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Abstract

Biopharmaceuticals, produced and extracted from living cells and organisms, are targeted
treatments for a variety of medical conditions and diseases, some of which have no other
available treatments. The manufacturing of biopharmaceuticals consists of upstream and
downstream processes. The downstream operation includes several steps, such as
purification and quality controls, among others. The purification process is crucial in the
production of biopharmaceuticals, as a high impurity rate renders the treatment unusable.
The production of therapeutic biopharmaceuticals is bounded by the efficiency of the
purification process. Due to its close connection to the purification process, industrial solutions
such as Chromatography purification became significantly important, with several qualitative
and quantitative techniques for mixture components identification, separation, and
purification, was introduced and adopted within this field.

In this thesis, the Trastuzumab purification process is investigated using cation-exchange z2
Laterally-Fed Membrane Chromatography (z?LFMC) purification technique. z2LFMC in a
purification device that leverages z2 flow distribution characteristics to enhance the
separation efficiency of a laterally-fed membrane chromatography. Exploring the performance
discrepancy between z?LFMC and affinity chromatography (Considers as one of the most
diverse and powerful chromatographic methods for purification) in the process of
Trastuzumab purification. The experimental evaluation highlights that both chromatography
methods (z?LFMC and protein A) achieve more than 95% purity efficiency. However, the
recovery rate of z2LFMC was noticeably higher (90.4% in comparison with 81.7%).
Bacteriophages were widely used to treat various bacterial diseases in people and animals.
Further, the purification of T7 bacteriophage membrane chromatography by anion exchange
Z’LFMC shows a promising research direction. The results show that following anion
exchange z?’LFMC enables a recovery rate of up to 89.0%, and a 71.2% endotoxin removal
rate.

This thesis further explores the potential enhancements in the separation process. In
particular, Computational Fluid Dynamic (CFD) modeling is utilized toward developing several
design variations of the z2LFMC. This thesis highlights that the biopharmaceuticals
purification process is nowhere optimized, and several state-of-the-art approaches, including

Z’LFMC, can be used to significantly increase the efficiency of the purification process.
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Chapter 1

Introduction

Biopharmaceuticals Purification Process

The upstream process of biopharmaceutical manufacturing produces monoclonal antibodies and
bacteriophages. Based on the nature of the used biopharmaceuticals, there are several
production types. For instance, monoclonal antibodies and bacteriophages are produced using
cell culture in a bioreactor. The downstream process occurs after the upstream process,
encompasses three main steps, namely, initial recovery (i.e., extraction/isolation), purification
(i.e., removal of most contaminants), and polishing (i.e., removal of specified contaminants and
that may have formed during isolation and purification) [2].

The purification step within the downstream process consists of multiple operation units, working
parallelly to purify a biological product from cell culture. This step involves capturing the target
biomolecule and removing impurities like host cell proteins, DNA, process-related impurities,
including buffers and antifoam, as well as product-related impurities, such as aggregates [1].
The purification step can either be simple, or complex by design, where several approaches are
introduced in the literature, including but not limited to, filtration, centrifugation, chromatography,

and precipitation.

Purification of Monoclonal Antibodies

Over the past few decades, the therapeutic use of monoclonal antibodies for various treatments
has been approved [3][4]. Highly purified monoclonal antibodies are crucial for human use,
particularly in treatments targeting cancer, autoimmune disorders, cardiovascular disease,
chronic ilinesses, and infectious diseases [5]. The purification of monoclonal antibodies is crucial
due to (i) the recent growth in the produced capacity for monoclonal antibodies (mAbs) from a
few milligrams to grams per liter, and (ii) the need for various combinations of doses in the
treatment process. Due to these changes, the purification processes are tested under various
constraints to ensure an efficient production cycle [6]. This includes the separation of antibodies

based on size, charge, or chemical properties.
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Purification of T7 Bacteriophage

Bacteriophage is a virus with the ability to infect bacteria and destroy their functional components.
Bacteriophage infects most strains of Escherichia coli and relies on these hosts to propagate.
The virulent T7 phage is one of seven phages first identified in 1945 [7]. The genome of T7
phages is approximately 40 kb in size, and is packed into the polyhedral head, formed by the
capsid proteins [8].

With the recent rise in antibiotic resistance to bacterial pathogens, it become essential to develop
novel infection-control strategies. Despite being a newly emerging method, the bacteriophage is
widely developed across several countries to treat patients that suffer from antibiotic resistance.
However, the lysis procedure of bacteriophages contains several harmful impurities, such as
endotoxin, produced by gram-negative bacteria. Due to that, recent efforts focus on advancing
downstream processes, including the purification process, enabling wide use of bacteriophage

for treatments with reduced risks.

Chromatography

Among purification methods, chromatography is a traditional technique [9] consisting of several
purification approaches, including affinity, ion-exchange, hydrophobic interactions, size
exclusion, and mixed-mode chromatography [10][11]. Affinity chromatography, for example, is
based on reversible biological interactions between two molecules, such as enzyme-substrate
interactions or antibody-antigen interactions [12]. On the other hand, the driving force of ion-
exchange chromatography is the electrostatic interaction between the target molecule and the
stationary media [13]. For instance, in cation-exchange chromatography, the base is negatively
charged, while the target molecule in the feed is positively charged. Charging the target molecule,
however, is still ongoing research, with several proposed solutions. For instance, a charge can
be set in stationary media based on pH levels, where a positive charge in assigned when the pH
level is below an isoelectric point (pl), and a negative charge is assigned when the pH is above
the pl threshold. Moreover, Hydrophobic Interaction Chromatography (HIC) is widely used to
purify biopharmaceuticals based on their hydrophobic interaction with the coupled hydrophobic

ligands.
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LFMC, z2LFMC

LFMC is a new design to increase the protein purification efficiency using a stack of microporous
membranes, enabling a fast and scalable alternative solution to column chromatography. As the
fluid enters from the inlet, it passes through the membrane stack at various points along its length
while moving along the tapers. The fluid then exits the outlet on the other side of the membrane
stack, located at the bottom port. The literature highlighted the capabilities of LFMC, not limited
to resolution and stability of protein separation process, but also achieving higher theoretical
plates in comparison with resin-based membrane stacked disks [14][15][16][17][18][19]. In this
thesis, various enhancements of the purification resolution is proposed by removing the tapered
design in LFMC. These enhancements are referred to as the second generation of LFMC (i.e.,
Z’LFMC), as the flow is a combination of two z-patterns [20]. This module is designed to
overcome the limitations that exist in LFMC, and is accompanied by several CFD simulations

and lab experiments across this thesis.

CFD Simulation & Modeling

CFD is the process of mathematically modeling physical and chemical problems in an attempt
of solving them numerically [21]. CFD is an efficient computerized method of studying fluid
mechanics based on numerical analyses, removing some of the complexities associated with
experimental approaches, allowing for extensive analysis of three-dimensional bioreactors flow
fields [22] [23]. CFD starts with creating and meshing the model. The geometry is discretized
into a collection of discrete, finite volumes by the mesh. Then, initial and boundary conditions
are applied to the mesh solution domain. Once inputted to the system, the solver engine
iteratively solves the specified physical models in each mesh cell until the solution domain’s set
convergence requirements are reached. To this end, the computation results are extracted and
displayed in appropriate format (streamlines, contours, etc.), providing a better end-user
understanding of the simulation outcomes [24].

In this thesis, CFD simulations are configurated based on the mass and momentum
conservation principles. Given that all the tests are associated with chromatography, the

Navier-Stokes (conservation of momentum), conservation of mass and Brinkman Equations are
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used. Along with this thesis, the two physics that were used in simulations are “laminar flow”

and “transport of diluted species in porous media physics”.

Thesis Structure

The remaining of this thesis consists of published and ongoing projects.

Chapter 2
In this chapter, the efficiency of protein a affinity chromatography, resin based column, and

LFMC, for purification of monoclonal antibodies are investigated to find alternatives for high-

resolution protein separation. This chapter was published in Biochemical Engineering Journal.

Chapter 3
In this chapter, CFD is used to compare various designs of LFMC modules, comparing the

performance against radial flow and stacked disk devices.

Chapter 4
This chapter explores the feasibility of using zZ2LFMC for T7 Bacteriophage purification,

supported by extensive analytical results.

Chapter 5
In this chapter, the main insights and findings are reported, alongside the ongoing projects and

future research directions.



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

References

[1] A.F. Jozala, D.C. Geraldes, L.L. Tundisi, V.A. Feitosa, C.A. Breyer, S.L. Cardoso, P.G.
Mazzola, L. Oliveira-Nascimento, C.O. Rangel-Yagui, P.O. Magalhdes, M.A. Oliveira, A.
Pessoa, Biopharmaceuticals from microorganisms: from production to purification, Braz. J.
Microbiol., 47 Suppl 1(2016), pp. 51-63

[2] A.M. Azevedo, P.A. Rosa, |.F. Ferreira, M.R. Aires-Barros, Chromatography-free recovery of
biopharmaceuticals through aqueous two-phase processing, Trends. Biotechnol., 27(4)(2009),
pp. 240-247

[3] L.M. Weiner, Fully human therapeutic monoclonal antibodies, J. Immunother., 29(1)(2006),
pp. 1-9

[4] J.M. Reichert, V.E. Valge-Archer, Development trends for monoclonal antibody cancer
therapeutics, Nat. Rev. Drug. Discov., 6(5)(2007), pp. 349—-356

[5] A.B. Mahmuda, F. Bande, K.J. Kadhim Al-Zihiry, N. Abdulhaleem, R.A. Majid, R.A. Hamat,
W.O. Abdullah, Z. Unyah, Monoclonal antibodies: a review of therapeutic applications and
future prospects, Trop. J. Pharm. Res., 16 (2017), pp. 713-722

[6] D.S. Chahar, S. Ravindran, S.S. Pisal, Monoclonal antibody purification and its progression
to commercial scale, J. Biol. Stand., 63(2020), pp. 1-13

[7] M. Demerec, U. Fano, Bacteriophage-resistant mutants in Escherichia coli, Genetics.,
30(1945), pp. 119-136

[8] H. Xu, X. Bao, W. Hong, A. Wang, K. Wang, H. Dong, J. Hou, R. Govinden, B. Deng, H.Y.
Chenia, Biological Characterization and Evolution of Bacteriophage T7-Aholin During the Serial
Passage Process, Front. Microbiol., 12(2021), pp. 705310



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

[9] E. Karlsson, L. Ryden, J. Brewer, Protein purification. Principles, High Resolution Methods,
and Applications (2" Edition), lon exchange chromatography, New York: Wiley (1998)

[10] H. Rusli, R.M. Putri, A. Alni, Recent Developments of Liquid Chromatography Stationary
Phases for Compound Separation: From Proteins to Small Organic Compounds. Molecules.,
27(3)(2022), pp. 907

[11] M. Saraswat, L. Musante, A. Ravida, B. Shortt, B. Byrne, H. Holthofer, Preparative
purification of recombinant proteins: current status and future trends, Biomed. Res. Int., 2013
(2013), pp. 1-18

[12] M. Urh, D. Simpson, K. Zhao, Affinity chromatography: general methods, Meth. Enzymol.,
463(2009), pp. 417-438

[13] S. Fekete, A. Beck, J. Fekete, D. Guillarme, Method development for the separation of
monoclonal antibody charge variants in cation exchange chromatography, Part I: salt gradient
approach, J. Pharm. Biomed. Anal., 102(2015), pp. 33-44

[14] P. Madadkar, R. Ghosh, High-resolution protein separation using a laterally-fed membrane
chromatography device, J. Membr. Sci., 499(2016), pp. 126-133

[15] P. Madadkar, S.L. Nino, R. Ghosh, High-resolution, preparative purification of PEGylated
protein using a laterally-fed membrane chromatography device. J. Chromatogr. B., Analytical

technologies in the biomedical and life sciences, 1035(2016), pp.1-7

[16] P. Madadkar, U. Umatheva, G. Hale, Y. Durocher, R. Ghosh, Ultrafast Separation and
Analysis of Monoclonal Antibody Aggregates Using Membrane Chromatography, Anal. Chem.,
89(8)(2017), pp. 4716-4720

[17] P. Madadkar, Q. Wu, R. Ghosh, A laterally-fed membrane chromatography module, J.
Membr. Sci., 487(2015), pp. 173-179



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

[18] R. Ghosh, P. Madadkar, Q. Wu, On the workings of laterally-fed membrane
chromatography, J. Membr. Sci., 516(2016), pp. 26-32

[19] R. Sadavarte, P. Madadkar, C.D. Filipe, R. Ghosh, Rapid preparative separation of
monoclonal antibody charge variants using laterally-fed membrane chromatography, J.
Chromatogr. B., Analytical technologies in the biomedical and life sciences, 1073(2018), pp.
27-33

[20] R. Ghosh, G. Chen, R. Roshankhah, U. Umatheva, P. Gatt, A z2 laterally-fed membrane
chromatography device for fast high-resolution purification of biopharmaceuticals, J.
Chromatogr. A., 1629(2020), pp. 461453

[21] J. H. Ferziger, M. Peric, Computational methods for fluid dynamics. Springer, Berlin
Heidelberg New York, (2002), pp. 217-259

[22] D.W. Hutmacher, H. Singh, Computational fluid dynamics for improved bioreactor design
and 3D culture, Trends. Biotechnol., 26(4)(2008), pp. 166-172

