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Resumo 
O desenvolvimento de novas tecnologias para a purificação de anticorpos monoclonais (mAbs) é motivado 
por limitações da produção e estão direcionados para a resolução de problemas correntes e futuros. Em 
muitas plataformas de purificação de mAbs, a cromatografia é o processo principal utilizado na etapa de 
“polishing” de modo a remover níveis reduzidos de impurezas associadas ao processo e assegurar 
depuração viral. Embora sejam capazes de assegurar os requisitos de purificação, são processos caros. 
Neste contexto, várias tecnologias membranares estão a ser desenvolvidas para a purificação de mAbs, 
de maneira a diminuir os passos cromatográficos sem a perda de pureza no produto final. Um destes 
processos é a separação com membranas, baseadas em interações por afinidade. 
Neste trabalho, membranas de polietersulfona comercialmente disponíveis foram modificadas por 
sulfonação com ácido sulfúrico, seguido de deposição de polietilenimina e reticulação com 
“butanedioldiglycidylether”, de modo a criar uma membrana positivamente carregada. A membrana foi 
caracterizada e estudos de “fouling” com diferentes soluções proteicas foram realizados, de modo a estudar 
adsorção de solutos. As membranas exibem seletividade com o pH, força iónica e a natureza da proteína, 
mas o desempenho é profundamente afetado pela adsorção proteica e pela conformação do polímero. Os 
melhores resultados foram obtidos para pH 9 com 56% de retenção de anticorpo e uma pureza de 70% no 
permeado, para as membranas modificadas. 
 
Palavras-chave: Adsorção proteica; Anticorpos monoclonais; Carga positiva; Membranas; Modificação da 
superfície  
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Abstract 
The development of new technologies for purification of monoclonal antibodies (mAbs) are motivated by 
manufacturing limitations and are aimed at solving current and future process problems. In many mAbs 
purification platforms, packed-bed chromatography is the main process used as a polishing step in order to 
bind trace levels of process impurities and assure viral clearance. Even though these chromatographic 
processes are able to meet purification requirements, they are expensive and have low throughput. In this 
context, several new membrane-based separations are being developed for the purification of mAbs, in 
order to reduce the number of chromatographic steps, without the loss of final product purity. 
In this work, commercially available ultrafiltration polyethersulfone membranes were modified by sulfonation 
with sulfuric acid, followed by deposition of polyethyleneimine and cross-linking with 
butanedioldiglycidylether, in order to create a positively charged membrane that will impair. The membrane 
was characterized and permeability studies with different protein solutions were performed in order to 
determine the best conditions for antibodies purification from key impurities. The membranes exhibit 
selectivity according to pH, ionic force and protein nature, but performance is still heavily influence by protein 
adsorption. Better results were obtained for pH 9 with a 56% rejection of antibodies and a purity of 70% on 
the permeate, for modified membranes. 
 
Keywords: Membranes; Monoclonal antibodies; Positive charge; Protein adsorption; Surface modification 
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1. Introduction 
Monoclonal antibodies (mAbs) are used in the treatment of a wide range of diseases (cancer, autoimmune, 
inflammatory) and are at the forefront of the new era of personalized therapy. Since the licensing of the 
monoclonal antibody for clinical use 30 years ago, the industry has expanded exponentially and was valued 
at 75 billions of dollars, for the year 2014 (Ecker et al. 2015), with mAbs accounting for almost 36% of all 
biopharmaceuticals under development (Mehta et al. 2008). With this growing demand, the development of 
efficient and trustworthy purification processes is imperative, in order to remove all kinds of impurities with 
reduced yield loss. 
The purification process must be capable of removing product-related impurities, such as high molecular 
weight aggregates, and also process-related impurities, like DNA, host cell proteins and culture media 
additives (Arora 2013). This removal is essential, since the impurities can affect the biological activity of the 
biopharmaceutical. 
The process of mAbs purification comprises two major steps. The first one, and probably the most 
preponderant, is a chromatography capture step, usually done in a packed bed, which results in a product 
with 98% purity. For more than a decade, the majority of mAbs have been captured using Protein A 
chromatography, which is extremely effective and selective in the removal of host cell proteins, virus 
particles, DNA and other impurities. Unfortunately, it has some drawbacks such as the formation of 
aggregates due to the elution at low pH and inability to remove aggregates formed during earlier processing 
steps (Arora 2013). Therefore, it is necessary a second step that removes the remaining aggregates, 
viruses, host cell proteins and leached proteins, which is the polishing. 
The objective of this work is to investigate the influence of removal of remaining impurities using charged 
ultrafiltration membranes of polyethersulphone (PES), with a MWCO of 300 kDa, and its impact on product 
yield and processability. Such polishing would ideally retain mAbs in the retentate and let the impurities 
permeate. 
To achieve this goal, a method of membrane derivatization was adapted to commercial available PES 
membranes and its surface chemical composition, morphologies, properties and permeability of the 
membrane were thoroughly characterized. The PES membranes were functionalized using 
polyethyleneimine (PEI) followed by cross-linking with butanedioldiglycidylether (BUDGE), to create a 
positively charged membrane. The positive charge is expected to impose the necessary electrostatic 
repulsion between the membrane pores surface and the positively charged mAbs molecules to prevent 
them to convectively flow through the membrane pore. 
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1.1. Antibodies 
Antibodies, also known as immunoglobulins (Ig), are proteins produced by a biological host against the 
presence of foreign molecules, known as antigens, and are secreted by specialized B lymphocytes. 
Antibodies are found in plasma and extracellular fluids and serve as the first response and comprise one of 
the main effectors of the adaptive immune system of vertebrates. This molecule has two separate functions: 
one is to bind specifically to the antigen; the other is to recruit other cells and molecules to destroy the 
antigen once the antibody is bound to it (Janeway Jr. et al. 2001). 
Structurally, antibodies are large Y-shaped glycoproteins (Figure 1-1) consisting of three equal-sized 
portions, connected by a flexible region known as the hinge. The Y-block is comprised of two identical light 
(L) and heavy (H) polypeptide chains, associated by disulfide covalent bonds, where each of the heavy 
chains has about twice the number of amino acids and molecular weight as the light chains. The amino 
terminal ends of the polypeptide chains show considerable variation in amino acid composition and are 
referred as the variable (V) regions, in order to distinguish them from the relatively constant (C) ones. The 
variable regions of both chains comprise the antigen-binding sites (Fab or fragments of antigen-binding) of 
the Ig molecules. Each of these molecules is said to be bivalent due to the existence of two-binding sites, 
which gives the ability to bind simultaneously to two identical structures. The paired constant regions below 
the hinge create the constant fragment (Fc) of the antibody (Janeway Jr. et al. 2001).  

 
Figure 1-1 – Basic structure of an Ig molecule. It comprises two identical heavy and light chains, each with a constant and variable 
region, where the antigen binding site is located. The antigen binding site is composed of six CDRs that come together to form a 
binding surface. Disulfide bonds connect heavy and light chains (Novimmune 2015). 
Antibodies are naturally glycosylated along the heavy chains. The carbohydrate content, especially along 
the Fc portion of an antibody, profoundly affects many of its actions. This includes proper secretion of the 
antibody from the plasma cell, its kinetics in circulation, antibody dependent cell mediated cytotoxicity 
(ADCC) and the chemistry related to proper radiolabel or linker attachment (Hajela 1991). 
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All antibodies are constructed in the same way, but within the generic term immunoglobulin, five different 
classes – IgM, IgD, IgG, IgA and IgE – can be distinguished according the type of heavy chain found in the 
molecule. Their heavy chains are denoted by the corresponding lower-case Greek letter (μ, δ, γ, α, and ε, 
respectively). In addition to the five classes of heavy chains, higher vertebrates have two types of light 
chains, κ and λ, which seem to be functionally indistinguishable. Either type of these chains can be 
associated with any class of heavy chain, but the type of light chain does not influence the properties of the 
antibody, other than its specificity for antigen (Janeway Jr. et al. 2001). 
The most abundant immunoglobulin in human plasma is IgG, and constitutes about 80% of the antibody in 
serum. Human IgG is divided into four subclasses (IgG1, IgG2, IgG3 and IgG4) according to their 
abundance (IgG1 being the most abundant). The four sub- classes have 90 to 95% identity with each other 
in the C-region domains. The structure of the hinge region (Figure 1-2) contributes to the unique 
biological properties of each of the four IgG classes. 

 
Figure 1-2 – Schematic representation of the IgG subclasses. IgG subclasses, indicating how the different heavy and light chains are 
linked, the length of the hinge, and the number of disulfide bridges connecting the two heavy chains (Vidarsson et al. 2014). 
The portion of the antibody responsible for antigen binding is located at the end of the variable regions and 
is called complementarity-determining region (CDR). The CDRs are composed by six loops, three in both 
variable regions of the light and heavy chains, in order to form an antigen-binding pocket that contacts 
epitopes (antigens) directly (Figure 1-1). The binding of the antigen to antibody is mediated by the sum of 
relatively weak non-covalent forces that are only effective when the antigen is close enough to allow some 
of its atoms to fit into complementary recesses on the surface of the antibody. 
Due to the fact that most antigens are complex molecules, they present a large number of epitopes that are 
recognized by a considerable number of lymphocytes. Each lymphocyte is activated to proliferate and 
differentiate into plasma cells, and the resulting antibody mixture is called polyclonal (pAbs). In contrast, 
monoclonal antibodies (mAbs) are produced by a single B lymphocyte (B-cell) clone (Lipman et al. 2005). 
 

1.2. Monoclonal antibodies 
Monoclonal antibodies are a mixture of homogenous antibody molecules with affinity towards a specific 
antigen, originally generated using hybridoma cells by fusing an antibody producing B-cell with an 
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immortalized myeloma cell. The hybridoma cell inherits the lymphocyte’s property of specific-antibody 
production and immortality of the myeloma cell. These cells could then be cloned and screened for large-
scale production of mAbs. 
The production of mAbs by hybridoma technology was first discovered by Georges Kohler and Cesar 
Milstein in 1975, for which they were awarded the Nobel Prize in Physiology and Medicine in 1984, and 
propelled science and medicine into the modern monoclonal antibody era. In this work, the authors fused B 
cells from an immunized animal with a myeloma cell line, allowing them to grow under conditions in which 
the unfused normal and tumor cells cannot survive. In this procedure, spleen cells from a mouse that has 
been immunized with a known antigen or mixture of antigens are fused with an enzyme-deficient partner 
myeloma cell line. The myeloma partner used is one that does not secrete its own Igs and lacks the 
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) gene, making it sensitive to the HAT medium. 
These hybrid cells are then placed in a selection medium containing hypoxanthine, aminopterin and 
thymidine that permits the survival of only immortalized hybrids; these hybrid cells are then grown as single 
cell clones and tested for the secretion of the antibody of interest. Each hybridoma produces only one Ig 
and the antibodies secreted by many hybridoma clones are screened for binding to the antigen of interest; 
the clone with the desired specificity is then selected and further expanded. The products of these individual 
clones are monoclonal antibodies and are specific for a single epitope on the antigen or antigens mixture 
used to identify antibody secreting clones. 

 
Figure 1-3 – Hybridoma development. Immunization of mice for the production of antibodies. Isolation of B cells from the mice’s spleen 
and cultivation of myeloma cells. Fusion of myeloma cells and B cells in order to produce hybridoma. Selection and culture of hybridoma 
clones and production of antibodies (Michnick & Sidhu 2008). 
In 1986 the first therapeutic antibody, Anti-CD3 murine or OKT-3, was approved. However, it failed as a 
good treatment for transplantation rejection because OKT-3 induces severe human anti-murine antibody 
(HAMA) response in patients. Therefore, it was necessary to convert the murine mAbs molecules into more 
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humanized ones by protein engineering or constructing chimeric antibodies with human constant region and 
mice variable region, through genetic engineering (Ghosh & Ansar 2013). Both chimeric and humanized 
mAbs can be successfully administered to patients with a substantial reduction in the risk of immunogenicity, 
but still pose some questions. Chimeric antibodies can still elicit an immune response because a significant 
portion is still non-human and humanization can lead to a risk of antigen affinity loss. More recently, fully 
human mAbs have emerged as alternatives with indisputable improvements when compared to humanized 
mAbs. These type of mAbs are generated from recombinant human antibody libraries or transgenic mice 
containing human immunoglobulin genes (Bernett et al. 2010). 
 

1.3. Current demand for monoclonal antibodies 
After the discovery of the hybridoma technology in 1975, the access to murine antibodies was provided and, 
in the two following decades, their potential, as laboratory tools, was exploited. Unfortunately, in vivo 
applications were still very limited. Following the approval of the first mAbs product in 1986, sales growth 
and approval was slow until the late 1990s when the first chimeric mAbs was approved. With this and the 
subsequent approval of humanized and then fully human mAbs, the global sales revenue of these products 
increased up to nearly US$75 billion, in 2014 representing half of all biopharmaceuticals produced (Ecker 
et al. 2015). 
Nowadays, mAbs, that are omnipresent in both diagnostic and research domains, are invading the 
therapeutic domain. The use of mAbs as therapeutic agents is attracting a great deal of attention by the 
pharmaceutical industry, mainly due to the well-defined and established features for approval of these 
products, and acceptance by the public and medical communities. In 2012, the company that held the 
largest number of approved therapeutic mAb molecules was Roche, with annual sales reaching up to US$20 
billion, where three of its products acquired blockbuster status: Avastin®, an FDA approved drug for the 
treatment of 6 types of cancer, generated US$6.3 billion in annual sales; Rituxan®, used to treat chronic 
lymphocytic leukemia and non-Hodgkin’s lymphoma, generated US$7 billion and Herceptin®, approved to 
treat breast and stomach cancers, generated $6 billion. Other companies also have mAbs products that 
reached blockbuster status, like Johnson & Johnson’s Remicade®, generating US$6.1 billion and AbbVie’s 
Humira® that recouped $9.3 billion (Stephenson 2013). 
In terms of therapeutic applications, mAbs play an important role in the treatment of a variety of indications 
in several domains. However, the industry is mainly focused on oncology and arthritis, immune and 
inflammatory disorders (Pavlou & Belsey 2005), as one can see in Figure 1-4. 
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Figure 1-4 – Breakdown of antibody sales by therapy area, for the year 2010. AIID: arthritis, inflammation and immune disorders. 
Adapted from reference (Elvin et al. 2013). 
Overall, in terms of therapy areas in 2010, oncology is the leading income earner accounting for over half 
(50.8%) of sales, followed by inflammation and immune disorders with almost 40% of the global market 
revenues (Pavlou & Belsey 2005).  
While growth is decelerating in most other therapy areas due to patent expiries and the lack of significant 
new treatment options, specialty medicines will experience continued growth in the medium term. According 
to a study by IMS Health, the top six leading therapy classes in 2015 were: oncology ($75–80 billion), anti-
diabetics ($43–48 billion), respiratory ($41–46 billion), lipid regulators ($29–34 billion), angiotensin inhibitors 
($28–33 billion) and autoimmune ($27–32 billion) (IMS Institute for Healthcare informatics 2011). Therefore, 
based on these projections it should be expected that, as a class of therapeutics, mAbs should be 
outperforming other classes. With the continued growth in sales of the currently approved mAbs products, 
along with the over 300 mAbs product candidates in development, the global sales revenue is expected to 
go up to $125 billion for the year of 2020 (Ecker et al. 2015). 
Because mAbs are a highly successful class of therapeutic products, that require the highest level of purity 
and yield, companies have made efforts to create processes that respond to this necessity. If a therapeutic 
mAbs is not purified adequately, it could lose its therapeutic properties or even cause immunogenic 
reactions thus potentially endangering the patient’s health. The next section will give a brief description of 
the processes involved in the production of monoclonal antibodies, giving more emphasis to the last step of 
purification, denominated polishing, which is the main focus of this work. 
 

