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ABSTRACT 

The design of chromatographic purification processes for non-platform biologic ther-

apeutics is a complex problem due to the multitude of species involved and the difficulty 

of predicting their interactions with the separations media. This design problem is made 

even more challenging if the target therapeutic is to be manufactured in an integrated fash-

ion, in which hold tanks, buffer conditioning, and other steps which allow the design of 

each unit operation on an individual basis are removed. This thesis explored several strat-

egies to develop purification processes for non-platform biologics which were to be 

manufactured in a small-scale, integrated system with no conditioning steps or hold tanks 

between chromatographic unit operations. 

In the first approach, a multiscale platform for the discovery of peptide affinity chro-

matography ligands was developed and applied for the purification of human growth 

hormone (hGH) from yeast cultures. A high-throughput batch screening approach using 

RP-UPLC was created to rapidly sample portions of the competitive adsorption isotherms 

for the biologic, allowing the selection of peptide leads based on their abilities to both bind 

the product from representative mixtures and subsequently desorb it from the chromato-

graphic resin. A peptide ligand, SMWRTYH, was selected as the final candidate for the 

purification of hGH and in column-scale experiments was shown to purify hGH from yeast 

(Pichia pastoris) cultures with a product recovery of 80% and purity of 95% after a single 

step.  

The second process development approach made use of a novel method for charac-

terizing the host-related impurities in Pichia cultures. This characterization data was 

analyzed by an in silico tool which synthesized tentative chromatographic purification 

processes and ranked them based on predicted impurity clearance. The utility of the ap-

proach was demonstrated by employing it to develop integrated, 3-step purification 

processes for two therapeutic proteins using only commercially available separations me-

dia. This impurity characterization based approach could have applications in the 

development of highly constrained purification processes for a wide range of non-platform 

biologics. 

Finally, a more straightforward approach was used to develop an integrated purifica-

tion process for an Interferon mutant. This approach combined the lessons learned from 
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the impurity characterization experiments with the results from a gradient elution screen 

on the product and its key variants to guide process development. These results demon-

strate that integrated purification processes can also be designed for molecules with 

significant (>30%) product variant separation challenges and that a characterization of the 

host-related impurities can be used to guide decisions in the development process, even 

without the use of the in-silico process synthesis tool. 

The successful implementation of the strategies presented in this thesis provides evi-

dence that a characterization of both the product and the impurity interactions with the 

separations media can enable the development of highly constrained, integrated purifica-

tion processes for non-platform biologics. Moreover, this body of work offers perspective 

on the relative merits and drawbacks of the various strategies that can be employed to 

design these processes.
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1. INTRODUCTION 

1.1 Motivation 

The biopharmaceutical industry is a $200 billion market worldwide [1], and as of 2013 

there were over 900 biologic therapeutics either in human clinical trials or under review 

by the U.S. Food and Drug Administration (FDA). Fully 37% of these therapeutics in 

development were monoclonal antibody (mAb) products with the next largest category 

being vaccines at 28% [2]. The market dominance of mAb-based therapeutics in this in-

dustry has come about due to a variety of reasons, but a primary contributor is because 

antibodies are “scaffold” molecules which are made up of a constant domain which acti-

vates the body’s immune response and a small variable region which determines its target. 

This allows many different therapeutic actions to be achieved using a family of highly 

similar molecules. One benefit of this similarity is that the development of manufacturing 

processes for mAb products has been greatly streamlined over the years. Protein A affinity 

chromatography can be used to recover mAbs at  high purities, which, when combined 

with the similar biophysical properties of most antibodies, has enabled the various bio-

pharmaceutical companies to develop “platform” downstream processes which work for 

the majority of these products [3]. 

The detailed understanding of both the upstream and downstream components of 

mAb platforms that has been developed over the years has begun to enable innovation in 

an otherwise highly risk-averse industry. Unlike in many other industries which carry out 

manufacturing in a highly connected, continuous fashion, the manufacturing of biophar-

maceuticals has primarily been done in a batch fashion. Platform knowledge has now been 

leveraged by industry professionals and academics to develop integrated and continuous 

manufacturing processes for mAb products in a number of cases [4], [5]. These works 

have demonstrated the feasibility of continuous manufacturing of biologic therapeutics 

using integrated systems. While these systems may not outperform traditional batch pro-

cesses on a cost basis for the scales of production currently needed [6], [7], they have 

many other benefits which make their application worthwhile [8], [9]. 