[23] A. John, Computational Fluid Dynamics in Upstream Biopharma Manufacturing Processes.
Thomas Pharmaceutical Technology, Pharm. Technol., 45(11)(2021), pp. 34-40

[24] C. Johnson, V. Natarajan, C. Antoniou, Evaluating two process scale chromatography
column header designs using CFD, Biotechnol. Prog., 30(4)(2014), pp. 837-844



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

Chapter 2

Purification of Monoclonal Antibody using Cation Exchange z?
Laterally-fed Membrane Chromatography — A Potential
Alternative to Protein A Affinity Chromatography

Prior to any treatment with biopharmaceuticals, the target protein has to be separated from a
complex mixture and that is the reason for having protein purification as the main application in
biotechnology. A target protein can be separated from other mixtures based on their specific
properties like charge, hydrophobicity or affinity to another molecule, whereas affinity is the most
efficient method. One example is protein A (ligand), which can be utlized to purify
immunoglobulin G antibodies (target protein). lon exchange chromatography is a common and
powerful purification technique in the production of monoclonal antibodies. lon-exchange
chromatography separates monoclonal antibodies based on their charge. Toward that, the S
Z’LFMC format was used to ensure high-speed and high-resolution purification in purifying
trastuzumab from cell culture supernatant. In this experiment, the purity and recovery of mAb

obtained with these two devices were compared.
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Abstract

Protein A affinity chromatography, which is the standard method for purifying monoclonal
antibodies (mAbs) is expensive and involves elution at acidic pH, which could degrade the
mAb. Moreover, it cannot be used to fractionate charge variants or to remove mAb
aggregates. In this study, we examine the purification of Trastuzumab by cation-exchange z2
laterally-fed membrane chromatography (or z2LFMC). It has been shown that z2LFMC is
suitable for carrying out high-speed, high-resolution protein purification. The results
discussed in this paper demonstrate that the purity of Trastuzumab obtained by the z2LFMC
process was comparable to that obtained by protein A chromatography (i.e., >95% with both
methods), while the recovery was significantly greater with z2LFMC (90.4% as opposed to
81.7%). Also, the z?LFMC process was faster, did not require acidic pH conditions for elution,

and the mAb was eluted in 2.24 bed volumes as opposed to 2.74 bed volumes with protein
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A chromatography. The mAb productivity obtained with the z2LFMC process was more than
3 times higher than that with the column-based purification process. The z?LFMC device is
significantly cheaper than its equivalent protein A affinity column, and earlier studies have
shown it to be suitable for separating mAb charge variants and aggregates. Therefore, the
z2LFMC process could be evaluated as a cheaper and more efficient alternative to protein A
affinity chromatography.

Key Words: Membrane chromatography, LFMC, Monoclonal antibody, Purification, zZ2LFMC

Introduction

Monoclonal antibodies (or mAbs) of the IgG class have been successfully adopted and used as
biopharmaceuticals. The typical dosage of mAbs used to treat diseases such as cancer,
autoimmune disorders, cardiovascular disease, chronic illnesses, and infectious diseases
(including COVID- 19) ranges from hundreds of milligrams to several grams, and these are
manufactured at scales ranging from hundreds of kilograms to several tons per year [1], [2], [3],
[4], [5], [6], [7], [8], [9]. MAbs comprise about 58% of the biopharmaceutical market, increasing
from about $50 billion to about $90 billion between the years 2010 and 2015 [7]. The advent
of Trastuzumab, an anticancer drug which is used to treat HER-2 positive breast cancer, led to
rapid growth and development of mAb therapeutics [8], [10]. This molecule is widely used as a
model for designing and developing mAb manufacturing processes. However, mAb therapy is
very expensive [11], [12], [13]. The high cost for a biosimilar mAb like Trastuzumab is associated
with the manufacturing cost, which consists of two components: (i) upstream cost, including the
cost of raw materials such as cell culture media and the cost of running bioreactors, and (ii)
downstream cost, which is the cost of purification and formulation. In a techno-economic
analysis [14], the total capital investment for mAb manufacture was estimated at $121.6 million,
with upstream machinery cost being about 35%, with the remaining cost associated with the
downstream machinery. There is consensus that the high downstream processing cost is
primarily responsible for the high cost of biopharmaceuticals such as mAbs [15]. The main reason
for the high cost of mAb purification is the complexity of the process, which sometimes involves
more than 30 unit operations, including multiple chromatography steps, that are required to

obtain safe and efficacious products [15], [16]. Moreover, most mAbs have some degree of
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microheterogeneity, and tendency to form aggregates and these factors create additional
challenges [17], [18].

Affinity chromatography is regarded as the gold standard technique for purifying
mADbs [19], [20], [21], [22], [23], [24]. It utilizes immobilized ligands, such as protein A, protein G
or protein L. Protein A interacts strongly and specifically with the Fc region of IgG mAbs. The use
of such ligands makes it possible to remove up to 98% of impurities, even from very complex
feed streams, such as cell culture harvest media. Protein A columns have been used by mAb
manufacturers for many years despite challenges such as high cost, low reusability, and
concerns over the clearance of leached ligand [19]. This is contributed to that protein A include
high single-step purity, ease of use, high capacity, high recovery, broad applicability, familiarity,
and availability from multiple suppliers [19], [25], [26]. However, using of protein A column has
its own limitations and drawbacks, including the leakage of protein A, which is immunotoxic, and
the acidic pH condition required for elution, which leads to antibody aggregation, or, in some
cases, leading tochemical modification of the constituent amino acids [27], [28], [29].
Aggregates are also formed during cell culture, and several preliminary downstream processing
steps, including centrifugation and microfiltration [30]. Note that Monoclonal antibody aggregates
cannot be separated from non-aggregated mAb molecules by protein A chromatography, as both
species bid to the ligand through their Fc domain [31]. When using protein A chromatography for
purifying mAbs, additional steps, such assize exclusion chromatography, cation
exchange chromatography, hydrophobic interaction chromatography or hydrophobic charge
induction chromatography, are required for removing aggregates [31], [32]. Moreover, the price
of protein A media is substantially higher than other types of chromatographic media. A protein
A column with a diameter of 1 m and a bed height of 50 cm could cost up to several millions of
US dollars, which is two times the cost of ion-exchange resin [16]. The dynamic mAb binding
capacity of protein A resin is nearly half that of a typical cation exchange resin [33]. In addition,
Protein A is unable to discriminate between mAb charge variants. Therefore, if acidic or basic
mADb variants are present in the feed sample, they are co-eluted with the mAb. In the literature, it
has been shown that a maximum of 50 cycles is possible with the best protein A column, With is
significantly lower that ion-exchange columns [34]. Further, a major concern of using protein A

resin is the associated risks when using cleaning agents [35], [36].
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Considerable effort is currently being devoted to research on alternatives to protein A affinity
chromatography [37], [38]. Biopharmaceutical companies were surveyed in 2016 to assess their
motivation for replacing protein A columns [39]. The results showed that over half of the
companies would consider replacing protein A with a suitable alternative, and nearly 20%
reported that they were already in the process of finding alternatives [39]. Most humanized mAbs
of IgG1 and IgG2 subclasses bind to cation exchange resins under low ionic strength conditions,
and these can be eluted by increasing the conductivity or the pH of the eluting buffer. Cation
exchange chromatography has been shown to be highly suitable for removing mAb aggregates,
separating charge-variants, and removing DNA and leached protein A [23], [40]. Also, cation
exchange resins are significantly more stable at acidic and alkaline conditions than protein A
media [40]. For instance, membrane chromatography, which involves the use of porous
membranes as chromatographic media has been found to be suitable for carrying out fast and
scalable ion-exchange chromatographic separations [41], [42], [43], [44], [45]. The speed and
scalability of membrane chromatography could be attributed to the predominance of convective
mass transport within membranes. When compared to column chromatography, membrane
chromatography is faster by more than an order to magnitude [43], [44]. The overall cost of
running a membrane device is lower than that of a resin-based column due to a variety of factors
which includes the lower equipment cost, and lower costs of buffer, maintenance and
cleaning [45], [46]. As membranes can be disposed, expensive and time-consuming procedures
such as cleaning and validation are eliminated. The use of cation-exchange membrane
chromatography for purification of mAbs has been examined [41]. However, it was not found to
be particularly suitable for process-scale antibody purification in the bind-and-elute mode.
However, the study did show that the milder operating conditions during cation-exchange
membrane chromatography resulted in better product stability in comparison to that with protein
A chromatography [41].

Most commercial membrane chromatography devices currently used in the biopharmaceutical
industry are of the radial flow type [23], [41], [42], [43], [44], [45], [47]. While these devices have
been found to be suitable for fast separations in the flow through mode [41], they are totally
unsuitable for high-resolution bind-and-elute separations due to non-uniform flow
distribution [48], [49]. Flow non-uniformity results in a high degree of solute dispersion within the

device, leading to broad and asymmetric peaks, and ultimately poor resolution in solute
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separation. Laterally-fed membrane chromatography (or LFMC) devices developed in our group
combine high-speed with high-resolution and have been shown to be particularly suitable for bind
and elute separations [48], [49], [50], [51], [52], [53]. LFMC is based on the use of a stack of
rectangular membrane sheets housed between two parallel plates, each plate containing a
pillared lateral channel, one for flow distribution, the other for flow collection. The superior
separation performance of the LFMC device vis-a-vis other membrane chromatography devices
could be attributed to more uniform flow through the membrane stack, which resulted in lower
solute dispersion within the device. Lower dispersion is indicated by a greater number of
theoretical plates per unit membrane bed-height, and ultimately this results in better peak
resolution in protein separation processes [48], [49], [50], [51], [52], [53]. In a recent paper, we
have discussed a z? flow distribution and collection feature for improving the separation efficiency
in resin-based chromatography [54]. More recently, we have demonstrated that the separation
efficiency of an LFMC device could be further improved by incorporating the same z2 flow
distribution and collection feature. The resultant enhanced LFMC device is therefore designated
as z’LFMC [55]. Flow distribution and collection in a zZ2LFMC device is achieved using two sets
of primary and secondary flow channels as shown in Fig. 1A. Fig. 1B shows a photograph of an
actual z?2LFMC device. The fluid flowing through a z?LFMC device has three levels of hierarchy,
i.e., primary flow through the primary channels, secondary flow through the secondary channels
and tertiary (or normal) flow through the membrane stack [54], [55]. Such three-level hierarchy is
sustained by designing the device in such a way that hydraulic resistance in the primary channels
is lower than that in the secondary channels, which in turn is lower than that in the membrane
stack [55]. If the resistance to flow within the membrane were lower than that within the primary
and secondary channels, the fluid would “short-circuit” through the membrane stack, and the
z°LFMC device would perform very poorly. As can be inferred from Fig. 1A, all hypothetical flow
paths within the z2LFMC device are of identical length. Also, as the lengths of primary, secondary
and tertiary flow path components in all these hypothetical pathways are the same, the hydraulic
resistances along these could be expected to be identical [55]. Therefore, the residence time
along these pathways could also be expected to be identical. As can be seen from Fig. 1A, the
flow distribution and collection system of the z2LFMC device is based on straight flow channels.
Hence, the extent of back mixing within these could be expected to be very low. Also, as

explained in our previous paper [55], a zZ2LFMC device is very scalable and compact, and has a
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narrower solute residence time distribution than the older LFMC device. The z?LFMC device has
been shown to be suitable for separating mAb charge variants and mAb aggregates [55] from
protein A purified mAb samples. In our current study, we focus on the use of cation exchange
z’LFMC for mAb purification from cell culture supernatant in a capture chromatography mode,

i.e., as an alternative to protein A based affinity chromatography.

A Secondary channels

Primary channel’ﬁ ™
I . A
V4 Primary channel

Outlet
Mebr e ataap Secondary channels | ¢
Inlet ‘ .

Vent

Fig. 1. A. Schematic representation of fluid flow in a z2LFMC device. B. Photograph of a zZ2LFMC device.

This paper discusses the feasibility of developing a capture-type process for purification of a mAb
(Trastuzumab) from CHO cell culture media, in the bind-and-elute mode, using a cation exchange
Z’LFMC device [55]. As mentioned earlier, the overall objective of this study is to develop a viable
alternative to protein A based mADb purification, the numerous motivations for which have already
been elaborated. The z2LFMC device used in this study had a membrane bed volume of 5 mL
and contained a stack of strong cation exchange (Mustang S) membranes. In our paper on the
design and development of the z2LFMC device [55], we have discussed the effect of membrane
pore-size on the efficiency of protein separation. The Mustang S membrane was chosen as it
had an average pore size of 0.8 um, due to which, very high resolution could be expected. A
5 mL protein A column containing MabSelect SuRe resin served as the primary control device,
while a 5 mL column containing strong cation exchange Capto S ImpAct media was used as a
secondary control device. Separation process parameters such as feed conditioning, flow rate
and elution conditions were systematically examined. The purity and recovery of mAb obtained

with these three devices along with other separation efficiency metrics are compared.