1.4. Monoclonal antibodies production 
Bioprocessing technology for production of mAbs has advanced greatly since their introduction into the 
market in 1986. In early days, the in vivo production in mice, was preferred for its cost effectiveness and 
high concentrations of mAbs produced. The growing ethical concern about mAbs production by ascites 

Oncology
AIID
Infectious diseases
Neovascular (eye)
Haemostasis
Rejection
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induction1 and the improvement in cell culture equipment and techniques, led to an increased emphasis on 
in vitro methods that are able to compete, not only in capacity, but also in cost effectiveness with the in vivo 
method. Advances in culture media have promoted advances in bioreactor technology over the past couple 
of decades, mainly due to the removal of fetal bovine serum and replacement with synthetic media. Aside 
from this, there has been an intense effort directed at producing cell lines with altered properties, such as 
transfected Chinese hamster ovary (CHO) cell line, and to the understanding of metabolic processes 
involved during over-expression and post-translational modification (Elvin et al. 2013). All of these 
improvements combined can give rise to product titers of 3-5 g/L with some companies reaching 10-13 g/L 
in fed-batch processes. Besides the increase in protein titre, the implementation of single-use bioreactor 
systems is a new trend and offer some advantages, such as lower capital investment and operational costs, 
flexibility, improved production scheduling and higher process replication. However, there is still a lot of work 
to be done in optimizing disposable bioreactor systems, especially in terms of aeration and mixing. The 
scale is limited up to 2500 L, the diversity of options is restricted and there is a lack in standardization, 
instrumentation and some remaining performance issues. Furthermore, there is a shortage of a validation 
process concerning the nature, quantity and risk of leachables and extractables from the disposable plastics. 
The bags can also bind media components thus, decreasing the process performance (Gronemeyer et al. 
2014). At the same time, high titers of mAbs produced by cell culture cannot be processed downstream at 
the equivalent rates as for the upstream process. This raises a problem, since downstream represents 
between 45% and 92% of the total cost of manufacturing. Therefore, formulating an efficient and economical 
purification process is key, which is faced by industrial and academic laboratories (Saraswat et al. 2013). 
The standard commercial purification protocol for mAbs is shown in Figure 1-5. Many companies have 
converged on the use of very similar processes based on a very mature and robust production technology, 
with predictable outcomes concerning quality and costs (Liu et al. 2010). 

 
Figure 1-5 – Platform approach typically used in mAbs purification. Cell culture supernatant is typically purified by a chromatographic 
capture step with protein A. In order to remove all contaminants post protein A capture and to obtain purity to regulatory compliance, 
two additional chromatographic polishing steps are employed. Adapted from (Kelley 2009; Liu et al. 2010; Fahrner et al. 2001). 

                                                   
1 Induction of fluid accumulation within the abdominal cavity of mice 
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The harvest of the mAbs from the mammalian culture is the first step in purification cascade. It is used for 
the removal of cells and cell debris to yield a clarified fluid suitable for chromatography. This is generally 
accomplished through the use of centrifugation, depth filtration and sterile filtration, depending on scale and 
facility capacity. The current preferred process for accomplishing this initial recovery is to use a disc-stack 
continuous centrifugation coupled with depth filtration (Liu et al. 2010). 
After cell removal, protein A chromatography is a critical and versatile technique that yields a relatively pure 
product that only requires removal of a small proportion of process and product related impurities. Typically, 
the procedure involves passage of the clarified supernatant over the column, under conditions that make 
the antibodies bind to the resin and unwanted components, such as host cell proteins, cell culture media 
components and putative viruses flow through (Figure 1-6). This step also includes a low pH elution step 
that also serves as viral inactivation (Kelley 2009; Liu et al. 2010; Roque et al. 2007). 

 
Figure 1-6 – Schematic representation of the main steps in Protein A chromatography. The protein A ligand is immobilized on the 
column. Following crude sample loading, the mAbs are retained by affinity binding to protein A. Washing is employed to remove 
nonspecific binding, with subsequently elution to recover purified mAbs (Roque et al. 2007). 
Due to the affinity interaction of the mAb with protein A, a reduced level of nonspecific binding is seen, 
thereby increasing operational yields and facilitating the elimination of undesirable contaminants. This 
technique has some drawbacks though, the ability of protein-A to leak into the mobile phase and its high 
associated costs (mainly due to the high cost of the resin, which accounts for 80% of total cost). 
Nevertheless, protein A chromatography is still the preferred capture step in large-scale purification of mAbs 
(Saraswat et al. 2013). 
One or two additional chromatographic steps are generally employed in the polishing step, mainly cation 
exchange (CEX) and anion exchange (AEX) chromatography, although hydrophobic interaction 
chromatography, mixed mode chromatography or hydroxyapatite chromatography may be chosen as well. 
These steps provide additional viral, host cell protein and DNA clearance, as well as removal of aggregates, 
unwanted product variant species and other minor impurities (Liu et al. 2010). However, packed-bed 
chromatography is typically associated with several major limitations mostly due to the high pressure drop 
across the bed and the dependence on intra-particle diffusion for the transport of the biomolecules to their 
binding sites, resulting in slow mass transfer. Other disadvantages include the requirement of buffer 
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solutions in large volumes, high cost and comparatively long cycle times. Hence, there is significant interest 
in alternatives to the three chromatographic sequences such as aqueous two phase extraction, precipitation 
and fractionation by ultrafiltration membrane ultrafiltration, last of which will be further analyzed in the 
following section of this work. 
Virus and endotoxin removal is an important step and provides additional assurance. For regulatory 
compliance to meet safety requirements, mammalian cell-derived products cannot contain one active virus 
particle per million doses. Therefore, downstream purification needs to provide several orders of virus 
inactivation and removal. Finally, the product is concentrated and formulated by an ultrafiltration with or 
without diafiltration. 
 

1.5. Membrane-based systems 
Membranes are interfaces acting as a barrier between liquid-liquid and liquid-vapor phase contacting two 
sides of an interface. Membrane based systems are very popular in the biotechnology industry due to its 
multidisciplinary character, that can make them useful for a large number of separation processes. They 
offer vast benefits such as: easy up-scaling, low energetic costs, the possibility of processing continuously 
and under mild conditions. Nowadays, membranes can be found in all industrial areas such as food and 
beverages, metallurgy, pulp and paper, textile, pharmaceutical, automotive, dairy, biotechnology and 
chemical industry. 
This chapter offers a review on membrane-based systems, more specifically UF, with more emphasis on 
the clogging phenomena and control by membrane surface modification. 
 

1.5.1. Historical review 
The historical development of membranes can be traced to the eighteenth century, when J. Abbé Nollet 
used the word osmosis to describe permeation of water through a diaphragm. Experimental work was 
conducted with membranes of animal and plant origin, for simple separation processes, with no industrial 
or commercial uses, through the nineteenth and early twentieth century. Later, collodion (nitrocellulose) 
membranes were preferred, because they could be made reproducibly. In 1907, Bechhold prepared 
nitrocellulose membranes of graded pore size, which revolutionized membrane preparation. In the early 
1930’s, other workers, Elford, Zsigmondy and Bachmann and Ferry, improved Bechhold technique, and 
introduced commercial porous membranes (Baker 2004).  
By 1960, the elements of modern membrane science had been developed, but membranes were used in 
only a few laboratories and small, specialized industrial applications. The development of the Loeb-
Sourirajan process for making defect-free, high-flux, anisotropic reverse osmosis membranes transformed 
membrane separation from a laboratory to an industrial process. 
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The period from 1960 to 1980 produced a significant change in the status of membrane technology. 
Membrane formation processes, including interfacial polymerization, multilayer composite casting and 
coating, and membrane packaging methods such as spiral-wound, hollow-fiber and plate and frame 
modules were developed for making high performance membranes. In 1980, the establishment of 
membrane processes, such as microfiltration, ultrafiltration, reverse osmosis and electrodialysis, meant 
these were installed in large commercial plants worldwide. The main development in the 1980s was the 
development of industrial membrane gas separation processes (Baker 2004).  
With a total annual market of ca. US $4.5 billion, for membranes and membrane modules, the membrane 
industry is an important economic factor. In particular, 80% of all membrane sales are in microfiltration, 
dialysis, reverse osmosis and ultrafiltration, while markets for electrodialysis, gas separation and 
pervaporation are comparatively small (Drioli & Fontananova 2004). 
 

1.5.2. Membrane processes 
The processes in which membranes are used can be classified according to the applied driving force. 
Passive transport through membranes occurs as a consequence of a driving force, and a difference in 
chemical potential seen as a gradient across the membrane, driven by concentration, pressure or by an 
electrical field. The function of a membrane is illustrated in Figure 1-7, which shows the transport of a 
component from phase 1, represented as the feed, through a membrane into the phase 2, represented as 
the permeate. 

 
Figure 1-7 – Schematic representation of mass transport through semipermeable membrane. Phase 1 represents the feed which, 
through the action of a driving force, passes through the semipermeable membrane, into the phase 2, that represents the permeate. 
Adapted from reference (Strathmann 2001). 
The most technically and commercially relevant processes are pressure-driven processes, such as 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis. A special case of 
ultrafiltration is virus filtration in which the membranes are designed to specifically remove different types of 
virus and provide a robust, size-based viral clearance mechanism. These membrane techniques are 
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primarily defined by the size range of the pores, and thus the components that they can prevent from passing 
through their structure, as well as the molecular weight cut-off (MWCO, defined as the molecular weight of 
a solute that has a retention coefficient of 90%). Table 1-1 gives a summary of key properties linked to the 
five types of membrane filtration typically used within bioprocesses. It should be noted that pore sizes and 
MWCO vary by author, so the following table represents a composite summary of used references. 
Table 1-1 – Key characteristics of various membrane filtration types used within bioprocesses. 

Filtration type Application within bioprocessI Nominal pore sizeI,II 
Retained Particles Permeated Particles μm MWCO (Da) 

Microfiltration Intact cells 
Cell debris 

Colloids 
Viruses 
Proteins 

Salts 
0.1 - 10 > 500000 

Ultrafiltration 
Proteins 
Micelles 

Nanoparticles 
Virus 

Amino acids 
Antifoam 

Buffer components 
0.001 – 0.1 1000 – 300000 

Nanofiltration 
Divalent ions 
Amino acids 
Antibiotics 
Peptides 

Complex dye 
molecules 

Monovalent ions 
Water 0.0001 – 0.001 200 – 1000 

Reverse Osmosis Amino acids 
Sugars 
Salts 

Water 0.0001 < 10 – 500 

Special case of 
Ultrafiltration - Virus Viruses Proteins 

Buffer components 0.02 – 0.07 - 
IAdapted from reference (van Reis & Zydney 2007); IIAdapted from reference (Mulder 1997) 
Microfiltration and ultrafiltration require a pressure difference to be applied across the membrane. Since UF 
membranes have smaller pores, it requires higher pressure differences which accounts for the higher 
pressure drop and osmotic resistance of the membrane. Nanofiltration and reverse osmosis are used in the 
when low molecular weight solutes have to be separated from a solvent, but nanofiltration membranes have 
larger pores, resulting in a lower resistance for filtration and therefore requiring lower transmembrane 
operational pressures (van Reis & Zydney 2007).  
 

1.5.3. Ultrafiltration 
Ultrafiltration is used for protein concentration and buffer exchange, largely replacing size exclusion 
chromatography for buffer exchange at industrial scale. High protein retention is achieved by using a small 
pore size membrane (between 1 and 20 nm), although recent studies have demonstrated the potential of 
exploiting both size and electrostatic interactions for enhanced ultrafiltration processes (Liu et al. 2010; van 
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Reis & Zydney 2007). These membranes are usually anisotropic structures made by the Loeb-Sourirajan 
process. They have a thin, selective layer supported on a much thicker, highly permeable microporous 
substrate. The finely porous surface ensures the selectivity of the separation which, due to the thinness of 
the membrane, has very high membrane fluxes. The microporous substrate provides mechanical strength 
required to handle the membrane (Baker 2004). 
The UF process has two main modes of operation: normal flow (also known as direct or dead end flow) and 
tangential flow filtration (also known as cross flow filtration). The mode of operation chosen is based on the 
nature of the feed solution. In normal flow filtration (Figure 1-8), the feed suspension flows perpendicular to 
the membrane. Any solids in the feed that are larger than the pore size are deposited on the surface, forming 
a cake of solids. It is primarily used for systems in which the retained components are present at very low 
concentration.  

 
Figure 1-8 – Schematic representation of normal flow filtration with membranes. Any solids in the feed that are larger than pore size 
deposit on the membrane surface. (Baker 2004). 
Normal-flow filtration is often not desired in UF as it causes buildup of particles larger than the pore size on 
the membrane surface. The large particle buildup over time forms a layer through which the smaller 
particles, that are being separated, must diffuse. This decreases the smaller particle concentration in the 
permeate increasing the cost of separation from higher operational costs, such as pumping.  
In tangential flow filtration (Figure 1-9), the feed suspension flows parallel to the membrane surface and is 
operated with two effluent streams: a permeate stream (or filtrate stream) and a retentate stream. Only a 
part of the feed suspension passes through the medium as recovered product (permeate), and the other 
part flows tangentially along the membrane surface (retentate). This allows retained species to be swept 
along the membrane surface and out of the device, significantly increasing the process flux compared to 
that obtained in normal flow filtration (van Reis & Zydney 2007). 
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Figure 1-9 – Schematic representation of tangential flow filtration with membranes. The feed suspension flows parallel to the 
membrane, making smaller particles permeate and larger ones to be retained (Baker 2004). 
Tangential flow filtration is preferable because it avoids the deposition of large particles on the membrane 
surface, due to the direction of the flow feed being parallel to the membrane. This results in a thinner layer 
of deposited particles and less resistant to permeation at the membrane surface.  
Since UF is a well-established technique for macromolecular separation, it is supported by large scale 
production of membrane materials, such as polysulfone (PS), polyethersulfone (PES), polyacrylonitrile 
(PAN) and cellulose-based polymers (e.g. cellulose acetate). When choosing membrane filters, the type of 
material of the membrane should be compatible to the feed stream which is going to be processed and that 
it should provide the desired separation. 
 

1.5.4. Ultrafiltration clogging phenomena 
One of the main reasons that membrane processes, including UF, are not used on a much larger scale is 
the flux decline during the process. This happens due to reversible and irreversible processes such as 
concentration polarization near the membrane interface and fouling due to the adsorption of retained 
colloidal and macromolecular material on the membrane surface, and inside the membrane pores. 
According to several authors, flux decline due to membrane clogging occurs in three phases, as it is 
illustrated in Figure 1-10. 

 
Figure 1-10 – Schematic representation of the three phases of flux reduction due to clogging. (I) – First phase of clogging, with rapid 
flux reduction due to concentration polarization; (II) – Second phase of clogging due to fouling, with gradual reduction of flux, caused 
by material deposition; (III) – Third phase of clogging due to fouling, where a steady state flux is achieved (Abdelrasoul et al. 2013). 
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In the first phase, rapid flux lost is primarily caused by concentration polarization. Concentration polarization 
is a phenomenon in which the solvent and macromolecular or colloidal solutes concentration in the vicinity 
of the membrane surface is higher (20-50 times) than that in the bulk. The solvent molecules permeate the 
membrane, but the larger ones accumulate at the surface which, at very high concentrations, can create a 
gel layer becoming a secondary barrier to flow through the membrane (Baker 2004). Concentration 
polarization is reversible and can be controlled in a membrane module by means of velocity and 
transmembrane pressure adjustment, pulsation, ultrasound, or an electric field.  
The second phase of flux reduction is much slower, with a gradual loss of flux, caused by the deposition of 
material on the membrane surface (Figure 1-11). This is a much more complicated issue, because it can 
lead to irreversible loss of membrane permeability. Gel formation is caused by the consolidation of a layer 
of highly concentrated macromolecules in the immediate vicinity of the membrane surface led by 
concentration polarization. The transition between concentration polarization and fouling occurs when the 
attractive force becomes greater than the repulsive electrostatic forces. The flux at which the gelation occurs 
marks the ‘‘limiting flux’’, representing the maximum stationary permeation flux that the system can reach. 
The surface fouling consolidates over time and can be controlled by high turbulence, regular cleaning and 
with the use of hydrophilic or charged membranes to minimize adhesion to the membrane surface.  

 
Figure 1-11 – Schematic representation of clogging on an ultrafiltration membrane. 

The main fouling mechanism in UF is the irreversible protein adsorption. The chemical and structural 
characteristics of protein surfaces offer various interaction mechanisms (ionic, entropic, hydrophobic, van 
der Waals, specific/affinity) making adsorption possible, even in the absence of transmembrane pressure 
difference. 
Membrane fouling is a very complex and poorly understood process that diverge between type of 
membranes and operational parameters. Therefore, it is important to understand what factors affect 
membrane fouling, in order to minimize its influence when designing a process. 

Gel layer 
Polarization concentration 
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1.5.5. Factors affecting fouling 
The factors affecting membrane fouling can be divided into three categories related with i) membrane 
properties, ii) solution properties and iii) operating conditions.  
 
Membrane properties 
The membrane properties that affect fouling are hydrophobicity, pore size and its distribution and membrane 
material. Membranes made of hydrophilic material show less fouling, because they have the ability to form 
hydrogen-bonds with water, improving their wettability. Hydrophobic membranes do not have that ability, 
therefore water drops “seat” on their surface, increasing fouling. Also, particles that foul membranes in 
aqueous media tend to be hydrophobic, creating clusters to form colloidal particles. Therefore, fouling can 
be reduced with the use of hydrophilic membranes (Zhao et al. 2013).  
Membrane morphology is also an important parameter that affects fouling. Membranes with greater 
heterogeneity of pores and lower porosity tend to have greater fouling. The high heterogeneity leads to non-
uniform velocities, normal to the membranes surface, which increases the rate of protein adsorption on the 
spots of higher velocity and, as consequence, fouling. Also, with the increase of membrane fouling, porosity 
and pore size distribution decrease. With the blockage of pores, the number of larger and smaller pores 
decreases, increasing the percentage of medium sized ones. The ratio between pore size and solute size 
is very important as well. With the increase of pore to solute size ratio the intrinsic membrane resistance 
decreases, leading to increased membrane fouling and, in some cases, lower permeate flux. Because of 
this, there is an optimal ratio for particular membrane systems. Membranes that have a smooth and uniform 
surface tend to foul less than membranes with high surface roughness (Abdelrasoul et al. 2013). 
 