Although the industry has been able to leverage platform knowledge to enable the 

development of integrated manufacturing systems for mAb products, the development of 
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integrated manufacturing processes for non-antibody biologics is not as straightforward. 

In 2013, 10% of all biologics in development were recombinant, non-antibody proteins. 

Furthermore, many vaccine candidates, which constituted 28% of the biologics in devel-

opment, were recombinant proteins [2]. In most cases no similar platform exists for these 

molecules, necessitating the development of entirely new manufacturing processes for 

each product. The development of these processes can be quite challenging even for tra-

ditional, batch manufacturing processes. In an integrated manufacturing system the 

development of manufacturing processes is greatly complicated because each unit opera-

tion can no longer be designed in isolation without effecting the other steps. This presents 

a great challenge for the integrated and/or continuous manufacturing of many biologics 

because the downstream process scientist must be capable of simultaneously optimizing 

many connected unit operations for the recovery and purity of the biologic product without 

the accumulated knowledge of a platform process to draw upon. Therefore, the goal of 

this research is to create and evaluate new strategies for the development of chromato-

graphic purification processes for non-platform biologics. If successful, these strategies 

would facilitate the design of highly constrained and/or connected purification processes 

such as those used for the integrated manufacturing of mAbs.  

1.2 Project Context 

In 2013 the Defense Advanced Research Projects Agency (DARPA) extended con-

tracts to 3 teams to accomplish the goals set forth in the Biologically-derived Medicines 

on Demand (Bio-MOD) initiative. The focus of this program was to develop integrated, 

small scale, and autonomous manufacturing systems for the on-site production of biologic 

therapeutics. One of the three teams on this program was led by Professor J. Christopher 

Love at the Massachusetts Institute of Technology (MIT) and included academic and in-

dustrial collaborators from Northeastern University, Pall Corporation, and the Cramer and 

Karande labs at RPI. The RPI team has been involved in many aspects of the project work 

but has primarily been responsible for the development of the downstream chromato-

graphic separation processes for the target molecules in the program. While the design of 

the prototype Integrated and Scalable Cyto-Technology (InSCyT) manufacturing system 
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has changed greatly since the initial conception of this program, the goal of the down-

stream team has always been to design purification processes which are as simple as 

possible and can be operated in a small scale, autonomous system. The work described in 

this document was carried out as part of the efforts by this downstream process develop-

ment group at RPI in order to design integrated purification processes for a number of 

biologic therapeutics in the Bio-MOD program. A final item to note is that since this pro-

ject was highly collaborative in nature, it has sometimes been necessary to present results 

which other members of the team were primarily responsible for generating. In those cases 

it will be clearly indicated in the body of the text and in the Figure or Table captions (if 

applicable). 

1.3 Outline 

This document begins with the background information and literature review for the 

major topics to be discussed in this document (Chapter 2). The major topics in this review 

are process development strategies, the design and development of affinity ligands for 

chromatographic purifications, and recent efforts on integrated and continuous manufac-

turing in the biopharmaceutical industry.  

Initial efforts in the Bio-MOD program aimed to develop custom affinity peptide lig-

ands for each new biologic target for the robust, highly selective chromatographic capture 

of these molecules. The hypothesis behind this approach was that such an effective chro-

matographic capture step would eliminate the host-related impurity burden after a single 

step, allowing the remaining unit operations in the process to focus on the more manage-

able challenge of separating product-related impurities using an integrated purification 

scheme. Chapter 3 presents the work leading to a general strategy for the development of 

an affinity peptide resin for any given target molecule. In the Cramer lab, this work fo-

cused on developing appropriate methods for the high-throughput screening of peptide 

functionalized resins. This work resulted in the detailed approach for peptide discovery 

and development that is described at the end of the chapter.  