16


https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/science/article/pii/S1369703X21003697#bib55

MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

Experimental

Materials

Trastuzumab containing cell culture supernatant (lot: 20170920 BC), produced using Chinese
Hamster Ovary (CHO) cell line was kindly donated by the National Research Council Canada,
Montreal, QC, Canada. HiTrap Capto S ImpAct column (5 mL volume, 50 ym resin particle
diameter, 16 mm column diameter, 25 mm bed height, GE17-3717-55) and protein A affinity
MabSelect SuRe resin (GE17-5438-03) were purchased from GE Healthcare Biosciences, QC,
Canada. Mustang S cation-exchange membrane sheets (MSTG25S6) were purchased from Pall
Corporation (New York, NY, USA). The membrane has a thickness of 0.1375 mm and an average
pore-size of 0.8 um. The IgG binding capacity of the Mustang S membrane is reported to be
about 20 mg/mL (manufacturer’'s data). Citric acid (C0759), sodium citrate (S4641), sodium
phosphate monobasic (S0751), sodium phosphate dibasic (S0875), and sodium chloride (S7653)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). All buffers and the solutions used in
our experiments were prepared using ultra-pure water (18.2MQcm) obtained from a
SIMPLICITY 185 water purification unit (Millipore, Molsheim, France). MF-Millipore™ Membrane
Filter, 0.45 um pore size (Catalogue Number: HAWP04700) was used for micro-filtering and
degassing buffers. A size exclusion chromatography (SEC) column (TSK-Gel G3000SWXL,
7.8 mm x 300 mm, Tosoh Bioscience, Montgomeryville, PA, USA) was used analyzing mAb
samples using an Alliance HPLC system (Waters Corporations, Milford, MA, USA). Freeman
1085 Polyurethane Elastomer (Batch # 77032) consisting of resin (part A) and hardener (part B)
was purchased from Freeman Manufacturing and Supply Company, Avon, OH, USA. A 5mL
custom-designed column, having a bed-height of 25 mm and diameter of 16 mm was used for

carrying out protein A affinity chromatography with MabSelect SuRe resin.

Membrane Chromatography Device

The details of the design of z?LFMC device used in this study (see Fig. 1A and B) are described
in our previous paper [55]. Briefly, the z?LFMC device consisted of a top plate, a membrane stack
and a bottom plate held together using elastomer resin (Freeman Polyurethane) [55]. The
membrane stack was prepared using 26 rectangular pieces of Mustang S membrane (each

20 mm x 70 mm), the membrane bed-height being 3.6 mm, and the membrane bed-volume being
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5 mL. The Mustang S membrane has sulfonic acid cation exchange ligand. The plates were 3-D
printed with a Form 2 3-D printer (Formlabs, Somerville, MA, USA) using Formlabs Standard
resin. Fluid entering the device was directed to a primary channel (circular cross-section of
0.75 mm diameter), which was located at a slight offset from the membrane stack. The fluid is
then directed to a set of semi-circular secondary channels of 0.75 mm diameter each, from where
it entered the top of the membrane stack. The fluid leaving the membrane stack was collected
using a second set of secondary channels, and from there to a second primary channel, and
thence to the outlet. These plates were provided with vents for priming the device prior to use,
and for removing entrapped bubbles. These vents were kept closed during the chromatography
experiments. The membrane chromatography device used in this study will henceforth be
referred to as S z2LFMC.

Methods

The column and membrane-based chromatography experiments were carried out using an AKTA
Prime Plus liquid chromatography system (GE Healthcare Biosciences, Montreal, QC, Canada).
The performance of chromatography devices is frequently quantified in terms of the number of
theoretical plates within them. Theoretical plate measurement was carried out using 0.4 M NaCl
solution as mobile phase and 0.8 M NaCl solution as tracer. The volume of the tracer solution
injected was 50 uL. The number of theoretical plates (N) was calculated using the equation

shown below:

N = 5.545 ( Vi )

Wo.5

)
Where VR is the peak retention volume, while wos is the peak width at half height.

All solutions used in the mAb purification experiments were prepared using micro-filtered and

degassed buffers. The mAb feed solutions were injected using appropriate sample loops.
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Chromatograms were obtained by monitoring the effluent from the membrane device (or the
column) at 280 nm wavelength. Samples corresponding to the different separated peaks
obtained during the mAb purification experiments were collected and analyzed using size
exclusion chromatography and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE).

Size exclusion chromatography (or SEC) analysis was carried out using a TSK-Gel G3000SWXL
column fitted to an Alliance HPLC system. All SEC experiments were done at 0.5 mL/min flow
rate by injecting 50 uL samples, and the chromatograms were obtained by monitoring the column
effluent at 280 nm wavelength. PBS (Phosphate Buffered Saline, pH 7.4) was used as mobile
phase for SEC analysis. Prior to SEC analysis, all samples were filtered through a 0.45 um pore
size membrane to remove particles. The SEC method was able to separate the mAb (~150 kDa
molecular weight) from impurities such as media proteins, host cell proteins and product related

impurities such as aggregates.

The feed (microfiltered CHO cell culture supernatant) and purified mAb samples collected during
the purification experiments were analyzed by 10% SDS-PAGE under reducing conditions
according to the method reported by Laemmli [56]. The SDS-PAGE experiments were carried
out with a Hoefer MiniVE system (GE Healthcare Bio-Sciences, Baie-d'Urfe, QC, Canada) using
Tris-glycine running buffer (pH 8.3) at 140 V constant voltage. The volume of sample loaded in
each lane was 10 pL. The gel was stained using Coomassie Brilliant Blue dye and destained with

a mixture of methanol, acetic acid and water.

Results and Discussion

MabSelect SuRe resin, which is widely used for large-scale commercial manufacturer of mAbs
is prepared using recombinant protein A ligand expressed in Escherichia coli [57]. This resin is
known to be more alkali stable and has a higher mAb binding capacity compared to other protein
A resins. In addition, this resin is reported to have low ligand leakage and is based on a rigid
base matrix [57]. Hence, MabSelect SuRe resin was used as the benchmark (or primary control)
to compare the performance of the S zZ2LFMC device examined in this study. Fig. 2 shows the
chromatogram obtained during purification of Trastuzumab from CHO cell culture supernatant

using a 5 mL MabSelect SuRe resin column. The separation, which took less than 12 min, was
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carried out using 150 mM sodium phosphate buffer (pH 7.2) as binding buffer, and 0.1 citrate
buffer (pH 3) as eluting buffer, at a flow rate of 5 mL/min. The feed sample consisted of CHO cell
culture supernatant, diluted 1:1 in binding buffer, and 2 mL of this feed sample was loaded on
the column. Elution was achieved using a sharp 50 mL linear gradient. The impurities appeared
as a flow through peak between 5 and 15 mL effluent volume, while the mAb was eluted between
45 and 55 mL effluent volume. The area under the curve (or AUC) of the eluted mAb peak was
about 10.02% (average value based on duplicate experiments) of the total AUC in the
chromatograms (i.e., the sum of the AUCs of the flow through and eluted peaks). Therefore, it
may be inferred that the mAb comprised about 10.02% of the UV (280 nm) absorbing species
(i.e., proteins, and others) present in the CHO cell culture supernatant. The purified mAb obtained
by protein A affinity chromatography was analyzed by SEC (see Fig. 3). The mAb appeared as
a major peak around 17.5 min retention time, and peak area integration results suggested that
the purity was greater than 95% (based on peak forming species). The purified mAb was virtually
free of high molecular weight (HMW) impurities and had very miniscule amount of low molecular

weight (LMW) impurities.
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Fig. 2. Chromatogram obtained during purification of Trastuzumab from CHO cell culture supernatant using
MabSelect SuRe affinity column (column volume: 5 mL; binding buffer: 150 mM sodium phosphate pH 7.2; eluting
buffer: 100 mM citrate buffer pH 3; feed: CHO cell culture supernatant diluted 1:1 in binding buffer; volume of

sample loaded: 2 mL; flow rate: 5 mL/min; linear gradient length: 50 mL.
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Fig. 3. SEC chromatogram obtained with Trastuzumab purified using MabSelect SuRe column-based affinity
chromatography (mobile phase: Phosphate Buffered Saline (pH 7.4), column: TSK-Gel G3000SWXL; flow rate:

0.5 mL/min; sample volume: 50 uL).

Before carrying out mAb purification using the S z2LFMC device and the Capto S ImpAct column,
these were tested for their respective separation efficiencies in terms of their number of
theoretical plates. Table 1 shows the number of the theoretical plates per unit bed height at
different flow rates for the Capto S ImpAct column and the S z?LFMC device. The number of
theoretical plates for the Capto S ImpAct column remained largely similar at the two flow rates
examined. With the S z2LFMC device, the number of theoretical plates increased with increase
in flow rates. This trend was consistent with that observed in an earlier study [55]. The number
of theoretical plates in a membrane chromatography device depends primarily on four factors,
i.e., eddy dispersion, axial diffusion, resistance to mass transfer, and macroscale convective
dispersion [55]. With the z2LFMC device, the first, third and fourth factors are expected to remain
largely unaffected by the flow rate. However, the extent of axial diffusion could be expected to
be decrease with increase in flow rate, particularly as a highly diffusible tracer species (i.e.,
sodium chloride) was used for measuring the number of theoretical plates. Therefore, the
increase in the number of theoretical plates with increase in flow rate was due to lower axial
diffusion of the tracer. The efficiencies of the two devices could be objectively compared at
10 mL/min flow rate, i.e., the higher flow rate used with the column and the lowest flow rate used
with the S z2LFMC device. At this flow rate, the number of plates/m obtained with the S z2LFMC
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device was 10.8 time greater than that with the column, the bed-height of the two devices being
3.6 mm and 25 mm respectively. Also, the operating flow rate range of the S zZ?LFMC device was
greater than that of the column. The S z?LFMC device could be operated at 20 mL/min flow rate
without any problems. In fact, the number of theoretical plates obtained at this flow rate was

greater than those obtained at the lower flow rates, i.e., 10 and 15 mL/min.

Table 1. Effect of flow rate on the number of theoretical plates per unit bed height in the 5mL S z?LFMC
device and the 5 mL Capto S ImpAct column.

Flow rate (mL/min) Column volumes N/m S z2LFMC device N/m Capto S
per minute (CVM) ImpAct column
5 1 3544
10 2 37768 3483
15 3 41755
20 4 51822

Optimization of cation-exchange chromatography (and indeed any type of chromatography) is a
stepwise process, where different process parameters need to be taken into consideration.
Preliminary experiments were carried out to determine the binding capacity of Trastuzumab on
the cation exchange membrane housed within the S z?LFMC device. These experiments were
carried out using pure Trastuzumab feed solution (5 mg/mL in 10 mM sodium phosphate buffer,
pH 5.5). The 10% breakthrough binding capacity was found to be 10.58 mg of Trastuzumab per
mL of membrane bed volume. The typical binding capacity of human IgG on the Mustang S
membrane is reported to be around 20 mg/mL (manufacturer’s data). Binding of target proteins
on ion-exchange media is particularly sensitive to the solution pH and the ionic strength of the
feed solution. Preliminary experiments showed that pH 5.5. was suitable for mAb binding on both,
the S z2LFMC device and the Capto S ImpAct column (data not shown). Preliminary experiments
also indicated that the high ionic strength of the Trastuzumab containing CHO cell culture
supernatant used in the current study made it unsuitable for mAb binding on both the cation
exchange chromatography devices examined, i.e., the S z2LFMC device and the Capto S ImpAct
column. Therefore, the cell culture supernatant had to be appropriately diluted using low ionic

strength buffer to bring down the effective ionic strength of the feed solution, and thereby facilitate
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mADb capture. The extent to which the cell culture supernatant was diluted was quantified in terms
of the dilution factor, which is defined as the volume of cell culture supernatant used divided by
the total volume after dilution with low ionic strength buffer, i.e., the undiluted cell culture
supernatant had a dilution factor of 1, and a numerically lower dilution factor would indicate
greater dilution with low ionic strength buffer. The extent to which the dilution factor affected mAb
binding on the cation exchange media was in turn quantified in terms of the fraction of mAb
recovered in the eluate, which was obtained by dividing the amount of mAb recovered in the
eluate by the amount of mAb present in the feed. In these experiments, the amount of mAb in
the feed solution was significantly lower than the mAb binding capacity of the cation exchange
membrane. Therefore, the fraction of mAb recovered in these experiments would depend
primarily on the ionic strength of the feed solution. Fig. 4 shows the effect of dilution factor on the
fraction of mAb recovered with the S z?2LFMC device. In these experiments 20 mM sodium
phosphate (pH 5.5) was used as the low ionic strength diluting buffer. Based on these results, a
dilution factor of 0.5 (i.e., 1:1vol/volume dilution) was chosen for feed preparation in all
subsequent mAb purification experiments using cation exchange chromatography (both column
and membrane based). At dilution factors higher than 0.5, the extent of mAb binding was very
significantly affected by the high ionic strengths of the feed solutions. On the other hand, at
dilution factors lower than 0.25, the lower mAb concentration in the feed solution led to lower
mAb binding (as could be expected based on an adsorption isotherm). When similar binding
experiments were carried out at pH 6.0, the fraction of mAb recovered at a dilution factor of 0.5
was 0.27, i.e., the mADb binding was significantly lower than that at pH 5.5 for the same dilution
factor. The feed sample used for purification of Trastuzumab using MabSelect SuRe resin-based
protein A chromatography (see Fig. 2) was also prepared by using a dilution factor of 0.5. Hence,
all three devices used in this study were compared using feed containing the same mAb
concentration. The cation exchange column or membrane-bound mAb was eluted using 1M

NacCl solution as eluent.
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Fig. 4. Effect of dilution factor on the fraction of mAb recovered during Trastuzumab purification from CHO cell

culture supernatant using the S z2LFMC device at pH 5.5.