Solution properties 
Solution properties that affect membrane fouling are solute concentration, particle properties, nature of the 
components, pH and ionic strength. The increase of feed concentration, in general, decreases the permeate 
flux. This is a result of the high concentration of foulants in solution and in the polarization concentration 
layer. Salts can precipitate on the membrane surface because of poor solubility or bind to the membrane 
directly by charge interaction. In addition, salts increase the ionic strength, which in turn affects solute-solute 
and solute-membrane interactions. 
The size of particles in solution is also important because they can cause fouling by pore blocking, narrowing 
of pore or cake formation. Bigger particles deposit on the membrane, creating a second layer, reducing the 
passage of smaller ones through the primary membrane. Also, the rate at which larger particles pass 
through the pores is smaller, because of friction, reducing the rate of passage of smaller particles. On the 
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other hand, the presence of fine as well as coarse particles result in a lower cake porosity, as the fine 
particles slide between the large ones. 
Other properties, such as pH, ionic strength and electric charges of particles, are crucial factors when 
mentioning fouling. The effect of pH on fouling is heavily dependent on the type of solutes and membranes 
being processed. Many studies on protein fouling show that the most severe fouling happens at a pH around 
the isoelectric point (IEP) of the molecules, and on hydrophobic membranes. At the isoelectric point, at 
which electrostatic repulsion is reduced, proteins become strongly hydrophobic, causing greater 
hydrophobic interactions between the foulants themselves and between foulants and the membrane. 
Increasing electrostatic repulsion through an increased pH or decreased ionic strength may act to make the 
hydrophobic interaction less dominant (Shi et al. 2014). 
 
Operating conditions 
Fouling is heavily influenced by operating conditions such as temperature, flow rate, pressure as well as 
overall equipment design. The use of high temperatures decreases viscosity of the solution and increases 
permeate flux, indicating a lower degree of fouling. Also, it increases diffusivity, which helps to disperse the 
polarized layer in membrane filtration. 
The increase of the cross-flow velocity facilitates the mass transfer of the solute and the extent of mixing 
near the membrane surface. Consequently, the permeate flux is increased with cross-flow velocity. Higher 
mixing leads to a reduction of the aggregation of the feed solids in the gel layer, essentially due to increasing 
back diffusion of these components towards the bulk, leading to an overall reduction in concentration 
polarization. 
Transmembrane pressure (TMP), which is the pressure difference between the feed and permeate streams, 
increases permeate flux but, as consequence may increases protein fouling. At very low pressure, the water 
flux is very close to the pure water flux, at the same pressure. With increase of applied pressure, the higher 
flux increases concentration polarization of the retained material, which in turn may form a gel layer. This 
limits permeate flux. Therefore, an optimal TMP value is necessary.  
 

1.5.6. Strategies to control membrane fouling 
The control of fouling during UF is a very important process, even though there are no effective methods 
that can be used in all applications. Normally, control of fouling can be achieved by three different methods: 
hydrodynamic, physical and chemical. 
Most of the methods developed to reduce fouling are hydrodynamic and are used by varying the operating 
parameters, such as pressure and/or cross flow velocity during operation. Some of these methods, that 
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include vortex generation, air sparging, and shear induction, have been developed to reduce the adverse 
effects of concentration polarization and membrane fouling.  
Physical methods include the addition of particles and the use of electric fields. The addition of particles 
aims to attract dissolved macromolecules and drag them away from the membrane. The use of electric 
fields is to move charged molecules from the membrane surface, by variating the electric filed strength 
applied, reducing the extent of concentration polarization and increasing flux (Hilal et al. 2005). 
Fouling can be chemically controlled via modification of the membrane surface in order to reduce the 
attractive forces or increase the repulsive forces between solute and membrane. In addition, the adjustment 
of pH and ionic strength of the feeding solution can strongly influence membrane fouling, although in most 
cases, the permeate flux is clearly determined by the membrane itself. Therefore, control of fouling via 
surface modification seems to be a promising technique. 
 

1.5.7. Membrane surface modification 
Membrane modification can be achieved by three approaches: bulk modification of materials, surface 
modification of prepared membranes and blending, which is also regarded as surface modification. The first 
reported membrane modification involved annealing of porous membranes by heat treatment. In the 
scientific literatures, various techniques were carried out for the surface modification of polymeric 
membranes, including physical, chemical or bulk modification (Zhao et al. 2013). 
The objective of membrane surface modification is to minimize undesired interactions, like adsorption or 
adhesion, which reduce the performance or to introduce additional interactions to improve selectivity or to 
create an entirely novel separation function. A successful surface functionalization takes advantages from 
useful properties of the precursor membrane and from the novel functional polymer. To achieve the 
fabrication of an improved membrane or an entirely novel function of an already established membrane, a 
large variety of methods exist. 
 
Surface modification by chemical reactions 
Chemical surface modification can be achieved by three methods: heterogeneous reactions of the 
membrane polymer, “grafting-to” and “grafting-from”. “Grafting-to” is performed by coupling polymers to 
surfaces, while “grafting-from” uses monomers that are polymerized using an initiator reaction on the 
membrane surface. The first method has the advantage of being able to control the structure of the polymer 
to be used for surface modification as well as its characteristics. However, the grafting densities on the 
surface which may be achieved are limited. “Grafting-from” has the advantage of obtaining a high variety of 
grafting densities and chain lengths, even though is less controlled. 
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Heterogeneous reactions can be classified as the derivatization of or grafting onto the membrane polymer 
via reaction of intrinsic functional groups without material degradation or by controlled degradation of the 
membrane material for the activation of derivatization or grafting reactions. To do this, membranes made 
from biopolymers (especially the ones based on cellulose) as well as its use for functionalization offer many 
possibilities and have been thoroughly studied and produced. However, the majority of polymers used are 
chemically stable, which makes heterogeneous functionalizations complicated and sometimes impossible. 
These reactions are based on the end groups of membrane polymers (hydroxyl groups of polysulfone; 
amino or carboxyl groups in polyamides), and can only be efficient in combination with the synthesis or 
attachment of macromolecular layers. Sulfonation or carboxylation of membranes (Zhao et al. 2013) or the 
conversion of nitrile groups of polyacrylonitrile have been used for surface modification, but always 
accompanied by side reactions and changes of the membrane pore morphology. Other methodologies can 
be used for the controlled modification of the surface. Some include the use of special copolymers as 
membrane material, surface coupling of polyethylene glycol (PEGs) or the introduction of phospholipid-
analogous groups (Ulbricht 2006). 
The controlled degradation of the membrane material for the activation of derivatization or grafting reactions 
is also a possible method. To achieve this degradation, high energy radiation, plasma excitation or UV 
radiation are methodologies employed. Photo-initiated processes have their largest potential when surface-
selective functionalizations of complex polymer morphologies are performed with minimal degradation of 
the base membrane, and when they are used to create macromolecular layers, via “grafting-to” or “grafting-
from” (Ulbricht 2006). 
The approach “grafting-to” has been used to functionalize membranes with hydrophilic compounds or with 
other functional polymers (polypeptides or polysaccharides), with the intention to control the interactions. 
Three strategies are used to achieve this: i) direct coupling on reactive side groups or end groups of the 
membrane material; ii) primary functionalization of the membrane by introduction of reactive groups and 
subsequent coupling; and iii) adsorption on the membrane surface and subsequent physically activated 
coupling. 
“Grafting-from” uses, almost exclusively, radical polymerization reactions. The initiator system is 
immobilized on the membrane surface and the polymer is then generated by in situ polymerization. The 
physical activation is the most used procedure because it can be applied to numerous polymers. Even 
though this technique is widely used, some unwanted changes on membrane morphology and pore 
dynamics can be observed.  
Chemical activation is also possible. Through UV excitation, it is possible to functionalize UV-sensitive 
membrane polymers, like PES, in direct contact with the monomer; the starter radicals are formed via fission 
of the main chain of the membrane polymer. Via decomposition of peroxides, present in solution, in contact 
with the membrane, a radical transfer can also yield starter radicals. The use of UV assisted methods for a 
heterogeneous graft copolymerization, with the intention to improve the decoupling effects of the activation 
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and the grafting reactions was also developed. UF membranes made of various materials have been 
functionalized by such methods, without degradation of the morphology (Ulbricht 2006). 
 
Chemical surface modification by physical methods 
Physical modification of membranes is achieved by employing the following methods: i) adsorption or 
adhesion of a functional layer; ii) interpenetration via mixing; and iii) mechanical interpenetration.  
The thickness of the layer depends on the strategy employed. Physically assisted methods such as plasma 
polymerization, chemical vapor deposition (CVD) or sputtering of metals or nonmetals are often applied, but 
are restricted to the outer surface of the membrane. For the coating of the internal surface methods such 
as coating with polymers, polycondensation, electrolytic or currentless deposition of metals can be 
employed. 
A technique that has gained some attention is the layer-by-layer (LBL, Figure 1-12) assembly, because it 
offers an easy and inexpensive way to create functionalized membranes with multilayers of polyelectrolytes. 
The particular feature of this technique is the parallel organization and stabilization of the layers in 
combination with the potential to design outer and internal layers on a wide range of materials. By varying 
the conditions such as pH and supporting electrolyte concentration, the adsorbed layer properties can be 
optimized. The layers are not ordered, but the building principle enables the compensation of defects in 
surface coverage at very low total layer thickness. 

 
Figure 1-12 – Production of thin-film using layer-by-layer adsorption of electrolytes. (A) – Deposition of negative polyelectrolytes on 
positively charged membrane; (B) – Deposition of positive electrolyte onto the negatively charged membrane surface (Zaitsev 2011). 
As a pre-requisite for the use of LBL adsorption, the base membrane must be able to adsorb the first 
polyelectrolyte layer via ionic bonds. Some efforts have been conducted to prepare membranes via LBL 
adsorption. The particular focus had been onto the creation of very thin barrier layers, so that ultimately thin-
film composite membranes can be obtained. The deposition of anionic and cationic polyelectrolytes converts 
polymeric ultrafiltration membranes into materials capable of selective separation (Zhao et al. 2013). 
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1.6. Membrane cleaning 
A cleaned membrane should be physically, chemically and biologically clean, providing adequate flux and 
separation. Therefore, membrane cleaning is an important process of a membrane-based system and has 
a significant impact on the process operation. A good cleaning procedure should follow the following criteria 
(Shi et al. 2014): 

 Restore the initial flow through without adversely change the membrane surface; 
 Keep the dislodged foulants in dispersion or solution, to prevent re-fouling; 
 Be compatible with all system components; 
 Be compatible with water; 
 Possess good buffer capacity and stability with time; 
 Promote disinfection of wet surfaces; 
 Be available and cost effective. 

Fouling materials can be removed by hydraulic means such as backwashing or by chemical means such as 
enhanced backwash. The operation can be in line (cleaning in-place, CIP), without the removal of the 
module from the installation, or off-line, with the removal of the module and soaking it in a chemical. 
Backwashing is done by reversing the permeate flow across the membrane to remove foulants accumulated 
on the surface or clogged on the membrane pores. The composition of the backwash solution affects the 
cleaning efficiency, so it is better to use demineralised water to do it, instead of the permeate. Also, 
backwashing effectiveness is influenced by the adherence behaviour of foulants since adherence foulants 
require higher forces to be displaced. Therefore, when foulants can’t be removed by hydraulic methods, 
chemical cleaning is necessary. 
Proper selection of chemical cleaning agents, conditions for their application and understanding their 
performance is important. A cleaning agent is usually selected based on the type of foulant. The common 
cleaning agents, as well as some examples and general functions are shown in Table 1-2. 
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Table 1-2 – Common cleaning agents and possible interactions between cleaning agents and foulants (Shi et al. 2014). 

Family Examples General functions 

Acids Strong: HCl, HNO3 
Weak:     H3PO4, Citric 

pH regulation, dissolution of inorganic precipitates, acidic 
hydrolysis of certain macromolecules 

Alkalis Strong: NaOH, KOH 
Weak:    Na2CO3 

pH regulation, alteration of surface charges, alkaline 
hydrolysis of proteins, catalysing saponification of fats 

Oxidants NaClO, H2O2 Oxidation of organics, disinfection for the elimination of 
pathogens 

Surfactants 
Anionic: SDS 
Cationic: CTAB 
Nonionic:     Tween 20 

Dispersion/suspension of deposits 

Chelants EDTA Complexation of metals, removal of mineral deposits 

Enzymes Proteases, lipases Catalysing lysis of specific substrates (e.g., proteins, lipids) 

 
The cleaning process, although important, is still inconvenient and requires a parallel substitution equipment 
or the shutdown of the unit. Also, some chemical treatments reduce membrane life span and produce waste 
that may be difficult to dispose, so they should be limited. Chemical cleaning efficiency is influenced by 
several factors. The concentration of the cleaning agents in solution can affect the equilibrium and the rate 
of the intended cleaning reaction. It plays a role not only to maintain reaction rate but also to overcome 
mass transfer barriers imposed by the fouling layer. It is preferable to have dynamic cleaning involving 
circulating solutions through the system than static cleaning such as soaking. Temperature is also a factor 
because it can change the equilibrium and kinetics of the reaction, and even the solubility of the fouling 
agent. Therefore, it is preferable to clean the membrane at high temperatures, if it is compatible with the 
materials resistance (Shi et al. 2014). 
The most common way to evaluate the cleaning efficiency is comparing the pure water flux through fresh 
and cleaned membranes under the same operating conditions. To do this, the flux recovery rate (FRR) can 
be calculated through Equation 1-1. 



22 
 

(%) = × 100%     
Equation 1-1 

where J1 is the water flux of the pristine membrane and J2 is the water flux after cleaning. This method is a 
good indicator of membrane cleaning effectiveness, but it may not be reliable, because pure water fluxes 
do not assure a good operational flux. Therefore, the study of membrane fouling should be made using 
more sophisticated characterization techniques, such as imaging techniques, thermogravimetric analysis, 
streaming potential, contact angle, stress tests and membrane staining (Shi et al. 2014). 
 

1.7. Membrane characterization 
The prediction of membrane properties as well as process characteristics rest on the development of 
effective means of membrane characterization. Also, the ability to characterize membrane fouling and 
cleaning performance is a vital step in maintaining permeability and selectivity of the membrane. Some of 
the characterization techniques can be made with the membrane inside its module, but the majority of 
techniques, that allow a profound analysis of the fouling phenomenon, need to be performed ex situ (Shi, 
et al., 2014). This chapter will provide a brief theoretical description as well as some equations used in some 
methods of characterization that were applied in this work. 
 

1.7.1. Scanning electron microscopy 
Scanning electron microscopy (SEM) is one of the most used membrane surface analysis tools. This 
technique uses a focused beam of high energy electrons to generate a variety of signals at the surface of 
the membrane. The signals that derive from interactions between membrane specimen and electrons reveal 
information about the external morphology, chemical composition, crystalline structure and orientation of 
materials making up the specimen. For the compositional analysis, the conventional SEM needs to integrate 
a high energy dispersive X-ray spectroscope. 
In most cases, data is collected over a selected area of the surface of the specimen and a 2D image is 
generated. In addition, SEM could be used to observe cross section of the membrane that allows a clear 
visualization of internal fouling as well as a measure of the thickness of the fouling layer on the membrane 
surface (Figure 1-13). Unfortunately, for the detection of low fouling, SEM still remains inappropriate.  
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Figure 1-13 – SEM images of polysulfone MF membrane (with nominal pore size of 0.2 μm) top surfaces. A) Cleaned with porous 
surface clearly visible; B) BSA fouled; C) fouled with amylase. Magnification of 4300x (Kujundzic et al. 2011). 
Sample preparation, prior to SEM analysis of the membranes is also very important. Electrons are slowed 
down by the gas molecules they encounter, which explains the need for a high vacuum in the microscope 
column. This vacuum makes it impossible to observe hydrated samples at room temperature. Therefore, 
electron microscopy imposes specific techniques of sample preparation, notably when polymer membranes 
are to be observed. The specimens need to be dried by freezing and the membrane surface needs to be 
coated with metals (gold, platinum or palladium), so that the electrons can be emitted.  
 

1.7.2. Contact angle 
Contact angle (θ) is the angle formed by the intersection of the liquid-solid interface and the liquid-vapour 
interface (geometrically acquired by applying a tangent line from the contact point along the liquid-vapour 
interface in the droplet profile, (Figure 1-14). It is used to provide information regarding membrane surface 
energy properties, wettability and hydrophobicity/hydrophilicity. This latter application is perhaps the most 
common use for contact angle data by membrane users. 

