 47.5 respectively. This indicates 

that the low and medium viscosity grade alginates will deposit slower for short 

deposition times and faster for longer deposition times than the high viscosity grade 

alginate. 

The viscosity grade affected the swelling properties of the gels following cross-

linking.  The dry alginate mass fractions and the change in mass following cross-

linking indicated that the medium and high viscosity grade alginates underwent 

similar degrees of cross-linking.  

2) Alginate Selection 

 A 20 gauge stainless steel mesh was used as a substrate for immobilizing the 

gel. The mesh opening side was 1.041 mm while the wire was 0.2286 mm in 

diameter. A tight control over the post-deposition hole size was desired, so the 
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medium viscosity grade alginate was selected. This allowed for a low deposition rate 

with a high degree of shrinking following cross-linking. Low viscosity grade alginate 

was also rejected as it was qualitatively observed to have a lower toughness than the 

other two gels.  

3) Development of A Novel Sorbent Mesh Material 

A 2% alginate – 1% activated carbon solution was deposited onto the steel 

wire mesh to create a novel sorbent material. A tight control over the deposit mass 

was obtained as it took 70 seconds for the mesh openings to completely fill. Longer 

depositions increase the total mass of AC available for toxin absorption, but inhibit 

mass transfer for single and multi-pass dialysis systems [90].  

The deposited gel was thicker in the region near the edges of the mesh, but it 

was uniform around the centre. The edge of the mesh would be discarded in single 

and multi-pass dialysis due to the lack of uniformity. For industrial applications, a 

larger surface area of mesh should be used to reduce waste which increasing the 

uniformity of the final product. The mesh would then be cut into appropriate sizes.  

4) Sorbent Gel Physical Properties 

The activated carbon loading was found using a dissolution-filtration method 

and was 0.668% ± 0.006%. This is significantly smaller than encapsulation 

techniques [47, 48],  and will need to be addressed in future works. It is clear that a 

significantly larger activated carbon-to-alginate ratio should be used in the 

deposition solution.  
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The pressure drop increases with the square of the open area ratio [91]. As a 

low pressure drop is desired when a fluid passes through the mesh, the open area 

ratio should be as large as possible. In this thesis, a large deposition was used to 

evaluate the sorbent properties of the material owing to the larger mass of activated 

carbon present on the mesh. If the activated carbon loading were increased, this may 

not be required. Mesh with thinner wires may also be used.  

The addition of carbon to the deposited gel significantly reduced the average 

pore size (p-value < 0.001). Similar results were seen in the production of alginate-

activated carbon microcapsules [126]. Pore sizes for alginate gels produced using 

EPD were a full order of magnitude larger than for alginate gels produced using a 

dissolution-microencapsulation technique. The larger pore sizes will result in an 

improved diffusion of toxins into the gels [89, 128], but the benefits will be limited 

due to the small carbon loading. Increasing the activated carbon loading may further 

reduce the pore sizes, which is not desired but may be necessary. 

5) Sorbent Performance 

Urea was poorly absorbed as commonly seen in AC based hemoperfusion 

devices [46]. The protein urease is generally used in addition to AC in order to break 

down urea [1, 3]. Although further research is required, proteins have already been 

co-deposited with alginate using EPD [88], so the method described in this paper 

may also be used for this purpose. 
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Although uric acid has a larger molecular weight and was more concentrated 

than creatinine, it was nevertheless found to absorb faster. Such results were 

expected when comparing the Langmuir adsorption isotherms for the two chemicals 

for carbon binding as reported in by Ash and is due to particle charge [3].  A higher 

gauge mesh would help remove creatinine, as it would expose the solution to a 

larger surface area over which toxins absorb. The increase in uric acid in the control 

solution was likely due to a slow dissolution rate. 

Although uric acid was sufficiently absorbed, creatinine and ammonia were 

still present above physiological concentrations after 150 minutes. Ammonia was 

absorbed very quickly but saturated the AC within the first 5 minutes. Increasing the 

mass of AC should be used to increase creatinine and ammonia absorbance. This 

may be achieved by either using a higher concentration of AC in the deposition 

solution, or by using a larger surface area of sorbent mesh. Higher gauge meshes 

would not likely have a large impact on the ammonia absorption as it was limited by 

AC saturation and not by diffusion through the alginate matrix.  

It is difficult to compare the sorbent performance between the sorbent mesh 

and encapsulated carbon technique as testing conditions are not standardized. It 

was nevertheless possible to compare the absorption of uric acid and creatinine 

against a chitosan coated activated carbon [47], polyhydroxy ethyl methacrylate 

activated carbon [48], and an albumin-coated activated carbon [46]. The standard 

unit of measurement for absorption is the mass of toxin absorbed per unit of mass of 

activated carbon, which typically increases with concentration of toxin. The sorbent 
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mesh outperformed the other immobilization techniques in this way. The carbon 

loading was nevertheless significantly smaller as well as the absorption per unit 

mass of material. This indicates that although the sorbent mesh is promising, future 

research must aim at increasing the carbon loading.  