Preliminary experiments carried out using the S z2LFMC device showed that the best separation
of mAb was obtained at 10 mL/min flow rate. At 5mL/min flow rate the separation was quite
unsatisfactory, while at 15 and 20 mL/min flow rates, the separation was marginally inferior to
that obtained at 10 mL/min flow rate. These results show that the number of theoretical plates
data obtained using sodium chloride as tracer cannot always be used to predict performance in
protein purification experiments. Fig. 5 shows the chromatogram obtained during purification of
Trastuzumab from CHO cell culture supernatant with the S z?LFMC device, using 2 mL of 1:1
diluted CHO cell culture supernatant as feed (i.e., using a dilution factor of 0.5). Both binding and
elution were carried out at a flow rate of 10 mL/min, the binding buffer being 20 mM sodium
phosphate (pH 5.5), and the eluting buffer being 1 M NaCl solution prepared in binding buffer.
The elution was carried out using a 100 mL linear gradient from binding to eluting buffer. The
impurities appeared in the flow through peak between 7 and 35 mL effluent volume while the
mAb was eluted around 77 mL effluent volume. In addition to the main eluted mAb peak, there
was a shoulder around 85-90 mL effluent volume and another small peak around 120 mL effluent
volume. The gradient length used in this particular experiment was chosen based on optimization
experiments carried out using different gradient lengths. Fig. 6 shows the close-ups of the eluted
mAb peaks obtained using 3 different linear gradient lengths, i.e., 25 mL, 50 mL, and 100 mL. In

this figure, volume* indicates the effluent volume after the start of the salt gradient used for
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elution, i.e., 0 mL corresponded to the point at which a gradient was started. When a gradient of
25 mL length was used, the shoulder (indicated by the dashed ellipse) followed the mAb peak
very closely. With increase in the gradient length, the shoulder moved further away, indicating

better separation between the mAb and the species present in the shoulder.
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Fig. 5. Chromatogram obtained during the purification of Trastuzumab from CHO cell culture supernatant using the
S z2L FMC device (membrane bed volume: 5 mL; binding buffer: 20 mM sodium phosphate buffer pH 5.5; eluting
buffer: binding buffer + 1 M NaCl; feed: CHO cell culture supernatant diluted 1:1 in binding buffer; volume of

sample loaded: 2 mL; flow rate: 10 mL/min; linear gradient length: 100 mL; solid line: UV absorbance; dashed line:

conductivity).
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Fig. 6. Close-ups of the eluted mAb peaks obtained during Trastuzumab purification using the S z?LFMC device,
the mAD being eluted with three different linear gradients, i.e., 26 mL (A), 50 mL (B), and 100 mL (C) (membrane
bed volume: 5 mL; binding buffer: 20 mM sodium phosphate buffer pH 5.5; eluting buffer: binding buffer + 1 M
NaCl; feed: CHO cell culture supernatant diluted 1:1 in binding buffer; volume of sample loaded: 2 mL; flow rate:

10 mL/min; solid line: UV absorbance; dashed line: conductivity).
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Samples corresponding to the flow through, and the main mAb peak (without the shoulder) from
the mADb purification experiment carried out with the S z2LFMC device at the optimized conditions
(see Fig. 5) were analyzed by SEC. The results obtained by SEC analysis are summarized in
Fig. 7. The flow through (see Fig. 7A) consisted primarily of low molecular proteins and other UV
absorbing impurities (i.e., those with greater than 20 min retention time) typically present in the
cell culture supernatant. There was a very tiny peak around 17.5 min (corresponding to the mAb
retention time) which indicated that only a miniscule amount of mAb escaped in the flow through,
i.e., the recovery of mAb was high. The SEC chromatogram obtained with the purified mAb
sample (see Fig. 7B) showed that the sample was very pure (>95%), i.e., the mAb purity was
comparable to that obtained using protein A affinity chromatography (see SEC chromatogram in

Fig. 3 for comparison).
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Fig. 7. SEC chromatograms obtained during purification of Trastuzumab from CHO cell culture supernatant using
S z?2LFMC device. A. Flow through sample. B. Eluted mAb (mobile phase: Phosphate Buffered Saline (pH 7.4),
column: TSK-Gel G3000SWXL, flow rate: 0.5 mL/min; sample: 50 uL).

Fig. 8 shows the chromatogram obtained during purification of Trastuzumab from CHO cell
culture supernatant using the Capto S ImpAct column. This experiment was carried out at a flow
rate of 5 mL/min, the feed being identical to that used for mAb purification using the S z?2LFMC
device, i.e., 2 mL of 1:1 diluted CHO cell culture supernatant. The binding the eluting buffers were

also the same as those used with the S z2LFMC device, i.e., 20 mM sodium phosphate (pH 5.5)
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and 1 M NaCl solution (prepared in binding buffer) respectively. The elution was carried out using
a 100 mL linear gradient from binding to eluting buffer. The impurities appeared in the flow
through peak between 5 and 15 mL effluent volume while the mAb was eluted as a single peak
around 71 mL effluent volume. Fig. 9 shows close-ups of the eluted mAb peaks obtained with the
Capto S ImpAct column at two different flow rates, i.e., 5mL/mL and 10 mL/min, in each case,
elution being carried out using 100 mL linear gradient. The eluted mAb peak obtained at 5 mL/min

flow rate was significantly sharper and higher than that obtained at 10 mL/min.
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Fig. 8. Chromatogram obtained during purification of Trastuzumab from CHO cell culture supernatant using the
Capto S ImpAct column (column volume: 5 mL; binding buffer: 20 mM sodium phosphate buffer pH 5.5; eluting
buffer: binding buffer + 1 M NaCl; feed: CHO cell culture supernatant diluted 1:1 in binding buffer; volume of
sample loaded: 2 mL; flow rate: 5 mL/min; linear gradient length: 100 mL; solid line: UV absorbance; dashed line:

conductivity).

The flow through and eluted mAb peak samples obtained during purification of Trastuzumab from
CHO cell culture supernatant using the Capto S ImpAct column at 5 mL/min flow rate were
analyzed by SEC (see Fig. 10). Unlike the flow through obtained with the S z2LFMC device (see
Fig. 7A), the flow through obtained with the Capto S ImpAct column (see Fig. 10A) had significant
amounts of mAb present (17.5 min retention time). Therefore, the mAb recovery obtained with
the Capto S ImpAct column was definitely lower than that obtained with the S z2LFMC device.

Also, the purified mAb sample (see Fig. 10B) contained some low molecular weight (LMW)
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impurities and therefore had a slightly lower purity (about 95%) than that obtained with the S
Z2LFMC device (see Fig. 7B).
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Fig. 9. Close-ups of the eluted mAb peaks obtained during Trastuzumab purification using the Capto S ImpAct
column at two different flow rates, i.e., 5mL/mL (A), and 10 mL/min (B) (column volume: 5 mL; binding buffer:
20 mM sodium phosphate buffer pH 5.5; eluting buffer: binding buffer + 1 M NaCl; feed: CHO cell cluture
supernatant diluted 1:1 in binding buffer; volume of sample loaded: 2 mL; linear gradient length: 100 mL; solid line:

UV absorbance; dashed line: conductivity).
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Fig. 10. SEC chromatograms obtained during purification of Trastuzumab from CHO cell culture supernatant using
Capto S ImpAct column. A. Flow through sample. B. Eluted mAb (mobile phase: Phosphate Buffered Saline (pH
7.4), column: TSK-Gel G3000SWXL; flow rate: 0.5 mL/min; sample injected: 50 pL).
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Fig. 11 shows the image of the stained SDS-PAGE gel obtained with purified Trastuzumab
samples from the MabSelect SuRe, S z?LFMC, and Capto S ImpAct based purification
experiments. The two bands corresponding to molecular weights of 25 kDa and 50 kDa observed
in purified Trastuzumab sample lanes correspond respectively to the light and the heavy chains
of the mAb. The SDS-PAGE results indicate that the mAb samples obtained using all three
techniques were qualitatively pure.

130 kDa

9% kDa
72 kDa

55 kDa

43 kDa

34 kDs

26 kDa

17 kDa

10 kDa

Fig. 11. Analysis of purified Trastuzumab samples obtained by MabSelect SuRe, Capto S ImpAct, and S z2LFMC
based purification methods using 10% reducing SDS-PAGE. (A) lane 1: purified mAb obtained by Capto S Impact
based purification method, lane 2: blank, lane 3: purified mAb obtained by S z2LFMC based purification method,
lane 4: blank, lane 5: purified mAb obtained by MabSelect SuRe based affinity chromatography, lane 6: blank, lane
7: microfiltered and diluted CHO cell culture supernatant, lane 8: blank, lane 9: molecular weight markers, (B)

undiluted cell culture supernatant.
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From the chromatograms shown in Figs. 2, 5 and 8, it may be inferred that the separation
obtained with the S z?LFMC device was better than that obtained using either the MabSelect
SuRe resin column (the primary control) or the Capto S ImpAct column (the secondary control).
To begin with, the fastest separation was obtained with the S zZ2LFMC device (less than 10 min),
followed by the MabSelect SuRe resin column (about 12 min) and then by the Capto S ImpAct
column (less than 20 min). The eluted mAb peak obtained with the S z?2LFMC device was taller
and sharper, which indicated lower dispersion, which could be attributed to superior fluidics within
the separation media and the device. Secondly, the area under the curve (AUC) of the eluted
mAb peak obtained with the S z2LFMC device was greater than that obtained using the two other
devices, indicating superior mAb recovery with the former. Table 2 summarizes area under the
curve data and related information for the mAb peaks, and the mAb recovery data for purification
experiments carried out using the MabSelect SuRe column (see Fig. 2), the S zZ2LFMC device
(see Fig. 5), and the Capto S ImpAct column (see Fig. 9). These results show that the highest
mAb recovery was obtained with the S z?LFMC device, followed by the MabSelect SuRe resin
column, and then the Capto S ImpAct column. The sharpest mAb peak was obtained with the S
z’LFMC device (2.24 membrane-bed volumes), followed by the MabSelect SuRe resin column
(2.74 column volumes), and the Capto S ImpAct column (2.86 column volumes). The mAb
productivity in the three purification processes compared above were calculated by dividing the
mass of mADb recovered in each case by its peak volume, the time over which each peak was
eluted, and the bed-volume of the device (which was 5 mL in all three cases). These were found
to be 0.42, 1.38 and 0.35 mg/mL/h/mL device volume respectively for the MabSelect SuRe
column, the S z2LFMC device, and the Capto S ImpAct column.

Table 2. Attributes of the mAb peaks and mAb recovery obtained during purification experiments carried out
using the MabSelect SuRe column, the S z2LFMC device, and the Capto S ImpAct column.

Device Peak area Peak width at Peak volume | Recovery of mAb (%)
(mAu mL) half height (mL) (mL)

MabSelect SuRe column 439.28 5.3 13.7 81.7

S Z?LFMC device 486.18 @ 3.2 11.22 90.4

Capto S ImpAct column 397.51 4.0 14.3 73.9

a: Excluding shoulder.
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Conclusion

The results discussed above clearly indicate that Trastuzumab could be purified from cell culture
supernatant using the S z2LFMC device. However, it should be pointed out that this is an initial
feasibility study, and more detailed and rigorous experiments would be required before the
method could be claimed as a viable alternative to protein A based affinity chromatography.
Experiments that would need to be carried out include determination of mAb binding capacity of
the S z?LFMC device (from cell culture supernatant), and its comparison with the binding
capacities of the MabSelect SuRe resin column and the Capto S ImpAct column. In the current
study, we demonstrated equivalence in mAb purity based on robust primary techniques such as
SEC and SDS-PAGE. Additional techniques such as those used for showing host cell protein (or
HCP) and endotoxin clearance would also be required. Other analytical techniques that would
be required at the next stage of development of the S z2LFMC based process include matrix-
assisted laser desorption/ionization — time of flight (or MALDI-Tof) and dynamic light scattering
(or DLS) to detect aggregates, and assays to demonstrate equivalence in biological activity. The
main advantages of the S z2LFMC device over the MabSelect SuRe resin column are lower
media cost, faster separation, and gentler operating conditions, i.e., no requirement for elution
under acidic pH conditions. As discussed in the introduction, other potential advantages of the
membrane chromatography-based purification process include lower buffer consumption, lower
operating cost, and elimination of steps such as cleaning and validation. Also, as discussed in a
previous paper [55], the S z?LFMC device is suitable to fractionating mAb charge variants (if
present), and for the removal of mAb aggregates. The mAb examined in the current study did
not have any noticeable charge variants or aggregates. However, in cases where variants and
aggregates do exist, the S z2LFMC device-based purification process could combine two steps,
i.e., capture and polishing in one. One of the disadvantages of using cation exchange
chromatography for mAb purification is the need for the dilution of the feed sample. With protein
A affinity chromatography, clarified cell culture supernatant can be directly loaded on the column.
Any potential advantage of using the S z?LFMC device should be weighed against this
disadvantage. When using protein A affinity chromatography for purifying mAbs, viral inactivation
is carried out by holding the acidic eluate for specified duration before neutralization. While this
may appear convenient, the acidic pH condition could result in protein aggregation, denaturation
and other forms of chemical degradation [58], [59]. When using the S z2LFMC device for purifying
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mADs, alternative virus inactivation/removal methods such as those involving membrane
adsorbers may need to be used [60]. Anion and cation exchange membranes have been used
for generation and purification of antibody fragments such as Fab [61] and F(ab’)2 [62]. A zZ2LFMC
device housing within it a stack of appropriate membrane sheets could therefore be used as an

efficient integrated reactor-separation system for producing and purifying antibody fragments.