 
Figure 1-14 – Illustration of contact angle formed by sessile liquid drop on a smooth homogeneous solid surface. The contact angle 
(θ) is defined as the mechanical equilibrium of the liquid drop under the action of three surface tensions: liquid-vapour (γlv), solid-vapour 
(γsv) and solid-liquid (γsl) (Bracco & Holst 2013).   
The behaviour of a liquid drop on a solid surface depends on the forces acting within all three phases 
occurring within the system, which comes from interactions between atoms, ions or molecules in the 
adjoining phases. Molecules set in pure liquids are pulled equally in every direction by neighbouring 
molecules, resulting in a net force of zero. However, molecules exposed at the surface do not have the 

A C B 
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same neighbouring forces, resulting in a contraction of the liquid surface, to maintain the lowest surface free 
energy. 
The equation describing the contact angle of a liquid drop on an ideal solid surface (Equation 1-2) was first 
presented by Thomas Young in 1805, and is defined as the mechanical equilibrium of a liquid drop under 
the action of three interfacial tensions: liquid-vapour (γlv), solid-vapour (γsv) and solid-liquid (γsl). 

cos = −       
Equation 1-2 

This equation illustrates the relationship between the adhesion of the liquid to the solid surface and cohesion 
of the liquid itself. A large contact angle is formed when the self-cohesion of the liquid is higher than the 
adhesion of the liquid to the solid. As the self-cohesion of the liquid decreases, the contact angle formed by 
the liquid on the solid surface decreases. Hydrophilicity of surfaces is expressed in terms of the water 
contact angle. If the contact angle is close to 0º (i.e., cos (θ) = 1), the surface is hydrophilic. On a hydrophobic 
surface, water forms distinct droplets. As the hydrophobicity increases, the contact angle of the droplets 
with the surface increases. Surfaces with contact angles close or above 90º (i.e., cos (θ) = 0) are designated 
as hydrophobic (Zeman & Zydney 1997). 
The techniques used for the measurement of contact angles are the sessile drop and captive bubble 
methods. For the determination of the hydrophilic/hydrophobic nature of the membranes in this work the 
captive bubble method is employed, because membranes are porous substrates, with a hydrophilic nature. 
Also, this method is preferable when samples are wet, but still maintains the sensitivity to roughness, 
porosity and heterogeneity of the surface. 
As shown in Figure 1-15 the membrane is immersed in water with the surface to be analysed facing 
downwards. A micro-syringe is then used to trap an air bubble underneath the surface of the membrane. 
The needle should remain in the bubble so as not to disturb the balance of the advancing angle and also to 
keep the bubble from drifting over the solid surface in case the plate is not perfectly horizontal.  

 
Figure 1-15 – Diagram showing the captive bubble method to measure the contact angle (θ) between a liquid and a membrane. 
Adapted from reference (Enrico & Giorno 2010). 
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The angle measured within the bubble shape is not yet the contact angle between solid and liquid, given by 
Equation 1-2. This results from the difference between 180º and the bubble angle, which is carried out 
automatically by the analysis software. 
This method has the advantage of ensuring that the surface is in contact with a saturated atmosphere, which 
will minimize the contamination of the solid-vapour interface from airborne oil droplets. It is important to 
mention that contact angles depend on many factors connected with how the sample is prepared and the 
characteristics of the zone analysed (local roughness, porosity, heterogeneity in the surface chemical 
composition).  
  

1.7.3. Performance experiments 
Characterization of fouling on UF by proteins, peptides and amino acids is essential to understand the 
mechanism of fouling and subsequently develop preventive or efficient cleaning strategies. In fact, the 
evaluation of performance, with permeability and selectivity, is very important to choose and adequate a 
separation method and to anticipate a possible mechanism of fouling. 
In the presence of a pure solvent, any increase in transmembrane pressure leads to a proportional increase 
on the permeate volume flux density which allows the membrane to be considered as an ideal porous 
medium. The coefficient of permeability is called hydraulic permeability, Lp, and depends on the intrinsic 
characteristics of the membrane: porosity, pore-size distribution, thickness, and hydrophilic nature.  
From tests with pure water, Lp (m) can be determined by means of Darcy’s law, which relates the flux with 
the transmembrane pressure (Equation 1-3), where J is the permeation flux (ms-1), Qp the permeate flow 
rate through the membrane (m3s-1), Am the surface area of the membrane (m2), TMP the effective 
transmembrane pressure (Pa). 

= = ×       
Equation 1-3 

The determination of membrane permeability coefficient requires that the permeation flux is measured over 
a range of pressures, within the operating range specified by the membrane manufacture. The plot of this 
measured flux versus effective transmembrane pressure must be a straight line, and its extrapolation to a 
zero pressure must meet the flux origin. From the slope one can deduce the hydraulic permeability of the 
membrane. 
Another important parameter in the characterization of membrane performance is rejection (R). 
Manufacturers characterize membranes by means of rejection with reference molecules such as dextrans, 
proteins or polyglycols. These measurements, when executed with a single solute, always depend on its 
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nature but also on the membrane and the process parameters used. The observed rejection of solute is 
calculated using Equation 1-4. 

= 1 − × 100% 

Equation 1-4 
where Cp and Cr are the concentration of the permeate and retentate solution, respectively. 
 

1.8. Strategy of this project 
In this project commercially available anisotropic PES membranes, with a MWCO of 300 kDa were modified, 
aiming to create a positively charged membrane. PES is one of the most important synthetic polymers widely 
used in membrane separation fields. It is also employed in biomedical fields such as artificial organs and 
medical devices used for blood purification (haemodialysis, hemodiafiltration, hemofiltration, 
plasmapheresis and plasma collection). PES and PES-based membranes are more stable than, for 
instance, cellulosic membranes, due to the electronic deactivation of the aromatic rings by the adjacent 
sulfone (-SO2-) groups (Figure 1-16) and also the repeating aromatic rings create a steric hindrance to 
rotation around the polymer backbone. 

 
Figure 1-16 – Chemical structure of PES. 

These membranes are resistant to high temperatures, being capable of withstanding temperatures up to 
75º C, with some reports of acceptable performance after limited exposure to temperatures as high as 125º 
C. They are able to operate over a wide range of pH (1-13) and are resistant to strong alkali (Zeman & 
Zydney 1997). Even though they are widely used, these membranes have some disadvantages. The main 
disadvantage is related to its hydrophobic character, which often results in serious fouling. 
In this project, PEI (MW=2000, Figure 1-17) is used to provide positive charge to the precursor membrane. 
The approach used is similar to the layer-by-layer adsorption of polyelectrolytes (1.5.7). Initially, membranes 
are subjected to sulfonation that will introduce negative charges, with the use of sulfuric acid. The degree 
of sulfonation is higher, when more concentrated solutions are used. However, continuous exposure to high 
concentrations could result in the degradation of the membrane. The degree of sulfonation can be quantified 
by measuring the ion exchange capacity of the sulfonated PES. According to Shah and co-workers, the 
degree of sulfonation increased from 44% to 88% of the maximum theoretical value (considering that 100% 
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of the polymer grafts are sulfonated with 100% efficiency), using higher concentrations of sulfuric acid (Shah 
et al. 2005). Therefore, for this project, the approach used for the sulfonation of the membranes is the 
described by the previously mentioned authors. Since this procedure was thoroughly characterized by other 
authors, it will not be characterized in detail (Zhao et al. 2013). 
Afterwards, PEI is deposited on the membrane by electrostatic interactions with the sulfonated membrane. 
PEI is a polyelectrolyte, produced by acid-catalysed polymerization of aziridine that contains primary, 
secondary and tertiary amino groups resulting in a structure of monomer units which is highly branched. 

 
Figure 1-17 – Chemical structure of polyethyleneimine (on the left) and of aziridine (on the right). 

The use of PEI is based on the fact that the extent of cationic charge on the polymer is dependent upon the 
pH of the solution. At pH values lower than 10, the amine groups accept a proton and become positively 
charged, since the IEP of this polymer is around 10 (Lindquist, 1975). After functionalization, BUDGE is 
used to confer stability to the membrane, since the connections between PEI and the base membrane are 
very fragile. This is achieved through cross-linking of the open epoxy group of BUDGE and some amine 
groups of PEI. 

 
Figure 1-18 – Chemical structure of butanedioldiglycidylether (BUDGE). 

Other mechanisms for the reduction of fouling by charged UF membrane have been proposed as well as 
the study of operational conditions.  
Zydney and co-workers studied the effect of electrostatic interactions between charged proteins and 
charged membranes and demonstrated that pH values and ionic strengths have profound effects on protein 
separation. Nystrom et al. studied UF with charged membranes and separated enzymes from fermentation 
broth and myoglobin from BSA, with high selectivity being achieved for the smaller protein at its IEP 
(Thömmes & Etzel 2007).  

NH
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Fractionation of a protein mixture (myoglobin and cytochrome c) was also attempted with positively 
(sulfonated) and negatively charged (aminated with quaternary group) PES UF membranes near to 
isoelectric pH of one of the proteins. High transmission of the neutral protein and strong electrostatic 
repulsion of the charged protein with the membrane matrix was observed (Nakao et al. 1988).  
Van Reis and colleagues studied the effect of charged polyethersulfone membranes on BSA and antigen 
Fab separation. By selecting the appropriate membrane charge and optimum pH, more than 900-fold 
purification and 94% yield of BSA was achieved BSA (van Reis et al. 1999). Fractionation of lysozyme and 
chicken egg white by UF were also studied using commercially available negatively charged membranes 
made of by regenerated cellulose or PES with 30 kDa MWCO. In optimized conditions, 99% lysozyme 
transmission with 2400 folds selectivity was obtained (Lu et al. 2005). Wang et al. (2006) prepared 
asymmetric ultrafiltration membranes from the blends of phenolphthalein polyethersulfone (PES-C) and 
acrylonitrile copolymers containing charged groups. These charged membranes could meet different 
demands of membrane applications, such as resisting protein fouling or protein separation, through 
adjusting solution pH value. Mehta and Zydney (2008) prepared membranes by the attachment of ligands 
to commercially available regenerated cellulose membranes activated with epichlorohydrin, to study the 
effect of spacer arm length on the performance characteristics of electrically charged ultrafiltration 
membranes using cytochrome c as a model protein. The results demonstrated that the performance 
improves with spacer-arm length and that the electrostatic interactions led to much better ultrafiltration 
performance than could be obtained with conventional (neutral) membranes. Karunakaran et al. (2014) 
prepared isoporous membranes with highly ordered pores in the nanometer range, by combining the self-
assembly of PS-b-PEO block copolymer and water induced phase separation. Protein rejection 
measurements were carried out for BSA and γ-globulin with values of 67% and 99%, respectively. Chen et 
al. (2016) studied the effect of an electric field on the separation of human serum albumin from PEG, with 
different molecular weights. The results showed the effectiveness of the method employed (electro-UF), 
when compared to conventional UF processes. The application of an electric field resulted in high flux and 
PEG transmission and low protein transmission through the membrane. 
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2. Materials and methods 
 

2.1. Membranes 
The 300 kDa flat sheet PES membranes were obtained from Novasep (Lyon, France) and cut into rounds 
with a diameter of 25 mm (Figure 2-1). These membranes have a total area of 4.9 cm2 and an effective 
membrane filtration area of 3.4 cm2 

 
Figure 2-1 – Membrane disks of PES of 3.43 cm2 filtration area, cut from industrially available flat sheet membranes. 

The membrane disk was handled carefully, to reduce damage to its glossy surface (the selective one). Each 
disk was thoroughly washed with a volume of 5 mL Milli Q water, for at least one hour, with the solution 
changed three times with fresh water, as instructed by the supplier. This procedure insures the removal of 
any storage or wetting agents from the membrane pore structure. 
 

2.2. Chemicals 
For the modification of commercially available PES membranes the following chemicals were used: sulfuric 
acid (H2SO4), 99.9% purity; polyethyleneimine (PEI, MW=2000) with a concentration of 50% in water and 
butanedioldiglycidylether (BUDGE), technical grade, at 60%, all obtained from Sigma-Aldrich (Steinhein, 
Germany). 
Dipotassium hydrogen phosphate (K2HPO4), sodium di-hydrogen phosphate anhydrous (NaH2PO4), sodium 
chloride (NaCl), DL-dithiothreitol (DTT) solution 1M in water, ammonium persulfate (APS) and 
N,N,N',N'tetramethylethylenediamine (TEMED) were obtained from Sigma-Aldrich. A 40% 
acrylamide/bisacrylamide (29:1) solution was obtained from Bio-Rad (Hercules, CA, USA). Coomassie Plus 
(Bradford) Protein Assay was purchased from Thermo Scientific Pierce (Rockford, IL, USA). 
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All the other reagents were of analytical grade and used as acquired without any further purification. The 
water used in all experiments was obtained from a Milli-Q system (Millipore, Bedford, MA, USA), unless 
otherwise specified. 
 

2.3. Biologicals 
2.3.1. Monoclonal antibodies 

Human normal immunoglobulin, with the commercial name of Gammanorm®, was obtained from 
Octapharma (Lachen, Switzerland), with a concentration of 165 mg/mL and 95% IgG (59% IgG1; 36% IgG2; 
4.9% IgG3; 0.5% IgG4 and at maximum 82.5 μg/mL of IgA). 
 

2.3.2. Fetal bovine serum 
Fetal bovine serum (FBS) was an ultra-low IgG variant purchased from Gibco® by Life Technologies 
(California, United States). The levels of IgG are lower than 5 μg/mL, the bovine viral diarrhea titter is low 
or not detectable, endotoxin level is inferior to 50 EU/mL and the hemoglobin levels inferior to 25 mg/dL. 
 

2.3.3. CHO cell supernatants 
The CHO cell supernatant was produced by the research team of Icosagen AS, partner of the European 
Project – INTENSO. This supernatant contains a humanized monoclonal antibody, from the IgG1 subclass. 
This antibody is derived from mouse anti-hepatitis C virus subtype 1b NS5B (nonstructural protein 5B) 
monoclonal antibody 9A2 expressed in mouse hybridoma culture. The cDNA of antibody variable regions 
were isolated and cloned into the human IgG1 constant region-containing antibody expression vector. The 
CHO cells were grown in a mix of two serum-free growth media, the CD CHO Medium (Gibco®, Carlsbad, 
CA) and the 293 SFM II Medium (Gibco®). CD CHO Medium is a protein free, serum-free, chemically 
defined medium optimized for the growth of CHO cells and expression of recombinant proteins in 
suspension culture. CD CHO is made without hypoxanthine and thymidine, for use in dihydrofolate 
reductase amplified systems, and without phenol red in order to minimize estrogen-like effects of phenol 
red. Prior to use, supplementation of 8 mM GlutaMAX™-I or L-glutamine was necessary. 293 SFM II is a 
serum-free medium of animal-origin, low protein (<10 μg/mL) formulation optimized for high-density 
suspension of 293 (human embryonic kidney) cells. 293 SFM II Medium requires aseptic supplementation 
with 4 mM L-glutamine or GlutaMAX™-I prior to use. The final concentration of IgG in the cell supernatant 
at harvest is around 0.1 g/L. 
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2.4. Preparation of modified membrane 
For the preparation of the negatively charged membranes, PES membranes where directly exposed to 0.5 N 
of H2SO4, by convection, at room temperature for 3 hours (Shah et al. 2005). Prior to use, the acid solution 
was centrifuged (12000 g, for 30 minutes) to remove any particles or contaminants that could be suspended. 
After sulfonation membranes were washed with water and stored in a water solution with 0.02% sodium 
azide, which acts as a preservative. 
The negatively charged PES membranes were immersed in a 10 mL aqueous solution with 5 g/L of PEI for 
8 hours, at atmospheric pressure and room temperature, with constant agitation, to promote good mixing. 
Prior to the experiment, all membranes were subjected to light vacuum in order to remove air bubbles that 
could still be at the surface and impair wetting. The modified membranes were then washed with 5 mL of 
water (at least three times with light agitation) and stored. The modified membrane was denoted as 
PES+PEI. 
The modified PES+PEI membranes were immersed in a 10 mL, 150 mM BUDGE solution in methanol and 
allowed to react overnight to obtain a cross-linked positive membrane. The membranes where then washed 
with 5 mL methanol and water (three times each, with light agitation) and stored in at 4 ºC until further 
characterization. The cross-linked membrane was denoted as PES+PEI+BUDGE. 
 

2.5. Membrane characterization methods 
2.5.1. Contact angle 

Static contact angles were determined using the captive bubble method (section 1.7.2). Membrane samples, 
used as taken from preservation solution, were placed horizontally on the top of a ceramic glass support. 
Afterwards, they were placed in a glass cell, with the testing surface facing down, and filled with water at 
room temperature. Air bubbles of the uniform size, were made at the tip of the U-shaped needle using a 
micrometric syringe (Figure 2-2) and injected to the testing surface. 

 
Figure 2-2 – Micrometric syringe.  