The development of a peptide resin for the affinity capture of human growth hormone 

(hGH) from yeast cultures is presented in Chapter 4. Data from all stages of development 

are presented, from the initial design and nanoscale screening of the peptide sequences to 
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the final evaluations of the peptide-functionalized resins in column purification experi-

ments. These efforts resulted in the identification of a final peptide resin, SMWRTYH 

(H7), which was capable of recovering hGH from yeast cultures at greater than 90% pu-

rity.  

In Chapter 5, an alternative approach for the development of integrated purification 

processes for non-platform biologics is presented. The goal of this work was to investigate 

the feasibility of using only commercially-available separations media for the purification 

processes in the Bio-MOD program. To accomplish this goal, the RPI team developed a 

strategy for the in-silico synthesis of tentative purification processes based on an extensive 

initial characterization of host-related impurity interactions with a library of commercially 

available chromatographic resins. Corresponding data sets were generated from the rapid 

screening of each new biologic product, and together the product and impurity databases 

were analyzed in a custom-written Matlab tool which was able to generate integrated, or-

thogonally selective purification sequences for the recovery of the biologic products. In 

this chapter, results are shown for the development of purification processes for both hGH 

and Granulocyte Colony-Stimulating Factor (G-CSF). 

The results from the work described in Chapter 5 were also used to inform the devel-

opment of an integrated purification process for Interferon-α2b (IFN) in Chapter 6. This 

purification challenge included a significant product-related variant population which had 

to be reduced to acceptable levels. Lessons learned about host-related impurity properties 

were used to guide the selection of two chromatographic steps which removed the majority 

of these species, enabling the development of a third chromatographic step focused on 

variant removal.  

Throughout the thesis, efforts are made to illustrate the benefits that an understanding 

of the product, resins and ligand chemistries, and impurity species (both product-related 

and host-related) can have for the development of purification processes. Chapter 7 con-

cludes the work by discussing the relative merits and pitfalls of the various process 

development strategies that have been explored in this work. These discussions are ac-

companied by several future directions for expanding and improving upon the work 

presented in the prior chapters.  
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2. BACKGROUND AND LITERATURE REVIEW 

2.1 Process Development Strategies for Chromatographic Separations 

The role of the downstream scientist in the production of biologic pharmaceuticals is 

to design the process by which the bioreactor output, or cell culture fluid (CCF), is taken 

from a from a crude mixture containing the product and many impurities all the way to 

purified drug substance containing only the target biologic. The nature of these impurities 

vary with the cell system and method used to express the bioproduct, but broadly they 

include host-cell proteins (HCP), host DNA, cell culture media components, viruses, en-

dotoxins, leachables and extractables stemming from the production process, and 

misformed or modified versions of the intended product molecule (product variants). 

Although this thesis focuses on process development for non-platform bioproducts, it 

would be remiss not to briefly discuss process development for mAb products. Down-

stream process development for this class of biomolecules is highly efficient since, as was 

described in Chapter 1, these scaffold molecules are highly similar on a macroscopic scale 

and they share a remarkably effective Protein A affinity capture chromatography step. 

Protein A chromatography typically removes the bulk of the host-related impurities, al-

lowing the majority of downstream process development efforts to focus on product-

related impurity clearance and the removal of residual process-related impurities. Protein 

A chromatography and the similar physical properties of many mAbs has allowed for the 

creation of “platform” purification processes which can be applied to most antibody ther-

apeutics with only minor changes in the process parameters. These platforms have greatly 

simplified the development of antibody manufacturing processes [3].  

For non-platform biologics, arguably the most difficult step in the design of a purifi-

cation process is process synthesis, or the creation of multi-step process flow sheets from 

which to begin experimental development [10]. The chemical industry has long experience 

with this challenge and there is a wide body of literature available on the subject – see the 

reviews by Westerberg [11] and Barnicki and Siirola [12] for further reading. However, 

the biopharmaceutical industry is much younger and has a very different set of drivers. 