Membrane fouling is frequently observed during processing of biological material such as
proteins. In future studies, membrane fouling would need to be systematically studied, and if
significant, mitigation measures would have to be implemented. The z?LFMC device used in the
current study proved to be suitable for its intended application. In an earlier study [55] it was
shown that it was relatively easy to scale up the z2LFMC device by maintaining the same length
to width aspect ratio. However, while designing very large z2LFMC devices, a wider range of
factors would need to be considered. For instance, the aspect ratio could potentially affect
pressure drop, and thereby flow uniformity in large membrane chromatography devices. This in
turn could potentially affect separation performance. Therefore, the aspect ratio would need to
be optimized for the specific scale under consideration. Also, the relative size of the primary and
secondary flow channels used in a device could affect separation performance. Screening and
optimization of design attributes could be quite time consuming and expensive. Computational
fluid dynamic (CFD) simulations could potentially be used for preliminary screening and

optimization [63], before embarking on actual device fabrication.

The overall objective of the current study was to develop an alternative to protein A affinity
chromatography. Cation exchange separation chemistry was chosen to overcome some of the
inherent limitation of the protein A resin. The z?2LFMC format for membrane chromatography was
chosen for ensuring high-speed and high-resolution. Trastuzumab could be purified from cell
culture supernatant using the S z?LFMC device. The S z2LFMC device based mAb purification
process was faster than those based on the MabSelect SuRe resin column and the Capto S
ImpAct column. The eluted mAb peak obtained with the S z2LFMC device was taller and sharper
than those obtained with the other devices. The mAb recovery obtained with the S z2LFMC device
was higher than that obtained with either the MabSelect SuRe resin column or the Capto S

ImpAct column. With the S z?LFMC device, the purified mAb was obtained in 2.24 membrane
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bed volumes. The corresponding values for the MabSelect SuRe resin column and the Capto S
ImpAct column were 2.74 column volumes and 2.86 column volumes respectively. The main
advantages of cation exchange membrane chromatography over protein A affinity
chromatography include lower media cost, faster separation, and gentler operating conditions.
Other potential advantages include lower buffer consumption, lower operating cost, and
elimination of steps such as cleaning and validation. More detailed and rigorous experiments
would be required before the S z?LFMC based method could be claimed as a viable alternative

to protein A based affinity chromatography for mAb purification.
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Chapter 3

Optimization of Laterally-fed Membrane Chromatography Devices

using Computational Fluid Dynamic Simulations.

Earlier, a new technigue was discussed and was called z? laterally-fed membrane
chromatography (or z?LFMC). This method combines high-resolution separation with high
productivity. It is, therefore, suitable for monoclonal antibody purification.

In this chapter by computational fluid dynamics (CFD) simulations, the reason behind its superior
separation is discussed. This work aims to optimize z2LFMC device configurations using CFD
simulation software. Different designs were curated and tested based on two COMSOL physics.
For this part of the thesis, the Sartobind z2LFMC with different channels and formats, including
square and rectangular shapes, were tested to obtain the optimized design. The results are
extensively compared with traditional devices, including stacked disk and radial flow membrane

chromatography.
In this research, | conducted the simulations, Umatheny Umatheva assisted me with the initial

understanding of the simulation’s setup. Dr. Robert Pelton and Dr. Raja Ghosh supervised the

project.
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Optimization of Laterally-fed Membrane Chromatography Devices

using Computational Fluid Dynamic Simulations

Abstract:

The purification of biopharmaceuticals is considered the chief part of the production process, and
the efficiency and resolution of the used equipment are impacted by the design and flow
distribution. This thesis previously explained the new z?LFMC structure, in which, the flow
distribution is a combination of two z-shaped flows, leading to significant increase in the
biopharmaceuticals' purification efficiency. In z2LFMC, the number of theoretical plates per unit
membrane bed height is higher than its membrane chromatography devices counterparts. In an
attempt to redesign the previously proposed structure, this study compares LFMC and z?LFMC,
proposing several modifications, changing the stacked discs and radial flow membrane
chromatography in a scaled-up fashion. This part of the thesis demonstrates the enhancement
in the separation efficiency based on CFD simulations. The validity and practicality of several

designs are demonstrated by comparing and analyzing COMSOL Multiphysics modelling.

Introduction

Purification of biological macromolecules has been the focus of research for decades, with
significant efficiency and resolution improvements [1]. Chromatography as the foundation of the
purification process, was highly prioritized, particularly on an industrial scale. This is contributed
to the unique scalability, stability, accuracy, and selectivity, that chromatography offers in
comparison with its peers [2][3]. It has been proved that resin-based column chromatography
gives an excellent resolution. Particularly, It is the go-to industrial technique used to purify
biological products, such as virus/VLP proteins, among other biopharmaceuticals. While there
are numerous designs for membrane chromatographies, such as flat sheet systems and stacks
of membranes, hollow fibers, and radial flow cartridges.

For each membrane category, multiple designs and geometries have been commercialized

[7][8][9]. For instance, several axial and radial flow membrane chromatography devices are
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fabricated to understand whether the device dimensions affect the adsorption performance [10].
The literature highlighted that there is an inefficient use of the whole membrane in a stacked disc
device, resulting in lower quality and resolution, as the middle part of the stack is saturated with
solute significantly sooner than the outer regions [5][11]. This kind of design is very similar to the
old method of resin-based columns. A radial flow device is another layout configurational option.
Due to the spiral nature of the membrane sheets, there are large dead volumes on both the feed
and permeate sides of the membrane roll. However, the fouling is noticeably reduced on both
laboratory and industrial scales [12]. Fouling typically happens in narrow paths with small
diameters. For instance, hollow fiber membranes are one of the designs with this disadvantage
[13][14]. It can be concluded that separation resolution and membrane chromatography
efficiency depend entirely on the device's flow distribution [15]. The main reason for the low
resolution for other designs of membranes is dispersion, which highly affects the quality of the
resolution. Note that this phenomenon is referred to as band spreading or peak broadening in
chromatographs.

Overcoming the limitations of these design choices, including cost, speed, and most importantly,
dispersion, a new design is proposed (i.e., LFMC). In particular, the productivity of protein
separation is increased in one-step purification [16][17][18][19][20]. LFMC has higher theoretical
plates, especially in higher flow rates, reducing theoretical plates in other designs [6] [21]. The
LFMC device is based on using a stack of rectangular flat sheet membranes. The design allows
the fluid to enter from the top channel, pass through tapers, then go through the membrane stack
at different locations along its length. Afterward, the fluid comes out on the other side of the
membrane stack symmetry to the entering stage and is collected at the bottom channel and
directed towards the device outlet.

The LFMC shows promising results in regard to resolution and stability for protein separation
process, as well as higher theoretical plates in comparison with resin-based and membrane-
stacked disks [6] [16] [17] [18]. Toward enhancing the resolution, the second LFMC generation
(referred to as z2LFMC) came to light by ignoring the tapered design in LFMC. As a result, there
is a noticeable improvement in the uniformity of flow and separation efficiency [22] [23]. The basic
fabricated z2LFMC design consists of top and bottom plates with primary channels, a circular
cross-section of 0.75 mm diameter, connected to a network of semi-circular secondary channels

of 0.75 mm diameter. While there is still space for improvements, by tackling the design
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configurations of zZ2LFMC to optimize its efficiency. The experimental evaluation shows promising
results regarding the purification process [24][25]. Note that improvements within the ratio of the
plates, dimensions of membrane cuts, and cross-section of primary and secondary channels can
result in higher purification efficiency. This work shed lights on the improvements in the curvature
connection of the channels. In particular, this work examines the fluid dynamics within the
updates of the z2LFMC device, comparing them with traditional membrane chromatographies
using CFD software to simulate z2LFMC. CFD is an essential tool for understanding and testing
the basic transport phenomenon in membrane materials. This study focuses on utilizing CFD to
compare various combinations of z?LFMC with conventional methods of membrane

chromatography.

Materials

CDF simulates equipment used in the pharmaceutical industry toward optimizing efficiency and
performance. With a slight increase in efficiency, industries can increase revenue and decrease
production costs [27][28][29]. Further, CFD enables large-scale experimental designs, without
the need of conducting the experiments in a wet lab, reducing the operational cost of the
experimental research.

For the purpose of this study, COMSOL Multiphysics 5.6 was used to model the experiments.
The COMSOL Multiphysics'® Transport of Diluted Species physics interface developed a steady-
state model, alongside the Brinkman Equations. When solving models in COMSOL Multiphysics,
the finite element technique (FEM) was used.

The equations that were used in these simulations are Navier—Stokes equation (Equation 1),
and the Brinkman equations (Equation 2). Brinkman equations are the extensions of the

Navier—Stokes and continuity equations in a porous media.

Z2+ pu - Vu) = VP + V- (u(Vu + (Vw)™) —2p(Vu) + F (1.a)
pGi+ u - Vu) = VP + V- (u(Vu + (Vw)T)) + F (1.b)
254+ (V- w 2= VP + V- CVu+ T+ G + Quu (2.a)
T4V - (pw) = Qi (2.0)
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The Navier-Stokes equation can be simplified because in these simulations the fluid in the
devices is incompressible (Equation 1.b).

In these equations:

M is the dynamic viscosity of the fluid

*K is the permeability of the porous medium

*p is the density of the fluid

*p is the pressure

*¢ is the porosity

*F is force

These study's devices were modeled with tetrahedral mesh, with fine size for plates for devices
that have outer plates over membranes, such as Z?LFMC and LFMC, and coarser size for
membranes. For Z°LFMC and LFMC, the length and width of the membrane stack in each of
these devices in earlier works were 70 mm and 20 mm, respectively. The membrane bed height
was set to 7.2 mm for all designs. However, the configurations were changed for the aim of this
study, proposing two new designs of Z?LFMC. The main design dimensions and CFD properties
of the membrane devices and tracer solute used in this study are reported in Table 1.

Table 1. Parameters used in chapter 3

Parameter Value

Conditions Condition A (Rectangle) Condition B (Square)
Length (m) L 0.07 x sqrt(10)= 0.2213 0.1179
Width (m) w 0.02 x sqrt(10)= 0.0632 | 0.1179
Stacked Disk Radius (m) R 0.0665

Channel height for LFMC (m) Hc 0.00158

Bed Height (m) Hb 0.0072

Flow Rate (mL/min) Qin 100,500

Mustang Q/S Porosity (-) £ 0.65

permeability (m?) Kb 1.18x 101

Temperature (K) T 298.15

Diffusion coefficient of NaCl in water (m?/s) | D 2.9 x 10°

Loop (mL) 2

Relative tolerance (-) - 103
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Results and Discussion

The efficiency of the chromatograph has a direct relation with the broadness of the tracer peak.
Toward checking the efficiency of the chromatography, several approaches were proposed in
the literature, including the commonly used Van Deemter equation. Van Deemter equation
considers details regarding the factors that shape the peaks of the chromatograph and the
efficiency of the device. The equation is as follows:

HETP=A+B/u+C.u (3)
As shown in Equation 3, the chromatograph's shape depends on three main factors: (i) Eddy
diffusion; (ii) Axial diffusion; and (iii) Resistance to mass transfer. Notice that A is the Eddy
diffusion factor, B is the Axial diffusion sign, and C is the mass transfer resistance. It is worth
mentioning that dispersion in membrane chromatographies is a combination of eddy diffusion
and axial diffusion.

Further, optimizing membrane chromatographies toward a smaller HETP value (m/N) is
desirable. Here, HETP is the height equivalent of a theoretical plate (i.e., the inverse of N/m). In
the equation, u represents the superficial velocity, calculated as the flow rate over the membrane
area.

To compare the efficiency of different designs of membrane chromatographies, two famous
industry-based devices were used which are mainly used in downstream processes in the
biopharmaceutical and biotechnological industries, namely, stacked disk membrane and radial
flow membrane chromatography. The utilized stacked disk membrane chromatography and
radial flow membrane chromatography are shown in Fig. 1. In Fig. 1 COMSOL Multiphysics was
used to model them.
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Fig 1. Membrane chromatography devices with equal bed height. A) Stacked disk membrane B) Radial flow

membrane chromatography

Moreover, the different generations of the Laterally Fed Membrane Chromatography (LFMC)
are shown in Fig. 2. The first generation is shown in Fig. 2A. Moreover, the different shapes of
the second generation of LFMC, z2LFMC, are shown in Fig. 2B and C (rectangular and
square). Note that the z? laterally-fed membrane chromatography (z2LFMC) has been
developed to address concerns associated with prior designs, including increased

manufacturing expenses and high fluid dispersion.

z

v,\l/_x 0
Fig 2. Laterally fed membrane chromatography over three different generations.
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The LFMC is well explored [19][20] as an alternative to radial-flow membrane chromatography
and stacked disk membrane chromatography. LFMC is shown to be suitable for carrying out fast,
high-resolution separations. In this study, two updates to LFMC were applied in the form of
z’LFMC optimizations (rectangle/square to compare the efficiency by COMSOL Multiphysics),
as shown previously in Fig. 2B and Fig. 2C. To have a better understanding of the tracer
movements around membrane chromatography, this study gives an in-depth explanation of the
design effects on the tracer resolution performance.

Fig. 3 shows the difference in timing for solutes. The solute molecule moving closer to the axis
of a stacked disk would have a shorter flow path than the periphery, which results in the time
difference between the solutes. This process is known as axial dispersion, and it is considered
one of the factors which increase the HETP and peak broadness [30]. Fig. 3 shows the solute
movement within the stacked disk at the time of 15 seconds by COMSOL Multiphysics'®.