Bubble images were acquired using a video camera (CV-A50, JAI, UK) attached to a microscope (Wild 
M3Z, Leica, Germany) which is connected to a frame grabber (DT3155, Data Translation, Germany), with 
the experimental apparatus illustrated in Figure 2-3. 
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Figure 2-3 – Experimental apparatus for the determination of the contact angle. A – Video camera; B – Microscope; C – Frame grabber; 
D – Micrometric syringe; E – Glass cell filled with water, with the membrane testing facing down. 
 
After the attachment of the released bubbles to the solid surface, the images were recorded for 30 seconds, 
with a total of 8 pictures taken, for each bubble. Also, to study the variation of the contact angles trough 
time, one assay was performed during 1300 seconds, with a total of 27 pictures taken, for each membrane. 
The image acquisition and analysis were performed using the ADSA-P (Axisymmetric Drop Shape Analysis 
Profile) software. Eight to ten captive bubbles were formed on each sample and the picture-derived shape 
parameters averaged. 
 

2.5.2. Pure water flux measurement 
Membranes were tested in a lab-scale stirred-cell filtration setup (total volume of 10 mL, Amicon model 
8010, Millipore Corp., Bedford, MA, USA) for membranes disks of 25 mm diameter that was connected to a 
reservoir (≈ 250 mL). The reservoir and/or stirred cell was pressurized with compressed air (50 kPa to 300 
kPa), and all experiments were conducted at room temperature. Permeated fluids, collected at atmospheric 
pressure, were directed to vials onto a digital balance (PB 3002, Mettler Toledo, Switzerland), which was 
used to weight the permeate solution continuously through the operation time. The experimental apparatus 
used, as well as the stirred cell assembly is illustrated in Figure 2-4. 

A 
B 

C 

E 

D 
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Figure 2-4 – Schematic diagram of membrane stirred-cell filtration using compressed air on the feeding reservoir and the stirred cell 
assembly.  A - Cap assembly; B – Pressure relief valve; C -  O ring; D -  stirrer; E – Body; F – O ring; G – membrane; H – Membrane 
holder; I – Elastomeric tubing; J – Base; K – Tube fitting assembly; L – Tubing; M – Stand assembly. Adapted from reference.  
 
Membranes were initially pre-compacted by filtration of water at 300 kPa up to 30 minutes to reach a stable 
flux. The membranes pure water flux was evaluated at different pressures (50-150 kPa), with growing 
intensity, without agitation and was calculated using Equation 1-3. 
To study the effect of different ionic strengths and pH values on membranes, the feeding tank was charged 
with different solutions: NaCl buffers, 1 mM and 10 mM, with three different pH’s (5, 7 and 9), where the pH 
was adjusted using 0.1 M NaOH. The membrane was washed with water after each experimental run to 
thoroughly remove the remains of the previous solute. Three membranes were tested for each modification 
and the average results are presented. Membrane flux was calculated using Equation 1-3. 
 

2.5.3. Ultrafiltration assays 
Ultrafiltration assays were conducted for three different protein solutions to evaluate flux variability and 
recovery ratio (FRR), protein rejection (R) and adsorption, at known pH and transmembrane pressure. 
Solutions (V0 = 9 mL) of 0.1 g/L IgG, 2.5 % FBS and of both proteins at the same concentrations 
(denominated mimetic serum cell culture supernatant – M. serum) were prepared in a 10 mM phosphate 
buffer (PB), at three different pH values (5, 7 and 9), as feed solutions. All filtration experiments were 
performed at 50 kPa, room temperature and agitation (400 rpm). 
Different fractions of permeate were collected: the initial permeate, with an approximate volume of 5 mL, 
and the second permeate, with a volume of 1.5 mL. This was conducted discontinuously, without stopping 
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the procedure. Flux reduction was studied as function of time and volumetric concentration factor (VFC) 
through Equation 2-1. 

= = ( − ) 

Equation 2-1 
where V0 is the initial volume, VR the retained volume and VF the volume of filtered or permeated solution. 
Flux reduction is the ratio between the operational flux after rehearsals with proteins (J) and the initial water 
flux, determined before any protein rehearsal (J0). 
Protein observed rejection was determined using Equation 1-4, taking into consideration the last fraction of 
permeate. This gives a more realistic value, since this parameter should be calculated when the permeate 
and the retentate are in equilibrium.  
After each run, the membranes were washed with 10 mL of water, for five minutes, and the water flux was 
determined again at 50 kPa. To evaluate the membrane-solute interactions the flux recovery rate was 
calculated with Equation 1-1. If the water flux, after protein filtration, is lower than the initially determined, 
membranes were regenerated with 10 mL of NaOH, 0.1 M, inside the UF cell, with agitation for one hour, 
without permeation. This was conducted with the assumption that modified and unmodified membranes 
resist the regeneration treatment. 
To study the behaviour of the membranes with a simulated solution of proteins, a CHO cell supernatant was 
used in permeation experiments. For these experiments, only the best conditions, previously found with IgG 
and FBS, were tested. 
 

2.5.4. Surface morphology 
The top selective surface and cross-section morphologies of the precursor PES and modified PES 
membranes were observed using a field emission gun scanning electron microscope (FEG-SEM, model 
JSM7001F, JEOL Ltd, Tokyo, Japan ), under standard high-vacuum conditions at magnifications in the 
range 150× – 20000×, operating at an acceleration voltage of 15 kV. Beforehand, all the membranes were 
washed, frozen at -70º C and then freeze-dried by lyophilisation, to remove all the humidity present. The 
samples were cut with a guillotine (only samples used to observe the cross-section), followed by gold 
coating in a sputtering device (Q150T ES, Quorum Technologies Ltd, East Sussex, England). 
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2.6. Analytical methods 
2.6.1. IgG quantification 

The concentration of IgG in the feed, permeate and retentate, resultant from the UF experiments, was 
determined by affinity chromatography in ÄktaTM Purifier 10 system from GE Healthcare equipped with an 
analytical POROS Protein A affinity column (2.1 x 30 mm) from Applied Biosystems (Foster City, CA, USA). 
Adsorption of IgG to the column was performed with 15 bed volumes of 50 mM sodium phosphate buffer at 
pH 7.4 containing 150 mM NaCl for 1.8 min, at a flow rate of 1 mL/min. Elution was triggered by decreasing 
the pH value to 2 – 3, using 10 bed volumes of 12 mM HCl with 150 mM NaCl during 2.5 min, at a flow rate 
of 1 mL/min. Finally, the column was re-equilibrated with the adsorption buffer for 3.4 min.  
Samples containing IgG were diluted 10× (permeate 1 and 2) and 15× (feed and retentate) in the adsorption 
buffer and 0.5 mL of diluted solutions were injected in the column using an autosampler A-900 from GE 
Healthcare. Absorbance was monitored at 215 nm. IgG concentration was determined form a calibration 
curve obtained using Gammanorn IgG as a standard (Appendix – Figure 6-1). IgG standards were prepared 
in a concentration range between 0.2 to 20 mg/L. When not in used the column was storage in 10 mM 
sodium phosphate buffer, containing 0.02% sodium azide, at pH 7.4. 
 

2.6.2. Total protein quantification – Bradford assay 
The concentration of total protein in the feed, permeate and retentate were determined by the Bradford 
method using a Coomassie Plus kit. BSA was used as a standard for protein calibration, and the calibration 
curves were prepared using a set of standards with concentrations between 5 and 400 mg/L (Figure 6-2). 
The assays were set up in 96-well polystyrene microplates and 200 μL of Comassie reagent were added to 
50 μL of samples, blanks and standard solutions. The plate was mixed on a plate shaker for 30 seconds, 
and incubated for 10 minutes at room temperature. Absorbances were read at 595 nm in a Spectramax 384 
Plus from Molecular Devices (Sunnyvale, CA, USA). 
 

2.6.3. Protein and IgG adsorption 
Protein adsorption on unmodified and modified PES membranes was evaluated by performing mass 
balances to the UF experiments.  In a filtration process, proteins may pass through the membrane, remain 
in retentate, reversibly accumulate on the membrane or irreversibly adhere onto/into it. To investigate this, 
the feed solution, permeate and retentate were collected and their concentrations (total and IgG) were 
measured using the before mentioned methods (IgG quantification and Total protein quantification – 
Bradford assay). Afterwards, the mass of IgG and total protein was determined for each fraction, allowing 
the calculation of adsorbed protein on the membrane, through the mass balance given by Equation 2-2. 
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= − ( , + , + ) 
Equation 2-2 

The adsorbed amount of total protein and IgG per unit area of membrane (Q, g/cm2) was calculated using 
Equation 2-3. 

=  

Equation 2-3 
where Am is the effective membrane filtration area (cm2). 
 

2.6.4. Purity evaluation – Protein gel electrophoresis 
Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) was performed to evaluate 
qualitatively the purity of IgG in the permeate and retentate, obtained from UF experiments. Samples were 
previously diluted in a loading buffer containing 62.5 mM Tris-HCl, pH 6.2, 2% SDS, 0.01% bromophenol 
blue and 10% glycerol, and denatured in reducing conditions (0.1 M dithiothreitol (DTT)), at 100 °C for 10 
minutes. For a final volume of 50 µL, 25 µL of loading buffer, 20 µL of protein sample, and 5 µL of 1 M DTT 
were used. A volume of 20 µL of these samples was applied in a 12% acrylamide gel, prepared from a 40% 
acrylamide/bisacrylamide stock solution, and ran at 90 mV using a running buffer containing 25 mM Tris-
HCl, 192 mM glycine and 0.1% (w/v) SDS at pH 8.3. The set of molecular marker used in all gels was the 
Precision Plus Protein™ Dual Color Standards, from Bio-Rad. Gels were stained in an aqueous solution 
containing 0.1% Coomassie Brilliant Blue R-250 in 30% ethanol and 10% acetic acid for 1 hour. Destaining 
was achieved by successively washing the gels with 30% (v/v) ethanol and 10% (v/v) acetic acid, until 
background colour disappeared. The SDS-PAGE gels were afterwards stored in water until scanned using 
a GS-800 calibrated densitometer, from Bio-Rad (California, US). 
 

2.6.5. Protein characterization – Isoelectric focusing 
Isoelectric focusing (IEF) was the high resolution technique used for separating IgG, FBS and CHO cell 
supernatants on the basis of their IEP. For the IEF of the protein samples, PhastGel® IEF 3-9 with 
50x46x0.45 mm (GE Healthcare, Uppsala, Sweden) was used. PhastGel® IEF media are precast 
homogeneous polyacrylamide gels (5% T and 3% C) containing 2%-6% Pharmalyte® as carrier ampholytes. 
Pharmalyte generates stable, linear pH gradients with uniform conductivity across the entire pH range, 
allowing field strengths >500 V/cm for high resolution separations. IEF was performed using a Pharmacia 
PhastSystem Separation (Amersham Biosciences, Buckinghamshire, United Kingdom). Each run takes 500 
Vh (approximately 30 minutes). The prefocusing step takes 10 minutes. 



37 
 

The IEP markers used were a Broad IEP Kit, pH 3-10 from GE Healthcare, with the different components, 
namely, amylglucosidase (pI=3.50); methyl red (IEP = 3.75); trypsin inhibitor (IEP = 4.55); β-lactoglobulin A 
( IEP = 5.20); bovine carbonic anhydrase B (IEP = 5.85); human carbonic anhydrase B (IEP = 6.55); 
myoglobin,acidic band (IEP = 6.85); myoglobin, basic band (IEP = 7.35); lentil lectin, acidic (IEP = 8.15); 
lentil lectin, middle (IEP = 8.45); lentil lectin, basic (IEP = 8.65) and trypsinogen (IEP = 9.30).  
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3. Results and discussion 
The experimental results obtained in this thesis were divided into five sections: 1) membrane derivatization, 
2) membrane characterization, 3) study of protein fouling on flux reduction, 4) protein rejection and 5) 
membrane behaviour on the UF of a supernatant solution. All membranes were designated by their 
polymeric component, i.e. polyethersulfone precursors will be referred to as PES, and PES derived by their 
main modification component, PEI and BUDGE. 
 

3.1. Membrane derivatization 
To functionalize a membrane to be pH responsive and sensitive, a PES based membrane was sulfonated, 
using sulfuric acid, followed by deposition of PEI by electrostatic interactions and cross-linking with BUDGE. 
Sulfonation is a chemical reaction in which sulfonic groups (-SO3H) are introduced into the aromatic 
backbone of PES. This is an electrophilic aromatic substitution (Figure 3-1), in which a hydrogen atom is 
replaced by sulfonic acid, usually in the ortho positions of the aromatic ring relative to the oxygen atom of 
the main chain. 

 
Figure 3-1 – Sulfonation reaction of PES with sulfuric acid, with the electrophilic substitution of hydrogen atoms by sulfonic groups. 

This type of reactions are usually difficult to achieve, due to the electron repulsion effect of the sulfonic 
group which deactivates the aromatic rings for substitution. Nevertheless, and since only pore surface 
modification is desired, the direct exposure to the acid solution is sufficient to form immobilized sulfonic acid 
groups (Shah et al. 2005). Also, the aggressiveness of the acid treatment on membrane viability was a 
concern at the beginning of this work. Therefore, SEM images of the morphology of the upper surface of 
membranes treated with sulfuric acid were obtained and are presented in Figure 3-2 . As it shows, the 
membrane exhibits a smooth surface with a heterogeneous pore structure, indicating that no negative effect 
regarding the treatment with acid was observed. 
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Figure 3-2 – SEM images of SPES membrane top layer at 20000× 

PEI was deposited on the sulfonated PES membrane by electrostatic interactions between the negatively 
charged sulfonic groups of the membrane and the amine groups (-NH2) of PEI, as shown in Figure 3-3. 
These electrostatic interactions between the polyion in solution and the surface are the key to the final 
structure.  

 
Figure 3-3 – Deposition of PEI on the negatively charged surface of the precursor PES membrane, by electrostatic interactions. To 
facilitate visualization, only a part of the PEI polymer is shown. 
Since these electrostatic interactions are fragile, cross-linking with BUDGE will provide stability to the 
membrane. The reaction for the cross-linking reaction is shown in Figure 3-4 

 
Figure 3-4 – Cross-linking reaction for PEI with BUDDGE. Adapted from reference (Cheng et al. 2011). 
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3.2. Membrane characterization 
3.2.1. Surface morphology 

Membranes were analysed using SEM to characterize the morphology and to evaluate their viability before 
and after UF experiments with protein solutions. The SEM images of the morphology of the upper surface 
(selective part of the membrane), cross-section and non-selective surface of membranes, before UF 
experiments, are shown in Figure 3-5. 

 
Figure 3-5 – SEM images of PES membranes: top layer at 20000× (A, B, C left), bottom layer at 200× (D) and cross section at 150× 
magnification (A, B, C right). A – Unmodified PES, B – Modified PES with PEI, C – Modified PES with PEI and BUDGE, D – bottom 
surface, equal to all membranes. 
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B B 

C C 

D 
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Each membrane exhibits a smooth surface, with a heterogeneous distribution of pores, and have a sponge 
like top-layer, supported by an entangled fibres structure. The magnification of membranes seems to show 
very little regarding the surface modification. This may be due to the fact that the layer of PEI is a very thin 
molecular layer. On the PES modified with PEI and BUDGE some debris can be seen on the top of the 
surface, which may have been caused by the derivatization process or by insufficient washing, but that is 
impossible to ascertain. 
The morphology of fouled membranes was also evaluated. Membranes after ultrafiltration with protein 
solutions of IgG and FBS were washed with water in the UF cell, for five minutes, with agitation. In Figure 
3-6 are presented the morphologies of the selective surface and cross-section. 

 
Figure 3-6 – SEM images of PES membranes: top layer at 10000× (A, B, C left)  and cross section at 150× magnification (A, B, C 
right). A – Unmodified PES, B – Modified PES with PEI, C – Modified PES with PEI and BUDGE. 

A A 

B B 

C C 
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The morphology of membranes after UF experiments is visibly different from the cleaned ones. The surface 
is rougher, with smaller pores and with a layer of debris. This suggests that, due to the adsorption of proteins 
during the experiments, the fouling effect is large, but also indicates that the regeneration of membranes is 
a very important step to maintain membrane operationality and permeability. 
 

3.2.2. Contact angle 
The hydrophobicity of the membranes was measured in terms of contact angle using the captive bubble 
method. Table 3-1 summarizes the average contact angle values for unmodified and modified membranes. 
Since the angle measured by the software is the angle through the gas phase, the reported one is the 
supplementary (180º - θsoftware).  

Table 3-1 – Average contact angle measurements, taken in 30 s, for membranes using captive drop method. 