Consequentially, there is still a great deal of progress to be made on process synthesis for 

bioseparations. 
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Ideally, the process synthesis step would be carried out with a deep understanding of 

the product, the product- and process-related impurities, the chromatographic resins avail-

able, and how the properties and interactions of all of these change as a function of solution 

conditions. In most cases though, the downstream engineer has some limited information 

on the properties of the product molecule based on its sequence, therapeutic mode of ac-

tion, and possibly structure. They will also have some information on the broad properties 

of the process-related impurities based on past experience with the expression system, and 

varying understanding of the available separations media (again based on past experience) 

[13], [14]. Without sufficient information the downstream engineer must resort to the use 

of trial-and-error approaches for process development, lengthening the development time-

line and potentially resulting in purification processes that are difficult to implement or 

not robust in a manufacturing setting. 

In the past 15 years, separation scientists have begun to incorporate elements of high-

throughput screening (HTS) into process development strategies in order to overcome 

some of the limitations of trial-and-error approaches. High-throughput screening is a term 

that originated in the late 1980’s to describe the techniques developed in the small-mole-

cule pharma industry which use automated systems to evaluate increasingly large numbers 

of correspondingly smaller amounts of molecules as potential drug targets [15]. In down-

stream bioprocessing, the philosophy is much the same; better purification processes can 

be designed using less time and material if the technology and methods exist to test more 

conditions at smaller scales using automated systems. These experiments are commonly 

performed in microtiter plates (96-well, 384-well, 1536-well, etc.) using robotic liquid 

handling systems such as those sold by Tecan or Caliper. Early efforts by the Cramer lab 

made use of 96-well plates for the high-throughput evaluation of molecules for displace-

ment chromatography in the 2000’s [16], [17], and Kramarczyk’s incorporation of 96-well 

filter plates for the HTS of chromatographic resins was a key advancement in the field 

[18]. However, the 2008 papers by Coffman and coworkers describing the use of robotic 

liquid handling systems for purification process development in an automated, 96-well 

plate format marked the true beginning of HTS in separations process development [19]–

[23].  
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Most HTS for process development uses one of three main formats: resin slurries 

deposited in 96-well filter plates, miniaturized chromatographic columns, or pipette tips 

filled with chromatographic resins. The advantages and disadvantages of each format have 

been discussed in depth elsewhere [24], [25] but in general the filter plate format is well 

suited to the measurement of many equilibrium parameters or kinetic parameters in ap-

proach to a single equilibrium condition. Both of the HTS column formats are well-suited 

as scaledown models of chromatographic systems, though the Atoll RoboColumns have 

seen potentially greater use in industrial process development. The minicolumn formats 

are generally lower throughput than the batch method, making them more suited to anal-

yses of phenomena not well reproduced in a single equilibrium stage such as gradient 

separations. There are many examples of the use of HTS for process development in the 

literature which will not be presented here, but the process development group at Merck 

& Co. Inc. has published a number of excellent papers on the subject which describe a 

comprehensive strategy for the use of the various HTS formats in process development 

[26]–[31].  

Another alternative to trial-and-error process development has been termed 

“knowledge-based process development.” Knowledge-based process development is de-

scribed as using information about biologic product, the impurities in the mixture, and 

how these components will interact with the separations media as a function of solution 

conditions to guide decisions in process development [14]. This is a relatively broad def-

inition which encompasses many of the areas of active research in the bioseparations field. 

At the most fundamental level, efforts have been made to apply molecular dynamics (MD) 

simulations to understand the mechanisms behind observed chromatographic selectivities 

[32]–[36]. Despite great insights gained by these detailed investigations, it appears that 

the time required for such computationally intensive experiments has so far prohibited 

their use for industrial process development. Instead, quantitative structure-property rela-

tionships (QSPR) have been applied for the prediction of protein retention or even 

isotherm parameters in ion-exchange [37]–[41], hydrophobic interaction [42]–[45], hy-

droxyapatite [46], and multimodal chromatographic systems [47]–[50]. QSPR models do 

require that the structure of the analyte, or at the very least an accurate homology model, 

is available in order to calculate the necessary molecular descriptors, but if that condition 
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is met then they have been proven to be quite effective for the prediction of product reten-

tion behavior. Recently, Robinson et al. have developed a QSPR model which was able to 

predict the retentions of a Fab library on a variety of multimodal resins, illustrating the 

potential of these techniques for use in the design of product variant separations [51]. 