Time=15 s Concentration o

mol/m?

800
700
600
1 500

1 400

1 300

200

out

100

Fig 3. Concentration of solute (mol/m3) on stacked-disc device on the time of 15 seconds. The detailed

configurations and specifics are mentioned in table 1.

The dimensions of the stacked disk are shown in table 1. The flow rate of this experiment is
100 mL/min. Feed enters the membrane module centrally in the axial flow stacked-disc

membrane module. Consequently, the material/liquid is distributed radially in an outward
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direction over the membrane bed. Then, fluid flows through the membrane bed. Finally,
permeate is collected at a centrally located outlet.

As aforementioned, radial flow membrane chromatography devices have significant advantages
over stacked disk devices. However, these devices have complicated flow paths. For instance,
the materials and liquid are first distributed in a radial surrounding the device and then flow in an
axial direction within the annular space surrounding the membrane, followed by radially inward
flow within the membrane and finally axial flow over the collecting cylindrical core. In radial flow
chromatography, when the fluid reaches the periphery, the velocity magnitude decreases as the
cross sectional area increases. Consequently, In the radial flow configuration, the high dead
volume on both the feed and membrane’s permeate side leads to sample dilution and shallower
peaks. Fig. 4 shows the solute concentration on the radial flow device for the time of 15 seconds
and the paths of the solute over time. As shown, at the mark of 15 second, the solute diluted
noticeably before reaching the membrane. This is mainly contributed to the large dead volume
in both the header and shell. The diffusion process clears the remaining solute from the module,

resulting in peak asymmetry values.

Concgntration

mol/m3

900
800
700
{1 600
41 S00
4 400

1 300

200

100

Fig 4. Concentration of solute (mol/m3) on radial flow device at the 15 seconds mark. The specifics are mentioned
in table 1.
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Fig. 5 and 6 show the movement of the same solute during its transit in the LFMC and z2LFMC
rectangular design (the primary channel is 2.37 mm and the secondary channel is 0.87 mm).

In LFMC, the inlet region of the LFMC module was designed specifically so the fluid coming from
the external piping has time for flow development before entering the channel regions which are
above the membrane bed. Due to the lateral flow distribution, the dispersion is negligible.
Therefore, it could be anticipated that the difference in time spent by the fastest and the slowest
salt solute molecules within the membrane would be significantly lower than that in the stacked
disk and radial flow devices.

In our earlier studies it was mentioned that due to low dispersion effects, the residence time along
each hypothetical flow path within the z2LFMC device is expected to be the same. In zZ2LFMC,
same as LFMC, the dispersion is lower than in the other two conventional membrane
chromatographies. In both LFMC and z?LFMC the fluid did not “short-circuit” through the
membrane stack, which makes them perform perfectly.

Time=15 s Concentration

out

Y

n

Fig 5. Concentration of solute (mol/m3) on LFMC device at the 15 seconds mark. The specifics are mentioned in
table 1.
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Fig 6. Concentration of solute (mol/m3) on z2LFMC-rectangular design device at the 15 seconds mark. The

specifics are mentioned in table 1. The primary channel is 2.37 mm and secondary channel is 0.87 mm.

In this experiment, diameters of the z2LFMC channels were changed to observe the effect of
diameter configuration on the resolution and efficiency of z2LFMC. One study elucidated that for
an LFMC device's efficient functioning, the lateral channels' hydraulic resistance must be
identical. In turn, the lateral channels' hydraulic resistance has to be significantly lower in
magnitude than the one in the membrane stack. If there is a tendency to lose less pressure
through a series of pipes and fittings, the pipes’ size should be increased, indicating that the
primary channel should have a higher diameter than the secondary channel. In earlier work [23],
both diameters were similar, whereas, in this study, the optimized diameters ratio is concluded
following experimental evaluation of different channels’ proportions. In this experiment, the
control channels are set to 0.75 mm and 0.5 mm for primary and secondary, respectively. Then,
the channels were configured using several mathematical ratios. Table 2 shows the dimensions
for five different designs for both rectangular and square devices, and the chromatographs for

the tracer test are shown in Fig. 7.
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Table 2 Diameter of primary and secondary channels in the rectangular and square z2LFMC devices

Fig 7. Comparing all z2LFMC rectangular designs for 100mL/min. z2LFMC R1 dotted, z?LFMC R2 small dash,

In this experiment, buffers of 0.4 and 0.8 M sodium chloride were used at room temperature. As
shown in Fig. 7, the z?LFMC R5 has the best result, followed by z2LFMC R4, z?LFMC R2, z2LFMC

R3, and z2LFMC R1, respectively. The experimental evaluation highlights a strong relationship

Primary channel diameter | Secondary channel diameter | Rectangular device Square device
(mm) (mm)
1.84 0.87 Z°LFMC R1 Z?LFMC S1
2.90 1.58 Z’LFMC R2 Z2LFMC S2
3.35 1.93 Z’LFMC R3 Z’LFMC S3
2.37 1.32 Z°LFMC R4 Z°LFMC S4
2.37 0.87 Z°LFMC R5 Z2LFMC S5
0.5
0.45
0.4
g 0.35
c 03
0
e [ AN T R R Z2LFMC-1
© 0.25
e - - = 72LFMC-2
: Z2LFMC-4
8 0-2 — —Z2LFMC-3
8 Z2LFMC-5
o 0.15
0.1
0.05
0
0 150 200

z?LFMC R3 large dash, z2LFMC R4 thin solid and z?2LFMC R5 thick solid.
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between the configurations of primary and secondary channels, such as the difference in
diameter between primary and secondary channels should not be significant. For example, in the
second and third designs, this phenomenon is evident, which makes the concentration profile
weak. Pressure drop changes should be uniform throughout the device and making a sudden
change can be inappropriate. Furthermore, if the primary channel becomes very large, it does
not have a good effect (such as in the second and third designs). Given that the z2LFMC R5 and
z’LFMC R4 show the best results, it can be concluded that 2.37 mm is the best diameter for the
primary channel. For secondary channel, the 1.32 mm diameter achieves better result than the
0.87 mm diameter. This is mainly contributed to the fact that 0.87 mm is too small for the solutes

to pass the channels.

Time=15s Concentration

O u t mol/m?

Fig 8. Concentration of solute (mol/m3) on z2LFMC-square design device at the 15 seconds mark. The specifics

are mentioned in table 1. The primary channel is 2.37 mm and secondary channel is 0.87 mm.

Fig. 8 shows the movement of the same solute during its transition in the z2LFMC square design.
It was expected same the results as the previous design. It can be concluded that the fastest and
the slowest molecules within z2LFMC-square design device would be significantly lower than that
in the column or radial flow membrane chromatography. However, in this design choice, the
difference in time spent by the fastest and the slowest salt solute molecules within the membrane
is expected to be less than that in a rectangular design, this is due to that the dimensions of the

plates are similar.

54



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

Similar to the rectangular z?LFMC, this experiment investigated various channels diameters to
study the effect of channel’s diameter in the resolution and efficiency of z2LFMC. Fig. 9 shows
the performance of 5 different designs of square z2LFMC. As shown, the z2LFMC S5 holds the
best results in comparison to other design choices because the flow-through salt peak obtained
with the latter was narrower and sharper. This indicated that better separation efficiency could
be expected with zZ2LFMC S5 configuration. Further, it can be concluded that a rectangular design

outperforms the square design, as reported in the results (0.45 M vs 0.4 M).

0.45
0.4
0.35
S N o\ L [ Z2LFMC-1
0.3
E - = =72LFMC-2
c 0.25
IS — — 72LFMC-3
B 0.2 Z2LFMC-4
S
t 0.15 Z2LFMC-5
()
S 0.1
C .
(@)
© 0.05
0
0 200

Fig 9. Comparing all z2LFMC square designs for 100mL/min. z2LFMC S1 dotted, z2LFMC S2 small dash, z2LFMC
S3 large dash, z2LFMC S4 thin solid and z2LFMC S5 thick solid.

Fig.10 shows the salt flow-through peaks obtained by carrying out experiments using

the stacked disk membrane chromatography, radial flow membrane chromatography, LFMC,
z’LFMC R5, and z?LFMC S5, at a flow rate of 100 mL/min, using 0.4 M NaCl as mobile phase,
and 0.8 M NacCl solution as the tracer. These results are from the dry experiments by salt tracer

(simulation).
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Fig 10. Tracer profiles for five different membrane chromatography at 100mL/min radial flow is dotted, stacked disc
is small dash, LFMC is large dash, z2LFMC rectangular is thin solid, z2LFMC square is thick solid.

As aforementioned, stacked disk and radial flow designs have the broadest peaks, which is inline
with the van Deemter equation. At 100 mL/min, the resolution obtained with the z2LFMC
rectangular device was higher than that obtained with the LFMC. Recall that the z?2LFMC device
couples high speed with higher resolution than LFMC and the chromatographs also show similar
results. However, the rectangular design of z2LFMC device, outperforms the square design one.
Fig. 11 has the same trend as Fig. 10, as the flow rate increased up to five times. The z?2LFMC
R5 resulted in a taller and narrower flow-through peak compared to other devices. The NaCl
tracer, having high diffusivity, led to shorter peaks in other devices; moreover, it was more
pronounced in the radial flow and stacked disk module.
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Fig 11. Tracer profiles for 5 different membrane chromatography at 500mL/min radial flow is dotted, stacked disc
small dash, LFMC large dash, z2LFMC rectangular thin solid, z2LFMC square thick solid.

Further investigating possible improvements to z2LFMC. The effect of the curvature on the tracer
profile is studied. In this study, the connection of primary and secondary channels to each other
can lead to changes in the resolution of chromatographs. The Primary channel can connect to
secondary channels with the array of the knees as shown in Fig. 12B.

Fig. 12 highlights that with the inclusion of the curve, there is a slight improvement in the
efficiency, as the fluid always works better in curved knee pipes, in comparison with the 90

degrees pipes. This is contributed to the drop in the pressure resulting from the sharp knees.
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Fig 12. Effect of the curvature on tracer profile at 1200 mL/min.

Conclusion
CFD simulations are widely leveraged to conduct preliminary experiments before embarking on

actual device fabrication, lowering the manufacturing and research costs. Using CFD
simulations, this chapter put under the test the efficiency of z?LFMC device for
biopharmaceuticals purification. The experimental results highlight that z2LFMC device is suitable
for the separation and purification of biopharmaceuticals compared to traditional membrane
chromatography devices when considering large volumes (i.e., 100 mL). While the observations
of this work show the superiority of zZ2LFMC design, more detailed and rigorous experiments are
required to consider z2LFMC as an industrial alternative to the traditional approaches. This is

evident given the room for improvements that z2LFMC device still has. The experimental results
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demonstrated that by slightly modifying the design of z2LFMC device, the resolution in
biopharmaceutical separation is significantly increased. This is more evident in the case of the
biopharmaceutical separation process, where z2LFMC R5 device outperformed its counterparts,

providing the best resolution.
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Chapter 4

Purification of T7 Bacteriophage using Anion Exchange z2

Laterally-fed Membrane Chromatography

Bacteriophage is a virus that infects and replicates within bacteria and archaea, and has been
recently used in the treatment of localized infections. Phage particle purification is crucial for
therapeutic applications of bacteriophages. The purification of bacteriophages for phage therapy
purposes is considered a straightforward exercise of removal of bacterial debris by filtration,
centrifugation, or membrane chromatography, and their combinations. However, older
techniques are cumbersome, elaborate, and expensive. Moreover, they are not suitable for
purifying large quantities of phages.

The aim of this chapter is to explore the possible replacement of conventional purification
methods. In particular, Q z2LFMC is studied toward high-speed and high-resolution purification
of bacteriophage. The protocol described here, uses anion-exchange chromatography (Q
z’LFMC) to bind phages to a stationary phase. This is done using an HPLC system, combined
with z’LFMC.

In this project, | am the primary author of the manuscript and conducted the experiments. Kyle
Jackson assisted me with phage propagation, titer assay, and endotoxin quantification assay.
Ngoc Nguyen Truong assisted me with part of the experiments during my internship, as | was
remotely working with him to ensure the on-time completion of the experimental design.

Dr. Robert Pelton and Dr. zeinab hosseini-doust provided their kind advice and help throughout

the entire project. Dr. Raja Ghosh supervised the project.

64



MASc. Thesis - R. Roshankhah; McMaster University - Chemical Engineering.

Purification of T7 Bacteriophage using Anion Exchange z2
Laterally-fed Membrane Chromatography
Abstract

The antibiotic resistance to bacterial pathogens is on the rise in recent years. This necessitates
developing novel infection-control strategies to counter this phenomenon. Despite the concerns
around bacteriophages (phages), as they are still not approved as a treatment in western
medicine, a massive number of patients have been successfully treated in other countries using
this technique, namely, Eliava Institute. On yearly bases, Eliava Institute continues to treat
hundreds of international patients. However, the bacteriophages produced following their lysis
procedure contain many impurities, including endotoxins produced by gram-negative bacteria,
which are harmful to humans. To have functional bacteriophages, purification of these infectious
particles is required. This can only be ensured if the activity and the number of phages in the
entire mixed community are maintained under a certain threshold during the whole process.
This chapter proposes a two-steps process, using a combination of modern membrane
purification processes and ultrafiltration. The advantage of this process is the absence of organic
and inorganic solvents. The proposed method is tested on real case studies, such as the removal
of monoclonal antibody aggregates, the purification of PEGylated proteins, and the purification
of monoclonal antibodies. This chapter further extends the applications to the purification of
bacteriophages. The findings, among others, show that the combination of ultrafiltration with
Z?2LFMC device results in an efficient bacteriophage purification.