Membrane Average Contact Angle 
PES 49⁰±5⁰ 
PES+PEI 48⁰±4⁰ 
PES+PEI+BUDGE 49⁰±4⁰ 

 
The contact angles between membranes don’t show great variability, which may indicate that the 
functionalization does not influence membrane wettability. According to the literature (Enrico & Giorno 
2010), the order of contact angle, using captive bubble, for different types of membranes is: polysulfone (73º 
– 42º ) > cellulose acetate (60º – 47º) > sulfonated polysulfone (54º – 16º) > polyacrylonitrile (53º – 34º). It is 
interesting to observe that, for the same base polymer, the range of contact angles is very high. This also 
happens with PES membranes. According to Li et al. (2014), the contact angle of PES membranes, with a 
MWCO of 20 kDa and using captive bubble method, is 41⁰±8º, while Salinas-Rodriguez et al. (2015) reported 
that, for membranes with 100 kDa using the sessile drop method, the angle is 56±3º. Although the 
membranes used on this work have higher MWCO, the obtained contact angles are very similar. Some 
differences could be accounted to the permeation of bubbles in membrane pores, making the comparison 
between researches very difficult. 
Regarding the hydrophobic/hydrophilic character of membranes, they exhibit a hydrophilic character, since 
θ < 90º (Enrico & Giorno 2010). Differences between modified and unmodified membranes were expected, 
but experimentally did not occurred. The introduction of hydrophilic compounds, like PEI, should have 
decreased contact angles (Zhao et al. 2013), which is not observed. The possible explanation for this is, 
since the molecular layer of PEI is very thin, the differences in contact angles are not significant. 
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Another aspect that was investigated was the evolution of contact angles through times. Previous works 
suggested that, due to interactions of membrane groups with the bubble or water, the contact angles kept 
changing (Zhao et al. 2013). The results of this analysis are presented in Figure 3-7. 
 

 
Figure 3-7 – Time dependence of contact angle values of unmodified and modified (PES+PEI and PES+PEI+BUDGE) membranes, 
washed with water before experiments. Inscribed rectangle shows an air bubble sitting beneath a membrane during a measurement 
with the captive bubble method.  
As one can see, the variability of contact angles with time, for all membranes, is  
negligible, and is inside the standard deviation (Table 3-1). 
In order to evaluate the effect of fouling on the membranes contact angle, experiments were conducted after 
ultrafiltration runs, with simulated CHO supernatants solutions (IgG and FBS solutions), with membranes 
prior to any regeneration and only washed with water for 5 minutes. Results of contact angles comparing 
both cleaned and fouled membranes are shown in Figure 3-8. 

 
Figure 3-8 – Effect of protein fouling on contact angle of unmodified and modified membranes, before and after UF of two protein 
solutions. 
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The convective exposure of membranes to the protein solutions reduced the contact angle significantly for 
the unmodified PES and modified PES+PEI membranes. In contrast, the membrane modified with PEI and 
BUDGE did not change significantly after exposure. This phenomena could be explained by the adsorption 
of proteins on the membrane surface. Proteins, such as IgG, albumin and other components of FBS, could 
have adsorbed to the membrane surface, probably by hydrophobic interactions, decreasing membrane 
contact angle, and increasing membrane hydrophilicity. 
For the cross-linked membrane, BUDGE could have increased hydrophobicity of the membrane due to the 
alkyl chain, but this does not happen to the unused membranes, where this phenomenon should have also 
been predominant. Therefore, this difference is probably attributed to heterogeneity of contact angles 
through the membrane. 
 

3.2.3. Pure water flux measurements 
Prior to testing, all membranes were compressed with water, for 30 minutes, at 300 kPa. This allows the 
irreversible pre-compaction of the membrane so that, during the UF experiments, this phenomenon does 
not influence flux measurements. It also allows removing any kind of bubbles that are attached to the 
membrane surface. The effect of compression in the permeate flux can be observed in Figure 3-9, where 
two PES membrane, one compressed the other not, are compared. 

 
Figure 3-9 – Evolution of water (pH=5.3) permeation fluxes with transmembrane pressure (kPa). Effect of pre-compaction on 
unmodified PES membranes 
After compaction of the membrane, flux reduction was almost 20%. This happens because the walls of the 
pores become closer, denser and uniform resulting in reduction of pore size and flux after compaction. 
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Therefore, pre-compaction of membranes is an important parameter to have in consideration before any 
solutes UF experiments. 
The water flux of membranes, at pH 5.3 and different pressures was then measured to see the effect of 
modifications on membrane permeability and the data is depicted in Figure 3-10. 

 
Figure 3-10 – Effect of transmembrane pressure (kPa) on pure water (pH 5.3) fluxes [L/(m2.h)] for unmodified (PES) and modified 
(PES+PEI and PES+PEI+BUDGE) membranes, at room temperature. 
It is shown that, with increasing pressure, the pure water flux increases almost linearly for all membranes 
with the increase in transmembrane pressure required because water permeation follows the Darcy’s model. 
Regarding the differences between membranes, it was expected that the modified membranes had the 
lowest fluxes due to the formation of a layer on its surface, but that did not happen. The membrane modified 
with PEI has the highest flux values, followed by precursor PES and PES+PEI+BUDGE.  
There are two possible explanations for this phenomena. The first is related to the hydrophilic character of 
PEI. This polymer is a hydrophilic compound that is connected to the membrane by fragile electrostatic 
interactions. During permeability experiments, the enhancement of membrane hydrophilicity could increase 
the pure water flux. The other explanation could be related to the disruption and/or damage of the precursor 
PES chains packing and linking, due to the introduction of PEI. 
The different fluxes observed between membranes modified with PEI and PEI+BUDGE could be explained 
by the type of conformation that the PEI polymers acquire. According to Choudhury and Roy (Choudhury & 
Roy 2013), PEI conformation is highly influenced by the pH of the solution. At basic pH values, the polymer 
is coiled, while at acidic pH the chains are elongated (Figure 3-11).  
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Figure 3-11 – Snapshots of the 50-mer PEI chain for the (a) highly coiled chain (basic pH), (b) elongated chain (acidic pH). The blue 
region is the surface area of the polymer chain (Choudhury & Roy 2013). 
When the membrane is only modified with PEI, the influence of the conformations may not be limiting. When 
the chain is elongated it could possibly be mobile and create the same plugging effect on the pore as the 
coiled conformation. BUDGE gives stability to the layer of PEI decreasing space for the mobility of its chains. 
Therefore, pure water flux is reduced, which is attested by the data obtained on Figure 3-10. 
Permeability of membranes was obtained from the slope of the plots Figure 3-10, using Equation 1-3, and 
are shown in Table 3-2. The presented values of standard deviations were calculated for several 
permeability experiments and are not associated to the error of the slope. 

Table 3-2 – Water permeability values [L/(m2.h.kPa)] for membranes, obtained with Milli-Q water, at room temperature and pH 5.3. 

Membrane Water permeability [L/(m2.h.kPa)] 
PES 16.2 ± 0.1 
PES+PEI 17.7 ± 1.3 
PES+PEI+BUDGE 13.8 ± 0.6 

 
As expected, from previously reported data, the highest water permeability is achieved by the PES+PEI 
membrane. It is also possible to conclude that, due to the formation of a very thin layer on the membranes, 
the difference between permeabilities is very small and within experimental error. 
 

3.2.4. Influence of ionic strength and pH on permeability 
To study the effect of different ionic strengths on membrane efficiency, permeation studies were conducted 
with two different concentrations of salt (1 mM and 10 mM of NaCl) and at three different pH values (5, 7 
and 9). The effect of the transmembrane pressure on the permeate flux of the three membranes under 
study, PES, PES modified with PEI, and PES modified with PEI and crosslinked with BUDGE is shown 
Figure 3-12. 
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Figure 3-12 – Effect of ionic strength and pH on electrolyte solution permeation flux [L/(m2.h)]. The data on the left (circle) was obtained 
for a 1 mM NaCl solution, the data on the right (square) was obtained for a 10 mM NaCl solution, at room temperature and increasing 
transmembrane pressure (kPa). A – Unmodified PES, B – Modified PES with PEI, C – Modified PES with PEI and BUDGE. 
In UF, the rate of solvent transport is dependent on the membrane surface charge and solution ionic strength 
due to electrokinetic effects. When a membrane acquires electric charge, on the surface or interior of the 
pore, the requirement of electroneutrality leads to the formation of an electric double layer. This double layer 
has a charged surface and a neutralizing excess of counter/ions in solution. With the increase of ionic 
strength, the thickness of the electrical double layer of the membrane pore reduces. Therefore, the 
“effective” pore size increases and approaches the real pore size, increasing solution permeation flux. With 
an increase in salt concentration from 1mM to 10 mM NaCl, permeation flux is higher, as shown in Figure 
3-12. 
The influence of the pH value is also a very important parameter to take into consideration. For the same 
salt concentration, the value of flux decreased with the increase in pH. For the unmodified membrane, the 
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flux does not change significantly, but for the functionalized membranes, flux decreases with the increase 
of pH. To better understand this phenomenon, permeability parameters were calculated and are presented 
in Table 3-3. 
Table 3-3 – Permeability values [L/(m2.h.kPa)] for unmodified and modified membranes, with different concentrations of NaCl and at 
different pH values. All tests were performed at room temperature. 

 10 mM 1 mM 
Membrane pH = 5 pH = 7 pH = 9 pH = 5 pH = 7 pH = 9 

PES 14.4 ± 0.2 12.2 ± 0.04 11.3 ± 0.3 11.7 ± 0.5 10.6 ± 0.06 10.7 ± 0.8 
PES+PEI 15.6 ± 1.4 13.4 ± 0.9 11.3 ± 1.1 10.6 ± 0.6 7.80 ± 0.5 6.38 ± 0.2 
PES+PEI+BUDGE 23.7 ± 0.3 21.4 ± 1.1 17.7 ± 0.6 16.4 ± 0.9 13.8 ± 0.2 12.3 ± 0.6 

 
As mentioned before, the permeability values for unmodified membranes does not change significantly, for 
the same concentration of salt. But, for modified membranes, as the pH increases permeability decreases. 
Changes in the pH value of the solutions can lead to a conformational change of PEI resulting in changes 
of the pore size of membrane.  
Under low pH conditions, PEI is completely protonated and there is a steady increase in the electrostatic 
interactions. This causes repulsion among the monomeric units of the polymer, minimizing interactions and 
elongating the PEI chain (Choudhury & Roy 2013). Also, this electrostatic repulsions can happen, not also 
between monomers, but also between the different moieties on the membrane. As mentioned before, the 
motility of the elongated polymer could increase permeability, as it is shown by the high values of 
permeability at pH 5. At lower pH, the polymer is deprotonated, acquiring a coiled structure. This will 
decrease motility and decrease effective pore size. Therefore, permeability decreases, as it is shown by the 
values obtained at pH 9. (Figure 3-13). 

 
Figure 3-13 – Permeation mechanism through modified PES membranes. At low pH (left), PEI polymers are elongated, increasing 
motility and permeation. At high pH (right), PEI polymers are coiled, decreasing effective pore size and decreasing permeation. 
Regarding the differences between modified membranes, the PES+PEI+BUDGE membrane showed the 
highest values of permeability, even though one could expect that it had similar values to the PES+PEI 
membrane. One possible explanation is that, since BUDGE is cross-linked with PEI, the number of 
electrostatic repulsions are lower than the ones for the membrane only modified with PEI. This would 
decrease the swelling of the membrane pore and as consequence increase permeability of ionic solutions. 
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Another important factor is the IEP. The IEP is the pH value where virtually no charge is present at the 
surface. According to Cheng et al. (2011) the IEP of membranes modified with PEI and BUDGE are 10.2 
and 9, respectively. Even though the membranes used on that study are not made of PES (the membranes 
used were a composite membrane of polyetherimide/ sulfonated polyether ether ketone) one can postulate 
that the change of IEP is mainly due to the modification of the surface and pore, and not to the type of 
precursor membrane. Also, the IEP of PES membrane is 5.5, according to Salgin et al. (2013). 
At the IEP, the repulsion between polymer moieties is negligible, because the net charge of the membrane 
is zero, which in turn decreases membrane pore swelling (that happens at higher pH values). For the 
unmodified PES membrane, this effect is clearly noticeable. At pH 5, the net charge of the membrane is 
approximately zero, decreasing polymer-polymer repulsions and increasing permeability. For the modified 
membranes this is not as noticeable as for the precursor membrane. Although this is true, it is possible to 
see that, at pH 9, the permeability values, for both membranes, have less disparity between themselves 
than for pH 5 and 7. Probably, the swelling of the pore at this point is only due to the polymer conformation 
and not to the electrostatic repulsions between polymer moieties of the membrane. 
 

3.3. Fouling experiments 
3.3.1. Characterization of protein media 

Before starting the fouling experiments it’s important to characterize the mediums that contains the protein 
of interest, IgG, and the protein solution that will simulate the IgG impurities in supernatants. This is 
important, because the nature of the impurities, especially in regards to the IEP, is a crucial point when 
performing UF experiments with prospectively charged membranes. 
To characterize the proteins in solution two techniques were chosen: protein gel electrophoresis (SDS-
PAGE) and isoelectric focusing (IEF). SDS-PAGE is a technique that allows the visual evaluation of the 
purity or complexity of the sample, since the intensity of the bands is proportional to the concentration of 
proteins. 
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Figure 3-14 – Purity evaluation of the three types of feed, that will be used for fouling experiments, through SDS-PAGE electrophoresis. 
M: Protein molecular weight marker; Lane 1: pure IgG; Lane 2: Fetal bovine serum; Lane 3: CHO cell supernatant. Position of IgG 
heavy (H) (50 kDa) and light (L) (25 kDa) chains are indicated with rectangles. 
Antibodies are composed of two identical chains heavy chains (50 kDa) and two identical light chains (25 
kDa), which can be confirmed by Figure 3-14. Fetal bovine serum (lane 2 of the gel) has a very strong band, 
at around 66 kDa that corresponds to its major component, serum albumin. The final lane belongs to the 
CHO cell supernatant fluid.  
IEF is a technique that allows the separation of different molecules according to their isoelectric point. It is 
a type of zone electrophoresis, usually performed on proteins in a gel that takes advantage of the fact 
that overall charge on the molecule of interest is a function of the pH of its surroundings. 
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Figure 3-15 – Silver stained IEF gel of the solutions used for fouling experiments. Lane 1: IEP broad standards (from bottom to top: 
Amylglucosidase - 3.50; Methyl red - 3.75; Trypsin inhibitor - 4.55; β-Lactoglobulin A - 5.20; Carbonic anhydrase B (bovine) - 5.85; 
Carbonic anhydrase B (human) - 6.55; Myoglobin, acidic band - 6.85; Myoglobin, basic band - 7.35; Lentil lectin, acidic - 8.15; Lentil 
lectin, middle - 8.45; Lentil lectin, basic - 8.65 and Trypsinogen - 9.30); Lane 2: IgG solution, with a concentration of 0.1 g/L; Lane 3: 
CHO cell supernatant; Lane 4: FBS solution, with a concentration of 2.5%. 
By the results presented in Figure 3-15, the Gammanorm IgG has a wide range of isoelectric points, from 
6.5 to 9, as it is composed by serum antibodies. Nevertheless, at neutral pH values the amount of IgG with 
negative charge is insignificant allowing a pH-based separation. FBS and CHO cell supernatant have IEP 
from 3 to 6. 
 

3.3.2. Flux measurements 
The data presented in this section only takes into consideration experiments performed with 0.1 g/L IgG; 
2.5% FBS; and a mimetic serum cell culture supernatant (M. serum) composed by 0.1 g/L IgG and 2.5% 
FBS, at a constant transmembrane pressure of 50 kPa. The solutions were prepared in phosphate buffer 
(PB), with three different pH values – 5, 7 and 9. Experiments with a real cell supernatant will be shown 
later, since this solution is only used for the optimized conditions. 
The behaviour of individual membranes to the three solutions are presented in the appendix (section 6.2). 
In order to have a representative illustration of membrane behaviour to different protein solutions, data 
regarding UF experiments for solutions at pH 9 is demonstrated in Figure 3-16. It shows the flux reduction 
(J/J0) as function of time and volumetric concentration factor (VFC) for UF experiments of FBS (A) and IgG 
(B) solutions, at pH 9, for modified and unmodified membranes.  