However, despite these successes there have so far not been any reports in the literature 

of QSPR modeling for the design of downstream bioprocesses. 

Of particular interest in the industry is the use of isotherm modeling and column sim-

ulations for chromatographic separations, either as an aid in the development of the step 

or for process characterization and to support regulatory filings. In the past the use of 

column modeling has been limited by, among other factors, the need to collect large 

amounts of data in order to determine parameters which accurately represent the purifica-

tion process. However, improved parameter estimation techniques, regulatory pressure to 

better understand and control industrial separations, and the recent advances in high-

throughput experimentation have driven advancement in this field and there are now many 

reports of column modeling being used in industrial settings to guide the development of 

and/or better understand large scale purification processes [19], [52]–[60]. Thus far 

though, the existing HTS methods are such that the development of accurate column mod-

els is only practical for systems with a limited number of components, such as a separation 

of the biologic product from its aggregates or other product variants. Nevertheless, the use 

of simulations to inform process development has been the most widely and successfully 

adopted form of knowledge-based process development in the industry to date.  

While knowledge-based process development has become quite advanced for well-

characterized systems and/or systems with a limited number of components (often polish-

ing steps late in the purification process), it is much more challenging to apply similar 

strategies for the design of whole purification processes. This is because the initial CCF 

contains many hundreds or thousands of components about which little is known. Conse-

quentially, the rational design of purification processes is impossible without some 

improvements in the understanding of these myriad impurity species. 

In the late 1980’s and 1990’s there was a great deal of interest in the use of expert 

systems for the synthesis of bioprocess flowsheets. These expert systems utilized 

knowledge, rules of thumb, and heuristics from professionals in bioprocess development 
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as a substitute for a detailed understanding of the many impurity species in CCF. This 

information was then used by the software to suggest purification processes based on the 

properties of a target biologic (which were input by the user). Asenjo and coworkers cre-

ated the PROTEIN expert system for this purpose [61], while Eriksson and Sandahl 

created the Protein Purification Advisor [62] and P8 [63] purification planners. Work done 

by Petrides later resulted in the BioPro Designer software package [64]. These software 

platforms were innovative at the time but they were also limited by a reliance on expert 

knowledge instead of experimental data on the impurity species.  

Andrews et al. worked to address this limitation by performing an extensive charac-

terization of the most abundant proteins in CHO supernatant, E. coli lysate, and 

Saccharomyces cerevisiae lysate [65]. This characterization method was highly detailed 

but also laborious, consisting of preparative size-exclusion chromatography (SEC) in the 

first dimension, preparative isoelectric focusing and hydrophobic interaction chromatog-

raphy (HIC) in the second dimension, and SDS-PAGE as an analytical technique to track 

protein partitioning in the different experiments. These results proved valuable for use in 

an expert system for purification process synthesis [66]. A key aspect of this work is that 

the characterization experiments were done with specific separation techniques or modes 

in mind. SEC was done to inform size-based separations, isoelectric focusing was done to 

inform charge-based separations, and HIC was done to inform separations based on pro-

tein hydrophobicity. Unfortunately though, these protein properties are not entirely 

predictive of their behavior on the various chromatographic systems. Protein selectivities 

and elution orders are often not conserved between HIC systems which utilize different 

ligands, base matrices, or ligand densities [42], so the gradient elution results from a single 

system are not generalizable to all HIC separations. Additionally, ion-exchange chroma-

tography (IEC) results cannot always predicted by protein pI [67]. Finally, the advent of 

more complex chromatographic separations media which combine multiple modes of in-

teraction on a single ligand has increased the difficulty of predicting separations from 

simple data sets. Nonetheless, this work paved the way for further studies on the use of 

characterization experiments to predict the chromatographic retention of the major HCPs 

in CCF. 
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Subsequent work has shown that aqueous two-phase partitioning coupled with quan-

titative 2D electrophoresis can be used to characterize the charge, hydrophobicity, and size 

properties of HCP mixtures [68]–[70]. These data sets have been successfully used for the 

prediction of IEC chromatography separations on a variety of resins [71], [72] and the 

technique shows great promise as a guiding tool for process development. However, the 

authors have yet to demonstrate the prediction of HCP retention times in more complex 

systems such as HIC or MM. 