Introduction

Since the discovery of penicillin, there have been rapid and promising research directions within
antibiotics and their efficiency. However, this pace has significantly decreased, and several
concerns have been raised regarding bacterial resistance to antibiotics [4]. The clinical reports
of antibiotic resistance noticeably increased [1]. Clinical studies for streptomycin efficacy in
tuberculosis treatment evidenced the emergence of resistance to Mycobacterium tuberculosis

[2][3]. In recent years, there has been a vast interest in industrial and academic research toward
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producing non-antibiotic products in scale, namely bacteriophage-based medicines [5][1]. This is
beneficial, as patients who did not respond to penicillin therapy in various Western nations were
treated with bacteriophage as an alternative solution. The results on 223 individuals with lung
and pleural infections treated with phages were compared to 117 patients treated with antibiotics.
In the phage-treated group, 82% of the patients recovered completely, compared to only 64% of
the patients in the antibiotic-treated group [6]. However, the efforts in phage treatment have only
been the focus of the research recently, in comparison with antibiotic research [7]. To unleash
the capabilities of phage treatment, low endotoxin and highly concentrated phage solutions are
required for several applications, such as phage therapy, agricultural, or veterinary applications
[8][9]. The impurities within phages are categorized into three types: (i) harmful bacterial, defined
as the protein toxins produced by several pathogenic bacterial species, which are harmful to
humans, (ii) culture medium components, e.g., bacterial endotoxins and animal products, (iii)
non-biologic molecules, including small molecules. Most of the contamination is caused by the
preparation step, as the culture media are contaminated with the macromolecules produced by
the host bacteria.

The focus of impurities purification in bacteriophages is the elimination of endotoxin. Endotoxin
is a pyrogen made of the lipopolysaccharide LPS, consisting of the lipid A, fatty acids and
disaccharide phosphates, core polysaccharides and the O-antigen. Endotoxins are considered
immunogenic in the human body. Septic shock following intravascular coagulation, multiple
organ failure, and even death are common symptoms of entering endotoxin in the human body
[10][11][12][13]. The main reason is that endotoxins are amphipathic molecules that can suddenly
form large aggregates [14]. Endotoxins should be eliminated from phage preparations while
researching or utilizing phage in human systems, mainly due to the potentiation complications of
using phage treatment. The amount of endotoxin is calculated using Endotoxin Unit (EU),
defined as the activity of 100 pg of E. coli lipopolysaccharide. The Endotoxin limit for intravenous
and oral administration are 5 EU-kg-hr-1 and 20 EU-mI-1, respectively [15][16].

The traditional approach for purification is by using polyethylene glycol precipitation and
subsequent CsClI gradient ultracentrifugation. These methods have been tested and approved in
the industry and are feasible for most of the bacteriophage strains, and their efficiency is not

sensitive to pH. For instance, it has been proved [17][18] that with the appropriate procedure in
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purification, a 65-95% of the crude lysate plaque-forming units (PFU) can be achieved. The main
advantage is that this method is mostly independent of the initial concentration of the
bacteriophages in suspension. However, many phages are destroyed by centrifugal pressures
and their interaction with CsCl, losing their infectivity [19]. Although there are several approaches
in which the problem can be tackled, such as sucrose gradient. However, gradient separations
are cumbersome [20]. Another purification method is Tangential Flow Filtration (TFF). This
method is easy to set up, fast, efficient, and economical. However, it is not recommended due to
its rotor limitations, resulting in difficulties in using this method on a large scale [21][22]. A new
alternative method for purifying bacteriophages is chromatography [24][25]. The literature on the
conventional purification methods (precipitation and centrifugation) shows that the suspended
time for the entire process exceeded 18.5 hours, including 16 hours spent on the overnight
precipitation. An additional hour for the second precipitation, and a total of one hour and 25 min
dedicated to centrifugation. In comparison, the time spent for the whole process in
chromatography was overall 228 minutes (i.e., 3.8 hours) [25].

Despite the breadth of affinity chromatography purification device configurations and choices,
this approach is not recommended, in most cases, due to its high time consumption and low
yield. Additionally, SEC has limited capacity and selectivity. Overall, AEC is the preferred
chromatography technique due to its high selectivity, rapid separation, and reproducibility.

The previous work in this thesis attempted to improve resolution by neglecting the tapering design
in LFMC, leading to the development of the second generation of LFMC (z?2LFMC). As a result,
the flow homogeneity and separation efficiency have both been improved [31][32].

This work further discusses the possibility of using anion exchange z?LFMC device for
bacteriophage purification in the bind-and-elute mode. The z?LFMC device used in this study had
a membrane bed volume of 5 mL and contained a stack of strong anion exchange (Sartobind Q)
membranes. The purified bacteriophage was obtained from the eluate for further investigations.

Materials and Methods

Phage Propagation and Filtering

T7 phage was propagated using a host, Escherichia coli strain K12 BL21 (Sigma-Aldrich,

CMCO001). A pre-culture of E. coli in LB-Miller broth was cultured overnight in a shaking incubator
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set at 180 rpm and 37 °C. The next day, using fresh LB-Miller broth, a 1:200 subculture was
made and allowed to grow until an OD 600nm of 0.6 was reached. 10 mL of T7 phage (~ 1010
PFU/mL) was subsequently added to the subculture. 50 mL of 1M CaCl2 solution was added to
the subculture to assist in phage infectivity. The T7-subculture solution was then incubated in a
shaking incubator set at 180 rpm and 37 °C for 14 hours. The culture was then centrifuged at
7000xg for 15 minutes. The bacteria pellets were discarded, and the phage-containing
supernatant was retained and filtered through a 0.2 mm filter (Fisher Scientific, 13100106) to

remove residual bacteria. The filtered supernatant was stored at 4 °C.

Double Overlay Phage Titer Assay

T7 phage was quantified using the agar overlay technique. Briefly, 200 mL of E. coli K-12 BL21
and 100 mL of diluted T7 phage solution were added to liquefied LB-Miller Soft Agar (2.5% LB;
0.6% Agar), vortexed, and poured on top of LB-Miller Agar (2.5% LB; 1.5% Agar) plates (Fisher
Scientific, Sterile 100mm x 15mm Polystyrene Petri Dishes, FB0875712). Plates were placed in
a stationary incubator set at 37 °C for 6 hours and then incubated at room temperature for 12
hours. The number of resulting plaques were counted, and a total concentration was determined

using the following equation: (# of plaques / ((dilution factor) * (phage volume added))).

Endotoxin Quantification Assay

Endotoxins were quantified using the Pierce LAL Chromogenic Endotoxin Quantification Kit
(Thermo Scientific, 88282). Assay was performed as instructed in the user manual. Briefly,
endotoxin standard stock solutions were prepared by combining the endotoxin standard vial with
the desired amount of endotoxin-free water, as instructed. Endotoxin standard stock solutions
were diluted as instructed to required concentrations. Limulus Amebocyte Lysate (LAL) and
Chromogenic Substrate solutions were prepared by suspending dehydrated contents with the
desired volume of endotoxin-free water, as instructed. A 96-well microplate (Fisher Scientific, 08-
772-54). was equilibrated to 37 °C on a hot plate. 50 mL of endotoxin standard solutions and test
solutions were dispensed into desired wells. 50 mL of LAL was then immediately dispensed into
all wells containing solutions and left to incubate for 10 mins at 37 °C. At exactly 10 mins, 100
mL of chromogenic substrate solution was gently added to each well and left to incubate for 6
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mins at 37 °C. At exactly 16 mins, 100 mL of stop reagent (25% Acetic Acid) was added to each
well. The absorbance readings of the plate were then taken on a plate reader (Synergy Neo2,
1351000) at 405nm. A standard curve was established based on the absorbance values of the
standard stock solutions and the resulting linear regression determined the concentration of

endotoxins (EU/mL) of the test solutions.
Materials

Usually, two different buffer systems were used for loading and unloading the phages on the
Z’LFMC. Tris HCI buffer (10 mM) (plus 0.5 M NaCl) was added to the loading buffer. Sartobind
Q anion-exchange membrane sheets (94IEXQ42-001) were purchased from Pall Corporation
(New York, USA) and 5 mL bed volume z2LFMC was manufactured internally. Tris HCI (S7653)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All buffers and the solutions used in
our experiments were prepared using ultra-pure water (18.2 MQ cm) obtained from Millipore's
SIMPLICITY 185 water purification unit (Molsheim, France). MF-Millipore™ Membrane Filter,
0.45 pm pore size (Catalogue Number: HAWP04700) was used for micro-filtering and degassing
buffers. Freeman 1085 Polyurethane Elastomer (Batch # 77032), consisting of the resin (part A)
and hardener (part B) was purchased from Freeman Manufacturing and Supply Company, Avon,
OH, USA. The membrane-based chromatography experiments were carried out using an AKTA
Prime liquid chromatography system (GE Healthcare Biosciences, Montreal, QC, Canada).

Using the proper sample loops, the phage feed solutions were injected. In these experiments,
two types of the loops (e.g., small loops and super loops) were used to fully investigate the
Z’LFMC device. At a wavelength of 280 nm in AKTA Prime liquid chromatography system,
chromatograms were obtained by measuring the flowthrough and eluate peaks. During this
process, samples matching the distinct, separated peaks were collected in falcon tubes by
measuring the exact mass with 0.01 g error and were evaluated by using Pierce LAL
Chromogenic Endotoxin Quantification Kit, Bradford Assay and Double Overlay Phage Titer

Assay.

Results and Discussion

Flow distribution in a zZ2LFMC device comprises two sets of primary and secondary flow channels,

as shown in Fig. 1. Fig. 1A shows how the fluid flowing through a zZ2LFMC device has three levels
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of hierarchy, i.e., primary flow through the primary channels, secondary flow through the
secondary channels, and tertiary (or regular) flow through the membrane stack. Based on the
type of the mobile and stationary phase of the feed and ion-exchange chromatography, the
chromatograph is different. The mobile phase is a complex mixture of many proteins and the
target (i.e., phage). During binding, the target protein (phage) creates a uniquely strong affinity
to the membrane and the impurities pass from the membrane and the results are observed on
the chromatograph. Elution, the final step, now releases the purified protein from the membrane

so it can be collected for further processing. Fig. 1B shows the details regarding the concept.

Secondary channels
A y

Primary channel

o

Membrane stack
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Fig. 1. A) z2LFMC. Explanation regarding how it works and why it was chosen based on its geometry.
B)Explanation how chromatography works.
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There is a necessity for optimizing chromatographic devices. Optimization of anion-exchange
chromatography, like any chromatography, should be done step-by-step by testing different
parameters, which can significantly affect the process. The first step is to fix the size of the LFMC
and iterate over several parameters’ configurations. The z?LFMC device used in this study has
a bed volume of 5 mL. The experiments were conducted using a 5 mL loop. However, within two
of the experiments, a superloop was used. Toward understanding the optimized flow rate, the
efficiencies of the z?2LFMC devices were compared at 5, 10, 12, 15 mL/min flow rates by
theoretical plates. Theoretical plate measurement was performed using 50 yL injection with 0.4 M
NaCl solution as mobile phase and 0.8 M NaCl solution as tracer. The number of theoretical
plates (N) was calculated using the equation 1 in chapter 2. At the flow rate of 10mL/min, the
number of plates/m obtained with the z2LFMC device was more significant than the other flow

rates. Table 1 shows the summary of the tests.
Table 1. Number of plates/m obtained with the 5 mL Q z?LFMC device in different flowrates (5, 10, 12 and 15

mL/min)
Flowrate (mL/min) N/m
5 31381.8
10 52782.1
12 49161.2
15 50788.9

In lon exchange chromatography the separation of molecules is based on their total charge. This
technique is reasonable for the separation of molecules that would be difficult to separate by
other separation techniques because the charge of the molecule of interest can be manipulated
by changing buffer pH. In the evaluation process, a preliminary experiment was conducted to
determine the best pH and gradient length, where pH values of 7.5, 8.0 and 8.5 were selected
based on the pl of the phage. Based on the experimental observations, the pl was assumed to
be around 7. The selected pH for investigations is higher than pl, therefore, the phage will bind
to Q membrane while impurities, including proteins, are expected to flow through. By changing
the buffer with the proper salt concentration, the phage from eluate was gathered for further
investigation. Experiments carried out at three different pH values with three gradient lengths are

shown in Fig. 2 and Fig. 3.
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Fig. 2. Optimizing the gradient for releasing pure phage
Device: 5 mL, Flow rate: 10 mL/min, loop: 5 mL, Gradient: Shown in Graphs, Buffers: Tris HCI: 10mM, pH 7.5

(+0.5M NacCl). Phage diluted 2 times.
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Fig. 3 Optimizing pH for releasing pure phage. Device: 5 mL, Flow rate: 10 mL/min, loop: 5 mL, Gradient: Step,
Buffers: Tris HCI: 10mM, (+0.5M NaCl). Phage diluted 20 times.
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The main goal of these experiments is to explore potential relationships between other proteins
and impurities. The gradient helped to separate these from the phage. However, the peaks
obtained with longer gradients indicated that the phage was the main target bound and even if
other impurities were bound, the amount was low and can be neglected. So, an extended
gradient would not be required as there should be a buffer usage trade-off. In this case, an
extended gradient would affect the peaks, resulting in broad and diluted elution peaks. A step
change is therefore recommended. When a gradient of 50 mL or 100 mL length was used, the
shoulders followed the main peak very closely. With the decrease in the gradient length (step),
the shoulder moved away, indicating better resolution. By observing the chromatograms, the
difference in binding at the three specified pH values is not significant. However, as the pH value
of 7.5 has the sharpest eluate peak, it can be chosen as desirable pH. In order to select the best
pH and gradient, the quantitative analysis of the binding and elution portions was performed and
graph analysis of the peak area ratio was calculated.