52 
 

 
Figure 3-16 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of 
solutions composed of 2.5% FBS (A) and 0.1 g/L (B) ,at pH 9, with unmodified and modified PES membranes.  
From the analysis of the data, it is possible to conclude that all the membranes exhibit the highest decrease 
in flux when subjected to UF with the FBS solution, with the flux decreasing to less than 10% in the initial 
instants. This makes sense because, since the concentration of protein is very high, the concentration 
polarization and fouling effects are more noticeable. Also, the decrease in flux is much sharper at the 
beginning of the UF, with all membranes acquiring a quasi steady flux early on the experiment. This is a 
result of concentration polarization on the membrane surface with posterior membrane fouling. As expected, 
the solution containing only IgG has the lowest flux reduction, not only because of lower protein 
concentration in solution, which influences positively both concentration polarization and fouling, but to the 
proteins in composition. FBS has a large number of proteins which can interact differently with the 
membrane, increasing the likelihood of plugging effect on the membrane pores, which in turn reduces the 
flux. 
The time taken to reach the final volumetric concentration factor (VCF) with the different membranes follows 
the same trend. Solutions with higher content of protein take longer to concentrate the same volume of 
solution, than the ones with lower content due to the decreased permeation.  
Another important aspect to take into consideration is the fact that, at the end of the UF experiments, the 
concentration on the membrane surface could be sufficient to form a gel layer. This would lead to another 
sharp decrease on filtration flux, since the TMP was kept constant. However, that does not happen. For all 
solutions, there is some decrease in flux (especially for FBS and IgG solutions), due to the increase in pore 
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clogging, but it is not sharp. This means that the final concentration of solutes (VCF = 6) was not enough to 
induce more flux reduction. 
Regarding pH, it is interesting to observe that, for alkaline pH values, the decrease in flux is smaller and, as 
a consequence, the time it required to filtrate the same volume of solution decreases. This reduction is 
associated with the changes in electrostatic interactions between the membrane and the proteins. Taking 
into consideration the IEP of all the proteins in solution (Figure 3-15) and the IEP of the membranes, at pH 
9 the interactions are the strongest. At this value, the membranes have positive charge, almost all proteins 
from FBS are negatively charged, while antibody molecules bear a very weak charge (or no charge at all), 
increasing selectivity. 
In order to explain the different membrane performances, only the data regarding the mimetic cell culture 
solution (containing both FBS and IgG) will be shown in this section. The data concerning the other solutions 
is presented in the appendix (6 - Appendix). For pH 5, the decrease in flux is accentuated and similar for all 
membranes (Figure 3-17). 

 
Figure 3-17 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
mimetic serum cell culture supernatant composed by 0.1 g/L IgG and 2.5% FBS, at pH 5, with unmodified and modified PES 
membranes. 
The sharp reduction in the beginning of the experiment is a direct consequence of the concentration 
polarization phenomenon. All the membranes are positively charged and the interactions between solute 
and membrane are related to electrostatic interactions. The FBS present in solution has a very low IEP, 
which means that, at pH 5, it is negatively charged, therefore interacting with the positively charged 
membranes.  
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Figure 3-18 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
mimetic serum cell culture supernatant composed by 0.1 g/L IgG and 2.5% FBS, at pH 7, with unmodified and modified PES 
membranes. 
For pH 7, there is a change in the net charge of the membranes, which will influence the dynamics of the 
UF experiments (Figure 3-18). The precursor membrane is now negatively charged, which will make it more 
attracted to positively charged molecules, like the IgG present in solution. FBS is negatively charged so the 
repulsion is higher, which in turn has a positive effect in the initial flux reduction (Figure 6-5). Regarding the 
other membranes, the flux reduction is more accentuated than for pH 5. This happens because the number 
of negatively charged molecules is higher than for pH 5, interacting more with the membrane, which in turn 
will increase the fouling effect.  

 
Figure 3-19 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
mimetic serum cell culture supernatant composed by 0.1 g/L IgG and 2.5% FBS, at pH 9, with unmodified and modified PES 
membranes. 
As referred before, the better results were obtained for pH 9. The flux reduction is less accentuated for the 
modified membranes, which in turns makes the filtration faster. Interestingly, the membrane with the fastest 
filtration was the precursor membrane. At pH 9, almost all the species should have the negative charge as 
the membrane, making the repulsion effect very high. One possible explanation is the concentration of 
protein content on the solution. With the increase of proteins on the surface, the concentration polarization 
effect, due to protein deposition, reduces the permeation effect. But, as the UF continues, and since there 
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is repulsion between substrate and solute, the amount of protein adsorbed diminishes, reducing filtration 
time. 

3.3.3. Flux recovery 
Flux recovery is an important parameter when evaluating membrane fouling after water rinsing. This 
parameter was calculated after UF experiments with different protein solutions, at different pH values. 

Table 3-4 – Flux recovery rate (FRR, %) on the membranes after UF experiments with different protein solutions and pH values. 

 pH 5 pH 7 pH 9 
Membrane FBS IgG M. serum FBS IgG M. serum FBS IgG M. serum 

PES 45 32 57 50 14 61 45 51 51 
PES+PEI 41 37 67 51 18 55 59 53 43 
PES+PEI+BUDGE 25 33 48 50 17 32 52 34 40 

 
From a general perspective, FRR is lower after UF experiments with IgG. These solutions are less 
concentrated but the IgG molecule is considerably larger than the components in the FBS and probably 
protein deposition at the pore levels is higher, and cannot be removed by the pre-wash. The modification of 
membranes as well as the operation at different pH values does not improve FRR. To better understand the 
effects of protein adsorption on flux recovery, the determination of protein rejection and adsorbed quantity 
is crucial. 
 

3.4. Protein rejection  
To understand the fouling effect of proteins on membranes, the rejection of total protein was calculated by 
Equation 1-4, taking into consideration the concentration of the second fraction of permeate. This gives a 
more realistic value, since this parameter should be calculated when the permeate and the retentate are in 
equilibrium.  
The rejection of membranes is a very important parameter in membrane characterization, because it gives 
a general idea about the quantity of solutes that are retained by the membrane. Again, the behaviour of 
membranes regarding protein rejection is highly influenced by the charge of both the substrate and solute 
species, but also by membrane pore size and polymer behaviour.  
At pH 5, the majority of proteins in the IgG solution are positively charged. The precursor membrane, with 
an approximate IEP of 5.5 (Salgin et al. 2013), could already exhibit no net charge on the surface and pore 
level. This decreases electrostatic interactions between the membrane and charge proteins, decreasing 
rejection. Also, the amount of IgG adsorbed on the membrane is less, resulting in a smaller decrease in flux 
(Figure 3-20). For the modified membranes, both are positively charged, increasing electrostatic repulsions 
between species, resulting in higher rejection. Also, at pH 5, the polymer is elongated having more available 
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charges to interact with the negatively charged proteins in solution, increasing adsorption. This also makes 
so that less proteins permeate, increasing rejection. 

 
Figure 3-20 – (A) Second permeate protein flux [L/(m2.h)] (B) Rejection of total protein (%) for different of feeding solutions and 
membranes, at pH 5. 
Regarding FBS, almost all the proteins present are negatively charged and have the ability to interact with 
the charged modified membranes (PES+PEI and PES+PEI+BUDGE).This increases rejection, due to the 
adsorption of species on the surface and pore (Figure 3-21 – A). The membrane modified with BUDGE has 
smaller values because, due to the cross-linking with PEI, it does not allow the same elongation of the 
polymer. This results in smaller surface, decreasing interactions between polymer and proteins. For the 
precursor membrane, FBS rejection is smaller when compared to the modified membranes, but still has 
very high values. As mentioned before, this membrane could exhibit no net charge, reducing interactions 
with the negatively charged proteins of FBS and decrease rejection, but this does not explain the high values 
of R. The explanation for this could be protein fouling. From Figure 3-21 – A, it is possible to see that the 
amount of FBS adsorbed on the membrane is very high. This deposition of proteins on the surface, clog the 
pores, making it difficult for proteins to filtrate. This decreases flux and increases rejection.  
For the mimetic serum solution, all membranes exhibit high rejection. This could be related to interactions 
and repulsion of molecules, but probably is ruled by pore reduction by membrane fouling. With the increase 
of adsorbed species, the amount of proteins that filtrate are smaller, increasing concentration of the 
retentate.  
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Figure 3-21 – (A) Adsorbed amount of FBS (mg/cm2) and (B) Adsorbed amount (mg/cm2) of total protein (FBS and IgG) for the different 
membranes, at pH 5. 
To confirm the results obtained, the fractions (feed, permeate 1 and 2 and retentate) were evaluated 
qualitatively through SDS-PAGE, and the results are presented in Figure 3-22. 

 
Figure 3-22 – Qualitative analysis of the purity of the fractions from the UF experiments with a mimetic serum cell culture supernatant 
composed by 0.1 g/L IgG and 2.5% FBS, at pH 5, through SDS-PAGE electrophoreses. (A) Lane M: Protein molecular weight marker; 
Lane 1: FBS and IgG feed solution; Lane 2: PES permeate 1; Lane 3: PES permeate 2; Lane 4: PES retentate. (B) Lane M: Protein 
molecular weight marker; Lane 1: FBS and IgG feed; Lane 2: PES+PEI permeate 1; Lane 3: PES+PEI permeate 2; Lane 4: PES+PEI 
retentate; Lane 5: PES+PEI+BUDGE permeate 1; Lane 6: PES+PEI+BUDGE permeate 2; Lane 7: PES+PEI+BUDGE retentate.  
As it is possible to observe, the membranes do not fractionate the proteins effectively. IgG is both in the 
permeate and in the retentate (given in orange on the image for the heavy chain), and has the highest 
concentration in the PES retentate (darkest bands) thus indicating a very low permeability. This results are 
to be expected because, at pH 5, both the membranes and the IgG have the same overall charge, which 
does not happen with FBS. 
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The results obtained regarding rejection and second permeation flux, for protein solutions at pH 7, are 
presented in Figure 3-23. 

 
Figure 3-23 – (A) Second permeate protein flux [L/(m2.h)] (B) Rejection of total protein (%) for different of feeding solutions and 
membranes, at pH 7. 
At pH 7, a very high concentration of proteins in the IgG solution are negatively charged and, therefore, can 
interact with the positively charged membranes. This is visible by the high values of rejection presented in 
Figure 3-23 – B. For the precursor membrane, the charge is the same as the majority of proteins in solution, 
increasing repulsion and rejection. The proteins present in FBS, at pH 7, are negatively charged. Therefore, 
the interactions between the precursor membrane and proteins are very difficult, resulting in electrostatic 
repulsion and rejection (Figure 3-23 - A). Unfortunately, the obtained values were not high enough, to 
demonstrate this effect. In regards to the modified membranes, both species have different charges, the 
membranes are positively charged and proteins negatively charged. Again, this should increase interactions 
and rejection. But once again, this does not happen. Perhaps, the amount of available charges are lower 
than expected, due to the conformation that the polymers acquire, decreasing the interactions and rejection. 
This is also a possible explanation for the low values of adsorbed FBS (Figure 3-24 – A). 
Again, the rejection and total protein adsorption (Figure 3-24 – B) obtained for the mimetic serum solutions 
are very high. This is possibly explained by the high fouling effect of membranes, which in turn clogs the 
pores, reducing its size. This increases the concentration of proteins on the retentate, increasing total 
rejection. 
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Figure 3-24  – (A) Adsorbed amount of FBS (mg/cm2) and (B) Adsorbed amount (mg/cm2) of total protein (FBS and IgG) for the different 
membranes, at pH 7. 
To confirm the results obtained, the fractions (feed, permeate 1 and 2 and retentate) were evaluated 
qualitatively through SDS-PAGE, and the results are presented in Figure 3-25 

 

Figure 3-25 – Qualitative analysis of the purity of the fractions from the UF experiments with a mimetic serum cell culture supernatant 
composed by 0.1 g/L IgG and 2.5% FBS, at pH 7, through SDS-PAGE electrophoreses. (A) Lane M: Protein molecular weight marker; 
Lane 1: FBS and IgG feed solution; Lane 2: PES permeate 1; Lane 3: PES permeate 2; Lane 4: PES retentate; Lane 5: PES+PEI 
permeate 1; Lane 6: PES+PEI permeate 2; Lane 7: PES+PEI retentate.  (B) Lane M: Protein molecular weight marker; Lane 1: FBS 
and IgG feed solution; Lane 2: PES+PEI+BUDGE permeate 1; Lane 3: PES+PEI+BUDGE permeate 2; Lane 4: PES+PEI+BUDGE 
retentate. 
It is possible to see that the concentration of proteins on the second permeate is smaller, mainly due to 
fouling of membrane during the filtration of the first permeate. The concentration of the retentate is the 
highest, but it is not possible to see a separation between the impurities and the molecule of interest – IgG. 
The results obtained regarding rejection and second permeation flux, for protein solutions at pH 9, are 
presented in Figure 3-26. 
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Figure 3-26 – (A) Second permeate protein flux [L/(m2.h)] (B) Rejection of total protein (%) for different of feeding solutions and 
membranes, at pH 9. 
At pH 9, all proteins in solution are negatively charged, as well as the precursor membrane. The values of 
protein rejection should be higher when compared to the modified membranes, since the IEP points are 
above the operational pH value. In regards to IgG, the precursor membranes follow this trend, with values 
of rejection reaching 92%. This could be explained by the difficulty of proteins to pass through the pore, due 
to the electrostatic repulsion between the membrane and solutes. The same behaviour should be expected 
for the other solutions, but in fact rejection values are smaller. Perhaps the small net charge of the 
membrane surface allows for low electrostatic repulsion between the charged species of the membrane and 
the negatively charged proteins, making so that some protein content is eluted. When proteins elute, the 
rejection decreases, because the concentration of retentate is lower. Also, the high protein content induces 
membrane fouling. In fact, for solutions with higher concentration, the second permeate flux is lower (Figure 
3-26 – A), which is in agreement with the adsorbed amount of protein on membrane surface (Figure 3-27). 
For modified membranes, the rejection values for the different protein solutions are very similar. The IEP of 
both membranes are very close to the operational pH value. Since both membranes are positively charged, 
the electrostatic interactions between proteins and the polymers are strong, making so that proteins adsorb 
on the membrane. This could be an explanation as to why rejection is lower for modified membranes.  

 
Figure 3-27 – (A) Adsorbed amount of FBS (mg/cm2) and (B) Adsorbed amount (mg/cm2) of total protein (FBS and IgG) for the different 
membranes, at pH 9. 
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It is important to state that, the amount of proteins that adsorb on the membranes is very high. Even though 
there is repulsion of species for the precursor membranes, adsorption is still a limiting factor. As on can see 
by Figure 3-27 – B, the amount of total protein that adsorbs is as high for the precursor as for the modified 
PES+PEI+BUDGE. The membrane modified with PEI has the lowest amount of adsorption. One possible 
explanation could be the IEP of the membrane. Perhaps, and since the operational pH value is very close 
to the operational one, the overall net charge of the membrane could be zero, decreasing adsorption.  
To confirm the results obtained, the fractions (feed, permeate 1 and 2 and retentate) were evaluated 
qualitatively through SDS-PAGE, and the results are presented in Figure 3-28. 

 
Figure 3-28 – Qualitative analysis of the purity of the fractions from the UF experiments with a mimetic  IgG (0.1 g/L) and FBS (2.5%), 
at pH 9, through SDS-PAGE electrophoreses. (A) Lane M: Protein molecular weight marker; Lane 1: FBS and IgG feed solution; Lane 
2: PES permeate 1; Lane 3: PES permeate 2; Lane 4: PES retentate. (B) Lane M: Protein molecular weight marker; Lane 1: FBS and 
IgG feed solution; Lane 2: PES+PEI permeate 1; Lane 3: PES+PEI permeate 2; Lane 4: PES+PEI retentate; Lane 5: PES+PEI+BUDGE 
permeate 1; Lane 6: PES+PEI+BUDGE permeate 2; Lane 7: PES+PEI+BUDGE retentate. 
 
As the two previous experiments, and even though the results at pH 9 are more promising, the complete 
separation of proteins is not achieved. All the fractions still have high quantities of impurities, even though 
the concentration of IgG on the retentate is higher. All the results regarding protein rejection and second 
permeation flux are summarized in Table 3-5. 
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Table 3-5 – Membrane second permeate flux [L/(m2.h)] and rejection (%) for different protein solutions and pH values 

Membrane IgG (0.1 g/L) FBS (2.5%) Mimetic serum 
J [L/(m2h)] R (%) J [L/(m2h)] R (%) J [L/(m2h)] R (%) 

pH = 5 
PES 156 22.3 52.5 72.6 35,7 79.6 
PES+PEI 106 38.3 35.3 89.0 31,6 91.6 
PES+PEI+BUDGE 120 45.0 51.6 55.0 48,7 88.4 

pH = 7 
PES 66.6 57.0 56.8 22.4 35,7 57,7 
PES+PEI 128 45.5 41.0 17.2 32,3 94,9 
PES+PEI+BUDGE 67.8 61.9 57.0 22.0 56,8 95,0 

pH = 9 
PES 155 92.0 61.1 55.3 48,1 71,0 
PES+PEI 97.0 80.0 70.0 32.9 45,4 85,5 
PES+PEI+BUDGE 111 76.1 68.4 43.2 49,5 81,4 

 
In order to determine the best operational conditions, data regarding the mass of adsorbed and rejected 
IgG, when in a mimetic serum cell culture supernatant solution are presented in Figure 3-29. 