An interesting example of knowledge-based downstream process development in the 

field of antibody manufacturing over the past few years also focuses on the behavior of 

specific HCPs. Although the majority of the host-related impurities in mAb processes are 

removed by Protein A chromatography, it has been observed that the extent of HCP clear-

ance on this step varies from one product to another [73]. Additionally, some reports show 

that the presence of even low levels of specific HCPs in the final formulation can be det-

rimental to product quality [74]–[76]. These observations have led to several detailed 

investigations into the mechanisms of poor HCP clearance on Protein A chromatography 

and the identity of these co-eluting HCPs. The results from several studies suggest that the 

majority these HCPs are carried through the Protein A step by specific interactions with 

the biologic product, which can be different for different product molecules [73], [77], 

[78]. Others hypothesize that these interactions are mediated by the presence of chromatin 

in the CCF, and that the removal of these complexes prior to Protein A chromatography 

can greatly improve HCP clearance [79]. There has since been a large body of excellent 

literature on this subject, a subset of which is listed in [80]–[87]. Overall, these studies 

illustrate the importance of understanding the process-related impurities and specifically 

designing separations processes for their removal, even when a highly selective affinity 

capture step is available.  

The Ottens lab has also been very active in the field of knowledge-based process de-

velopment. Ahamed et al. have developed a simple method to guide the development of 

IEC separation processes by using analytical pH gradient elutions on cation- and anion-

exchange chromatography to characterize the starting mixture [67]. This method has been 

demonstrated for the design of IEC separations of a mAb from mammalian cultures [88], 

but more importantly this work marked the beginning of an effort to develop a state-of-
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the-art methodology for the development of downstream processes based on a thorough 

characterization of the starting CCF solution [89]. In this methodology, CCF was buffer-

exchanged and subjected to a series of chromatographic fractionations and analytical as-

says in order to generate isotherm parameters for the in-silico development of purification 

processes. pH gradient IEC was first carried out to select optimal pH conditions for salt 

gradient elutions in anion- and cation-exchange chromatography steps. These salt gradient 

elutions were performed using multiple gradient slopes to enable the determination of iso-

therm parameters, and subsequent reverse gradient elutions on HIC were performed 

similarly to acquire parameter sets for this step. Throughout the experimentation, samples 

were analyzed by SDS-PAGE and in some cases LC-MS in order to track and identify 

individual impurity species across the different fractionations [90].  

Though the methods described above have some clear downsides in that the fraction-

ation and analysis methods are somewhat laborious and the isotherm parameters are 

limited to a single resin and solution condition, this remains as an exemplary impurity 

characterization method reported in the literature. The data from such a set of experiments 

would also provide information on protein size, charge characteristics, and rough hydro-

phobicity which could be used to guide process development efforts without employing 

the isotherm parameters for column simulations. However, further efforts have also shown 

that a limited process synthesis can be carried out for multi-step purifications using the 

isotherm data [56], and more recently Pirrung et al. have shown that the use of computa-

tionally more efficient artificial neural networks can enable the full in-silico optimization 

of multi-step purification processes using this data set [91]. Replacing the SDS-PAGE and 

LC-MS analyses with a more efficient preparative fractionation scheme and high-resolu-

tion size-exclusion UPLC analysis has greatly improved the workflow for the 

characterization experiments [92]. It has also been demonstrated that the workflow is ame-

nable to high-throughput experimentation using small-scale RoboColumns, which would 

even further decrease the labor required for these characterization experiments. 