The calculations based on the elution peak ratio is shown in Fig. 4A. As shown, a pH value of
7.5 has a higher elution peak ratio, in comparison with other pH values for 0 mL gradient length,
therefore motivating for using the step gradient. The elution peak ratio is measured by calculating
AUC of the elution peak divided by the total AUC of the chromatograph.

Fig. 4B shows the PFU/mL recovery data (based on double overlay phage titer assay) for flow-
through and elution at different pH values. In this experiment, samples corresponding to the flow
through, and the elution peak from the phage purification experiment carried out with the Q
Z2LFMC device at the optimized conditions (flow rate: 10 mL/min, gradient length: 0 mL) were
analyzed by double overlay phage titer assay and the phage recovery was calculated. The results
obtained by double overlay phage titer assay analysis are summarized in Fig. 4B.

As shown, a pH value of 7.5 has the best result with 35% recovery, which is selected as the

baseline for the remaining of the experiments.
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Fig. 4. Optimization regarding the pH and Gradient. Further investigation on A) Eluate peak ratio (Device: 5 mL,
Flow rate: 10 mL/min, loop: 5 mL, Buffers: Tris HCI 10mM, (+0.5M NacCl)) and B) PFU Recovery. Device: 5 mL,
Flow rate: 10 mL/min, loop: 5 mL, Gradient: Step, Buffers: Tris HCl 10mM, (+0.5M NacCl).
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In some cases, the feed could contain salt and a high salt concentration could reduce the phage
binding on Q membrane. Salt concentration has a direct effect on the success of any ion-
exchange chromatography experiments.

By experimenting feed on different dilutions and checking the conductivity of the AKTA system,
the existence of salt has been confirmed. Fig. 5 shows the conductivity (mS/cm) in different
dilutions by injecting feed in the mobile phase of the membrane. As shown, there is salt in the
feed. In some cases, the feed could contain salt, and a high salt concentration could reduce the
phage binding on Q membrane. However, due to the potential effects of this phenomenon on the

binding, further examination was required.
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Fig. 5. Conductivity in AKTA of different dilutions (1 in 2, 1in 4, 1in 8, 1 in 20) of phage in FT.

Experiments were carried out using different dilutions, 1in2,1in4, 1in 8 and 1 in 20 at pH value
of 7.5 with step gradient. It is given the elution peak area/total area data for the 4 dilutions in Fig.
6.

Based on fig. 6 it can be concluded that diluting phages does not have that much effect on the
efficiency of the membrane chromatography. At all dilution factors, the extent of phage binding
was negligibly affected by the high ionic strengths of the feed solutions. For instance, the fraction
of phage recovered at a dilution factor of 1 in 2 was 0.31, the phage binding was negligibly lower

than that at 1 in 8 dilution factor and negligibly higher than other dilutions.
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Fig. 6. Effect of dilution (1in2,1in 4, 1in 8, 1in 20) on peak area ratio.

To check the efficiency of the membrane chromatography, two different dilutions were randomly
selected to proceed with the experimental evaluation, in particular, dilutions 1 in 4 and 1 in 20
have been selected for further investigations.

Fig. 7 shows the chromatogram obtained during purification of T7 bacteriophage using the Q
z’LFMC. This experiment was carried out at a flow rate of 10 mL/min, the conditions being
identical to that optimized for phage purification using the 5 mL Q z2LFMC device, i.e., 5mL of 1
in 4 diluted phages. The binding, the eluting buffers were also the same as those mentioned
earlier, i.e., 10mM Tris-HCI (pH 7.5) and 0.5M NaCl solution (prepared in binding buffer)
respectively. The elution was carried out using a 0 mL linear gradient (step gradient) from binding
to eluting buffer. The impurities appeared in the flow through peak between 5 and 81 mL effluent
volume while the phage was eluted as a single peak around 112 mL effluent volume. In order to
qualify the device for larger volumes of phages, multiple injections of same feed were tested in
this experiment as well. The chromatograms and recovery data are shown in Fig. 7 and Fig. 8.
In a single injection, only 5 mL of feed was injected over the membrane and a phage recovery

rate of 74.9% was achieved. For multi-injection, a total of 110 mL of feed was injected, which
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was conducted over 22 doses (i.e., 22 x 5 mL injections), and a 35.3% phage recovery rate in

the eluate was observed.

In this experiment, samples corresponding to the flow through peak, and the elution peak from
the 5 mL and 110 mL phage purification experiment collected and were analyzed by double
overlay phage titer assay. In both experiments no phage was collected from the flow through
peaks, however, the phage recovery in 5 mL phage purification experiment is 2 times more than
another experiment.

It can be concluded that phage recovery can be expected to be higher in the smaller amount of

the feed flowing through the membrane chromatography.

At the same time, the endotoxin removal for both conditions were close to 70%.

300

N
o U
o O

mAu (UV)
mS/cm (cond)
RN
(04} o (05}
S & o

o

100
mL

-

—— mAu

cond

200

700
600
500
> 400

<

€ 300
200
100

0

500 1000
mL

L

1500 2000

2500

Fig. 7. Single and multi-injection phage on z2LFMC. Device 5 mL sartobind g (L x W =20 x 70 mm), Flow rate: 10

mL/min, loop: 5 mL, Gradient: Step, Buffers: Tris HCl| 10mM, pH 7.5 (+0.5M NaCl), Sample 1 in 4.
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Fig. 8. Phage recovery and endotoxin removal in single and multiple inject. Device 5 mL sartobind Q (L x W = 20 x
70 mm), Flow rate: 10 mL/min, loop: 5 mL, Gradient: Step, Buffers: Tris HCl| 10mM, pH 7.5 (+0.5M NacCl), Sample
lin4.

In the second set of experiments, the separation process was carried out at 1 in 20 dilutions
using single and multiple injections. In a single injection, only 5 mL of feed was injected over the
membrane, obtaining a phage recovery rate of 89.0%. For multi-injection, a total of 25 mL and
50 mL feed were injected, which is equal to 5 x 5 mL and 5 x 10 mL, and the achieved phage
recovery in the eluate was 77.7% and 65.4%, respectively, while maintaining endotoxin removal

rates of higher than 60%. The chromatograms and recovery data are shown in Fig. 9 and 10.
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Fig 9. Single and multi-injection phage on z2LFMC. Device: 5 mL Sartobind Q (L x W = 20 x 70 mm), Flow rate: 10
mL/min, loop: 5 mL, Gradient: Step, Buffers: Tris HCI 10mM, pH 7.5 (+0.5M NaCl), Sample 1 in 20.
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Fig. 10. PFU recovery and Endotoxin removal based on previous chromatographs. Device: 5 mL sartobind g (L x
W = 20 x 70 mm), Flow rate: 10 mL/min, loop:5 mL, Gradient: Step, Buffers: Tris HCI 10mM, pH 7.5 (+0.5M NaCl),
Sample: 1 in 20.

Phage recovery for 1 in 4 feed diluted is lower than 1 in 20 dilutions. However, a diluted feed
would not be required as there should be a buffer usage trade-off.

Using a sample loop, an overall volume of 10 ul to 100 ml can be injected onto the column. The
advantage of sample loops over normal loops is their lower cost, effectiveness, reduced sample
loss, and higher reproducibility of the injection [35].

Moreover, the superloop enables a higher amount of injection feed can be loaded on the
membrane without being lost within the system. In this experiment, two different superloops were
tested to determine the binding capacity. In the first set of experiments, optimized conditions
were assumed, and a 100 mL of 1:1 feed was loaded on the 5 mL membrane chromatography.
Based on the calculation by Bradford assay, 53.5% of impurities were eliminated, showing a
promising direction, as illustrated in Fig. 11A. Note that the superloop's accuracy was checked
with a smaller amount of the feed as well. On the other hand, Fig. 11B shows the chromatograph

when loading 15 mL 1:1 feed with optimized conditions, with a phage recovery rate of 72.0%.
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Fig 11. A) Super loop by loading 100 mL phage 1:1 with optimized conditions, B) Super loop by loading 15 mL
phage 1:1.

Next, UF centrifuge and UF stirred filtration is utilized for analytical analysis. For UF centrifuge 4
min, 2000 rpm, 4°C, 100 kDa NMWCO conditions were used. Then, the pellet was resuspended
in phage buffer (10 mM Tris HCL to 7.5). Note that the phage could also be concentrated from
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the UF stirred filtration (1 h, 300 rpm, 25°C). Endotoxin removal was tested for the phage
collected from each condition. Given that, ultrafiltration significantly reduced the endotoxins from
phage samples, as shown in table 2. Overall, anion exchange chromatography is efficient in

endotoxin removal, whereas ultrafiltration can be used as a second step.

Table 2. Comparing endotoxin removal percentage in UF Centrifuge, UF stirred filter and Sartobind Q

Z?LFMC.
Injection Type Endotoxin Removal (%)
One Inject 71.2%
UF Centrifuge 63.4%
UF Stirred filter 65.6%

Conclusion

Therapeutic bacteriophage production is a time-consuming operation, including multi-stage
processing, starting from phage propagation and filtering, and ending with several combinations
of separation and purification processes. Among these, purification is a very crucial step in
bacteriophage production. Although Traditional purification processes provide promising results,
they are considered defective processes. In this work, Tris—HCI buffer was used as binding and
elution buffers. The hand-made z2LFMC with anion exchange membrane was connected to an
AKTA HPLC system. The purification process was conducted within one hour and 20 minutes.
The infectivity and the recovery percentage of purified phage particles were determined by
plague-forming assay. Membrane chromatography, such as anion exchange z?LFMC, presents
promising results with the proposed design, with phage recoveries of 89.0% under perfect
conditions. Moreover, the achievable endotoxin removal rate is up to 71.2% under the same
conditions. Compared to conventional columns, z2LFMC chromatographic approach presents a

much simpler process with an easy and straightforward result in a short time.
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Chapter 5

Conclusion

Membrane chromatography is a chromatography device that consists of a stack of membranes
for antibody separation. In this work, we leverage two membrane chromatography devices, LFMC
and z2LFMC. The real-life applications of LFMC were studied in the literature, including the
removal of monoclonal antibody aggregates, and the purification of PEGylated proteins.
However, it is necessary to validate the characteristics of the second generation of LFMC,
namely, z2LFMC. In this thesis, zZ2LFMC was extensively studied to evaluate its capabilities in
removing impurities, endotoxins, and host cell proteins from biopharmaceutical products. For
example, in chapter two, using z?LFMC for monoclonal antibodies purification, it was observed
that cation exchange z2LFMC was selected to be replaced with protein A resin. Based on this
theoretical observation, the second generation of LFMC provided high-speed, high-resolution
purification. Moreover, Trastuzumab was purified from cell culture supernatant using the S
Z’LFMC device. The mAb recovery rate obtained using S z2LFMC device was higher than the
recovery rates obtained when using either the MabSelect SuRe resin column or the Capto S
ImpAct column. However, it is essential to point out that further investigation is required before
generalizing that the S z2LFMC-based method could be a viable alternative to protein A based
affinity chromatography for mAb purification. Moreover, this thesis studied T7 bacteriophage as
a purification subject. In particular, anion exchange z?LFMC membrane chromatography
presented promising results with recovery rates of up to 89.0% of phage under perfect conditions,
alongside an endotoxin removal rate of up to 71.2%. Compared to conventional columns,
Z’LFMC chromatographic approach presents a much simpler process, with easy and
straightforward results in a shorter overall time.

Additionally, this thesis highlights the attempt to reengineering the channels and the shape of
z’LFMC under different scenarios and applications. For instance, chapter three highlights the
scenario based on the computational fluid dynamics, in which, no wet lab work took place. To
confirm the efficiency of z?LFMC, various simulations were used to understand the fluid
movements within membrane chromatography. Although z2LFMC addresses problems that exist
in other conventional chromatography geometries, there can be maldistribution in z2LFMC. The

introduced issues can be solved by redesigning taking into account the application requirements
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and environment. This is more evident in the case of the biopharmaceutical separation process,

where z2LFMC R5 device outperformed its counterparts, providing the best resolution.

Future work

In the future, more detailed, cohesive experiments should take place. This is essential to verify
whether z2LFMC method is a feasible alternative to protein A affinity chromatography for mAb
purification. This requires more guided quantitative analyses in regard to the endotoxin removal
and purity percentage, with scalability is taken in mind.

Moreover, the design of zZ2LFMC is yet to be optimized, and more alternative designs should be
tested. For example, changing the number of channels or the ports’ design may significantly
affect the device efficiency. In the future, COMSOL projects regarding the purification of
monoclonal antibodies or bacteriophages can take place.

Further, zZ2LFMC is to be compared with other purification devices, including column and TFF,

where the binding capacity of zZ2LFMC can be tested under different conditions.
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