6) Volumetric Macro-Porosity 

Un-cross-linked gels deteriorated in preliminary experiments when they 

were exposed to mixing conditions. Cross-linking strengthened the gel and 

significantly reduced this effect. Exposing the gel to the lowly-saline solution (when 

compared to the cross-linking solution) caused the gel to swell which is undesirable 

and must be taken into account when packaging the sorbent material.  

The swollen-volumetric porosity of the gel was 0.51. Previous research 

indicated that heat and mass transfer is maximized at a porosity of 0.75 for stacked 

wire mesh [91]. The pressure drop in a fluid passing through a stacked wire mesh 

decreases with the square of the open area ratio of the material. Future efforts 

should therefore aim at increasing the porosity until it is between 0.75 and 1 

depending on hydrodynamic and mass transfer criteria. 
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Chapter 8 General Conclusion 

In this thesis, a novel electrophoretic deposition device was designed. The device 

was used to study the effects of viscosity grade on alginate deposition rates and the 

resulting gel characteristics which varied significantly. A sorbent material was 

developed for extracorporeal blood filtration applications by depositing an alginate-

activated carbon solution onto a stainless steel wire mesh. The process was detailed 

and the material’s performance was evaluated. From the above mentioned research 

it is possible to draw the following conclusions: 

1) Viscosity grade affects alginate behaviour under electrophoretic deposition. 

The degree of cross-linking, swelling properties and contact angles were also 

affected in the resulting gel. 

 

2) Cross-linking reduced the thickness of the alginate gel which increased the 

open-hole area of the mesh. Cross-linking improved the strength of the gel 

and significantly reduced the water fraction of the gel 

 

3) Alginate-activated carbon gel pore sizes were significantly smaller than those 

of alginate gel alone. The pore size distribution was also narrower. 

 

4) Using electrophoretic deposition, the activated carbon loading obtained from 

a 2% alginate – 1% activated carbon solution was 0.67% ± 0.0058%. Future 

efforts should aim at improving the carbon loading of the gel. 
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5) The novel sorbent material developed in this thesis absorbed creatinine, 

ammonia and uric acid in significant quantities, however the sorbent 

performance is still not on par with current materials and further 

optimization is still required. 

8.1 Recommendations and Future Works 

As this thesis was primarily a proof-of-concept, there are still many research 

questions to be answered and a large potential for improvement. The thesis showed 

that the novel sorbent material is functional, but is not yet viable. The following is 

recommended:  

1) The effect of the electric field strength and cross-liking agent on the resulting 

gel properties should be evaluated, as well as the effects of varying the 

concentration of alginate powder and carbon powder in the deposition 

solution. Although increasing the relative concentration of carbon is expected 

to increase carbon loading, this is expected to plateau given high enough 

concentrations. As it is time consuming to suspend activated carbon in the 

alginate solution, it is important to find the plateau-concentration for 

industrial applications. The effects of the above on the mechanical properties 

of the gel should also be evaluated to ensure mechanical stability which is 

important for both clinical use and for transportation purposes. 

 

2) The deposition time should be optimized to produce a stacked wire mesh 

material with the optimal porosity of 0.75. The effects of porosity on sorption 
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and hydrodynamic performance, although well discussed in literature for 

mass-transfer and hydrodynamic considerations, should be evaluated for the 

sorbent mesh. The use of smaller mesh gauges could vastly increase the 

specific surface area of the material. Nevertheless, preliminary experiments 

using a 50 gauge mesh showed that decreasing the size of the mesh was 

difficult owing to the clogging of the holes. Moreover, the thickness of the gel 

was too small to provide sufficient mechanical strength for the system. With 

proper optimization, however, it may be possible to overcome these 

challenges. 

 

3) Sterilization must be evaluated for proper clinical testing to take place. The 

sorbent performance of the material should be evaluated using larger sized 

blood toxins, as they are not absorbed using current hemodialysis techniques, 

and the benefits are widely discussed in literature. 

 

4) The method used to produce the novel sorbent material is versatile, and 

should be tested with other immobilizing hydrogels such as chitosan. 

Moreover, the electrophoretic deposition of hydrogels onto wire mesh 

substrates can be used to produce materials for a number of applications 

other than dialysis. Carbon-loaded gels could be used for water purification. 

Cells and proteins could easily be deposited to produce functional materials 

for recirculating bio-reactors when used in a stacked configuration, or for 

biosensors when used as a single mesh. Multi-layered depositions could be 
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used to produce complex devices such as high-surface-area glucose bio-fuel 

cells. A biodegradable mesh could be used as a tissue engineering scaffold 

that would facilitate the use of electric current to help induce cellular 

proliferation. 
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