 
Figure 3-29 – (A) Mass of adsorbed IgG (mg/cm2) and (B) Rejection of IgG (%) for different pH values and membranes. 
The rejection of IgG, when in the presence of FBS, is almost independent of solution pH, even though better 
results were obtained for higher pH values. The difference in results is largely influenced by fouling effects 
from the FBS in solution and from the conformational differences of the PEI polymer. At higher pH values, 
the polymer acquires a coiled conformation, increasing pore swelling which should decrease permeation. 
The coiled conformation could in fact reduce the amount of charged moieties on the membrane, reducing 
adsorption. Therefore, when the IgG in solution has opposite charges than the total surface charge of the 
membrane, the adsorption could be smaller than expected.  
At pH 7, some amount of separation should have happened. FBS in solution is negatively charged while a 
great amount of IgG has the same charge as the modified membranes. This would increase repulsion 
between IgG and the membrane, increasing retention (Figure 3-29 – B). But, on the other hand, the 
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negatively charged proteins in FBS would interact with the positively charged membrane, increasing 
adsorption and fouling. Also, interactions between solute-solute could have happened. Since IgG and FBS 
have opposite charges, the interaction between these two species is also possible, leading to some 
adsorption of IgG on the membrane (Figure 3-29 – A). 
For the determination of the optimal operational conditions, one must combine the amount of IgG adsorbed 
on the membrane with the best retention values. Therefore, pH 9 offers the best results. A possible 
explanation for this is the combination of two factors: electrostatic repulsions and PEI conformation. At pH 
9, the membrane and species in solution have opposite charges. This interaction increases retention, but in 
turns should increase adsorption. But, from the results, this adsorption is smaller at pH 9. This is where the 
conformation could influence membrane behaviour. When the polymer has a coiled conformation, the 
number of available charges to interact with the charged proteins are less, decreasing adsorption. 
Unfortunately, the contamination could also be a determining factor. For pH 9, not only IgG but also FBS is 
negatively charged. So, and since FBS is in much higher concentration, the membrane is saturated with 
FBS not allowing the adsorption of IgG. 
It is also interesting to point the fact that, when one compares the purity of the fractions, by SDS-PAGE, and 
the rejection of the membranes, using different pH values, the values are not in accordance. For all the 
membranes the rejection of IgG is very high, indicating that the amount of IgG on the permeate is very low. 
But, after the analysis of the gels (Figure 3-22 – Qualitative analysis of the purity of the fractions from the 
UF experiments with a mimetic serum cell culture supernatant composed by 0.1 g/L IgG and 2.5% FBS, at 
pH 5, through SDS-PAGE electrophoreses. (A) Lane M: Protein molecular weight marker; Lane 1: FBS and 
IgG feed solution; Lane 2: PES permeate 1; Lane 3: PES permeate 2; Lane 4: PES retentate. (B) Lane M: 
Protein molecular weight marker; Lane 1: FBS and IgG feed; Lane 2: PES+PEI permeate 1; Lane 3: 
PES+PEI permeate 2; Lane 4: PES+PEI retentate; Lane 5: PES+PEI+BUDGE permeate 1; Lane 6: 
PES+PEI+BUDGE permeate 2; Lane 7: PES+PEI+BUDGE retentate.Figure 3-22, Figure 3-25 and Figure 
3-28), the permeate fractions exhibit high IgG concentration, given by the darker bands, indicating that the 
rejection values should have been smaller. 
To better study the influence of pH on protein solutions, two operational conditions – pH 7 and 9 – were 
studied with a real cell culture supernatant, for the modified membranes. 
 

3.5. Experiments with a CHO cell supernatant 
Experiments with a CHO cell supernatant were performed with the same operational conditions as the ones 
with IgG and FBS. The UF experiments were performed with agitation (400 rpm), at 50 kPa pressure and 
room temperature. Results for the flux reduction, as function of time and volumetric concentration factor, for 
the modified membranes are shown in Figure 3-30.  
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The first thing that comes to attention is the fact that the UF time is almost three times higher than the one 
for the previously described solutions. The protein content present in the supernatant solution is higher, with 
a large variety of protein sizes (Figure 3-14). Regarding flux reduction, it is more accentuated for pH 7 than 
for pH 9 and, as consequence, the time it takes to filter the solutions is higher. It is also important to mention 
that, at the end of the UF experiments, the flux maintains a low constant value, which could reflect 
membrane fouling by pore clogging and concentration by polarization. 

 
Figure 3-30 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
CHO cell supernatant solution with modified PES+PEI (A) and PES+PEI+BUDGE (B) membranes. 
To better comprehend the flux reduction patterns, the determination of protein adsorption and rejection is 
important. By observing the data from Table 3-6, the adsorbed amount of IgG is very small for both 
membranes, but there is a slight increase with pH. At pH 7, the majority of proteins are negatively charged, 
as it is visible in Figure 3-15, lane 3. This will cause an increase of the attraction between charged species 
and membrane. 
Table 3-6 – Adsorbed amount (Q, mg/cm2) and retention (R, %) of total protein (T) and IgG on the membrane surface of modified 
PES+PEI and PES+PEI+BUDGE membranes, for different pH values. 

 pH 7 pH 9 
Membrane QT 

(mg/cm2) 
RT 
(%) 

QIgG 
(mg/cm2) 

RIgG 
(%) 

QT 
(mg/cm2) 

RT 
(%) 

QIgG 
(mg/cm2) 

RIgG 
(%) 

PES+PEI 0.963 85.9 0.0489 55.5 1.03 90.8 0.0503 41.4 
PES+PEI+BUDGE 1.20 89.6 0.0333 44.0 1.19 91.8 0.0525 52.8 
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The rejection of total proteins for both membranes is high, with a slight increase with pH, even though it is 
negligible. This high retention is probably related with membrane fouling due to protein adsorption. When 
values for IgG rejection were calculated, it was possible to see that the membranes do not separate the 
proteins selectively. Initially, the protein solution is filtered through the membrane, which will cause a 
reduction of flux, due to pore clogging. This will increase the concentration of both IgG and other proteins 
in the retentate, because passage through the pore is more difficult. 
To evaluate the purity of the fractions, SDS-PAGE (Figure 3-31) and IgG purity (%) of both permeates and 
retentate were determined. 

 
Figure 3-31 – Qualitative analysis of the purity of the fractions from the UF experiments with a cell culture supernatant, at pH 7 (A) and 
9 (B), through SDS-PAGE electrophoreses. (A) – pH 7 - Lane M: Protein molecular weight marker; Lane 1: CHO supernatant feed 
solution; Lane 2: PES+PEI permeate 1; Lane 3: PES+PEI permeate 2; Lane 4: PES+PEI retentate; Lane 5: Icosagen feed solution; 
Lane 6: PES+PEI+BUDGE permeate 1; Lane 7: PES+PEI+BUDGE permeate 2; Lane 8: PES+PEI+BUDGE retentate.  (B) – pH 9 - 
Lane M: Protein molecular weight marker; Lane 1: Icosagen feed solution; Lane 2: PES+PEI permeate 1; Lane 3: PES+PEI permeate 
2; Lane 4: PES+PEI retentate; Lane 5: Icosagen feed solution; Lane 6: PES+PEI+BUDGE permeate 1; Lane 7: PES+PEI+BUDGE 
permeate 2; Lane 8: PES+PEI+BUDGE retentate. 
From the gel it is possible to see that the permeate fractions exhibit more purity that the retentate and feed, 
for both membranes and pH values. The purity values for each fraction (first (1st) and second (2nd) 
permeates and retentate) are summarized in Table 3-7. The purity values were obtained by the ratio of IgG 
concentration on the fractions by the total concentration in the feed of each experiment. 
Table 3-7 – Comparison of the purity values (%) for different fractions obtained after UF of a CHO cell supernatant solution, with 
modified membranes at different pH values. Values were obtained after total protein quantification by Bradford method. 

Membrane pH 1st permeate 2nd permeate retentate 
PES+PEI 7 25 40 13 

9 53 72 10 
PES+PEI+BUDGE 7 47 60 11 

9 48 68 11 
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From the presented data it is possible to conclude that the fractions with higher IgG purity are the permeates, 
as it is shown by the gel. There is also a small increase in purity values with pH. For the PES+PEI 
membrane, purity achieves values of 72% and for the PES+PEI+BUDGE of 68%, for the second permeate, 
which seems to be a very promising result. Unfortunately, the scope of this work was to retain the IgG 
molecules on the retentate, due to the electrostatic repulsions from both charged species – membrane and 
proteins. Even though the results were not the ones expected, this could be a starting point. 
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4. Conclusions and Future Work 
Monoclonal antibodies are a unique group of biological products, with growing market demand and 
incredible medical applications in the treatment of numerous diseases. Therefore, the process platforms for 
the production and purification of mAbs should be reliable, robust and must efficiently remove impurities. 
Currently, the downstream processing of mAbs employs a protein-A based purification step followed by one 
or two chromatographic polishing steps to remove remaining impurities. Alternatives to reduce 
chromatographic steps are a necessity in order to simplify processes, reduce costs and facilitate the 
processing of large batches. One of those alternatives is the use of charged ultrafiltration membranes. 
In this work, polyethersulfone membranes were sulfonated with sulfuric acid, in order to immobilize an 
initiator at the level of the membrane pore, followed by chemical modification with polyethyleneimine and 
cross-linkage with butanedioldiglycidylether, in order to create a fully functionalized, positively charged 
membrane. The membranes were characterized and permeability studies with different solutions and pH 
values were conducted. Some results in regards to membrane contact angle and water permeability are 
shown in Table 4-1. 
Table 4-1 – Summary of characteristics for unmodified and modified PES membranes (PES+PEI and PES+PEI+BUDGE) 

Membrane Average Contact Angle Water permeability [L/(m2.h.kPa)] 
PES 49⁰±5⁰ 16.2 ± 0.1 
PES+PEI 48⁰±4⁰ 17.7 ± 1.3 
PES+PEI+BUDGE 49⁰±4⁰ 13.8 ± 0.6 

 
Water permeability tests suggest that water flux is highly influenced by polymer conformation and 
hydrophilicity. The enhancement of membrane hydrophilicity could increase water flux as well as the 
elongation of polymer chains. Also, the disruption of the precursor PES chains by the membrane 
functionalization could lead to increased permeability but so far with no study on mechanical consequence. 
The effect of pH and salt in permeability experiments was also studied. It was shown that increasing the 
ionic concentration of solutions increases the permeability of the membranes, due to the reduction of the 
electrical double layer which in turn increases effective pore size. At higher pH values the permeability 
decreases for modified membranes, due to the conformational changes the PEI polymer suffers. This pH 
increase increases polymer charge and pore swelling, reducing the effective pore size and permeability. It 
was also shown that the functionalization of membranes does not influence membrane integrity or 
morphology, even after sulfonation with sulfuric acid. 
The charge properties of proteins and membrane are strongly affected by pH, and the fouling behaviour is 
governed by the electrostatic interactions between proteins and membrane. It was shown that both IgG and 
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FBS proteins adsorbed onto the PES and modified membranes causing flux reduction and fouling. Also, 
polymer charge and swelling plays a major role on UF experiments of protein solutions. At higher pH values 
the separation of proteins was probably governed by the electrostatic repulsion of equally charged 
membranes and solutes in solution and by the less available charges due to the coiled conformation of PEI. 
Further efforts should be made to better understand the effect of charge on conformation and protein 
rejection, with the determination of zeta potentials for modified PES membranes. This could shed light to 
the different behaviours the functionalized membranes exhibited. 
After UF experiments with model solutions, the best operational conditions were chosen, based on total 
adsorbed and IgG rejection. At pH 9, IgG rejection for PES+PEI and PES+PEI+BUDGE were 85.5% and 
81.4%, respectively. The adsorbed amount of IgG for modified membranes was 0.18 mg/cm2 and 0.10 
mg/cm2, respectively, which is almost half the amount for other pH values. Therefore, it was possible to 
conclude that the optimal pH condition for IgG purification in this system was pH 9. 
The values concerning experiments with a CHO cell supernatant solution, at pH 9, are summarized in Table 
4-2. 
Table 4-2 – Comparison of adsorbed amount (mg/cm2) and retention (%) for IgG and total protein and purity values (%) for different 
fractions obtained after UF of a CHO cell supernatant solution, with modified membranes at pH 9.  

 Q (mg/cm2) R (%) Purity (%) 
Membrane Total IgG Total IgG 1st 

permeate 
2nd 

permeate retentate 
PES+PEI 1.03 0.050 91 41 53 72 11 

PES+PEI+BUDGE 1.19 0.053 92 53 48 68 11 
 
The influence of pH in protein selectivity was not a limiting factor. In fact, the values obtained for rejection 
of IgG and total protein were basically the same for both pH values and membranes. Even though the 
rejection of IgG is low, the purity in the permeate increased with pH, with values, for both permeate fractions, 
reaching around 70%. Also, the concentration of IgG on the retentate is very low with purity levels of 11%. 
This is a very interesting result, even though both fractions still remain impure. 
To conclude, the main objective of this work was not completely achieved. There is a better understanding 
on how membranes modified with PEI and BUDGE work, when subjected to different conditions, but the 
purification of IgG based on electrostatic repulsions was not achieved. It was expected that IgG would be 
purified on the retentate, when subjected to ideal conditions of pH. Even though this is true, it is still a 
promising result and a starting point to future works. 
Future works could pass by understanding how polymers work under different pH conditions and their 
behaviour under different ionic solutions. Also, the most important problem to solve is the interference of 
other proteins on the purification of mAbs. Due to their wide range of IEP, there is always other species 
interacting with the membrane besides antibodies, increasing adsorption and decreasing selective retention. 
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Another strategy could be the use of PEI with higher molecular weights to modify PES membranes with 
nominal MWCO of 500 kDa. This could allow the recovery of IgG in the permeate, with high retention of 
impurities in the retentate. 
There is also the problem of how the membrane modification behaves when fouling takes place. Once the 
deposition occurs, the surface modification is no longer effective and the interaction of solute with the 
membrane is severely reduced. This implies that no perfect membrane functionalization exists that 
eliminates fouling completely. To maximize the modified surface, other devices should be incorporated to 
prevent the deposition of foulants on the membrane surface, such as membrane module design and 
cleaning. 
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6. Appendix 
6.1. Calibration curves 

Protein G Chromatography Calibration Curve 
For the quantification of IgG by protein A chromatography a calibration curve, obtained from Gammanorm 
IgG stock solutions with concentrations ranging from 0.2 mg/L to 20 mg/L was prepared. Even though a 
new calibration curve was prepared for each calibration, in Figure 6-1 is depicted a typical calibration curve 
for IgG quantification. 

 
Figure 6-1 – Calibration curve for IgG quantification. Samples were obtained from IgG stock solutions with concentrations ranging from 
0.2 to 20 mg/l. 
 
Bradford Method Calibration Curve  
Quantification of total protein by the Bradford method also requires a calibration curve (Figure 6-2). For that, 
Bovine serum albumin (BSA) was uses as a protein standard, and the range of concentrations of the curve 
is from 5 mg/L to 400 mg/L. For each new quantification, a new calibration curve was prepared. 

 
Figure 6-2 – Calibration curve for total protein quantification. Samples were obtained from BSA solutions with concentrations ranging 
from 5 mg/l to 400 mg/L. 
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6.2. Behaviour of membranes to different protein solutions 
On this section, flux reduction curves, as function of time and volumetric concentration factor (VCF), for 
different pH values and membranes are presented.  
FBS solution (2.5%)  

 
Figure 6-3 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
solution composed of 2.5% FBS, at different pH values, with unmodified (A) and modified PES+PEI (B) and PES+PEI+BUDGE (C) 
membranes. 
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IgG solution (0.1 g/L) 
 

 
Figure 6-4 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
solution composed of 0.1 g/L IgG, at different pH values, with unmodified (A) and modified PES+PEI (B) and PES+PEI+BUDGE (C) 
membranes. 
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IgG (0.1 g/L) + FBS (2.5 %) solution 
 

 
Figure 6-5 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of a 
mimetic serum cell culture supernatant composed by 0.1 g/L IgG and 2.5% FBS, at different pH values, with unmodified (A) and 
modified PES+PEI (B) and PES+PEI+BUDGE (C) membranes. 
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6.3. Behaviour of membranes to different solution pH values 
On this section, flux variation curves, as function of time and volumetric concentration factor (VCF) are 
presented. Each figure shows the dependence of membrane behaviour with pH of the different solutions. 
 
Solution pH = 5 
 

 
Figure 6-6 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of solutions 
composed of 2.5% FBS (A) and 0.1 g/L (B) ,at pH 5, with unmodified and modified PES membranes. 
 
 
 
 
 
 
 
 



80 
 

Solution pH = 7 

 
Figure 6-7 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of solutions 
composed of 2.5% FBS (A) and 0.1 g/L (B) ,at pH 7, with unmodified and modified PES membranes. 
Solution pH = 9 

 
Figure 6-8 – Flux reduction (J/J0) as function of time [(s) – left] and volumetric concentration factor [(VCF) – right], for the UF of solutions 
composed of 2.5% FBS (A) and 0.1 g/L (B) ,at pH 9, with unmodified and modified PES membranes. 