2.2 Affinity Chromatography 

Affinity chromatography is a mode of chromatography in which the immobilized lig-

and binds both strongly and specifically to the desired product. Historically, these 
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ligand/receptor pairs commonly originated from biological systems. The most common 

examples include antibody/antigen pairs, biotin/streptavidin, hormone/receptor pairs, lec-

tin/glycan interactions, and enzyme/substrate pairs. Affinity interactions are relatively 

poorly defined in that there are no agreed upon criteria for binding strength (affinity), 

specificity or selectivity, or sensitivity to external factors such as solution conditions (salt 

and pH) which determine whether an interaction is an affinity interaction. The term 

“pseudo-affinity” has also been used to describe less specific interactions, though again 

the term is not well defined. For chromatographic applications, an affinity ligand is gen-

erally recognized as such if it can be used to bind a product strongly in the presence of a 

complex mixture, retain the product during wash steps which desorb impurities, and then 

can elute or desorb the product at a much higher purity (typically 80-99%).  

For lab-scale applications in which it is not necessary to recover the target biologic in 

an entirely unmodified form, there are a wide variety of tags which can be linked to the 

biologic to enable purification by affinity chromatography. These include the simple HIS-

tag which can be used with an immobilized metal affinity column, the FLAG short peptide 

sequence which can be used with the anti-FLAG immobilized antibody column, or even 

full protein domains such as maltose-binding protein and chitin-binding domain, which 

can be purified using amylose resin and chitin resin, respectively. For further reading on 

the various affinity tags available and their relative merits and drawbacks, the reader is 

referred to the reviews in [93]–[95]. 

Despite the excellent purification performance they offer and their prevalence in ac-

ademic labs throughout the world and, affinity tags are not often used in the 

biopharmaceutical industry because it is not desirable to leave a non-native tag on a com-

pound that will be used in a clinical setting. Enzymatic cleavage can be used to remove 

affinity tags, but the need for expensive reagents and subsequent purification steps to re-

move the enzyme and cleaved tag have largely prevented the use of this strategy. Inteins, 

self-splicing protein domains, can be used to circumvent these issues and enable the affin-

ity-tag purification of biologic products followed by the removal of the tag without any 

additional reagents [96]–[99]. This line of work shows great promise but it remains to be 

seen if the biopharmaceutical industry will adopt this technology. 
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The most widely used affinity interaction for the production of biologic therapeutics 

is that of Protein A with human antibodies, primarily of the IgG class [100], [101]. Protein 

A binds to the Fc region of antibodies with high affinity and specificity, and when immo-

bilized on a chromatographic resin it can be used to recover antibodies at purities of 99% 

or greater directly from clarified CHO culture supernatant [3], [102]. It is likely not over-

stating the importance of Protein A chromatography to say that it had a major role in 

shaping the biotechnology industry over the past 30-40 years. For an excellent presenta-

tion on the history of Protein A and its use for chromatographic separations, see the review 

by Bolton and Mehta on the topic [101]. 

Because tag-based affinity separations are undesirable in biopharma applications, 

there has been a great deal of research into the discovery and development of novel affinity 

ligands for protein therapeutics. Historically, the plasma fractionation industry has made 

use of various types of affinity chromatography [103] which originated from biological 

systems. More commonly now, these ligands can be discovered or created in a laboratory 

setting and take many different forms. Examples include dye-affinity ligands [104], ap-

tamers [105], peptides [106], small-molecule ligands [107], and camelid antibodies [108]. 

These ligands are often discovered with high-throughput techniques such as phage display 

[109], yeast display [110], or combinatorial chemistry approaches [107]. Alternatively, 

relatively low-throughput but more hypothesis-driven de novo design methods can be used 

for the discovery of affinity ligands [111]–[115]. 

Of particular relevance to this work, the Carbonell lab has been active in the field of 

synthetic affinity ligands for over 20 years. They have shown the identification and use of 

peptide-based affinity ligands for the purification of such molecules as von Willerbrand 

factor [106], α-Lactalbumin [116], erythropoietin [117], and most notably, immunoglob-

ulins A, G, and M [118], [119]. Menegatti et al. have also made important contributions 

towards understanding the base stability of peptide-functionalized resins and the possible 

side reactions that can occur during resin functionalization [120]. This body of literature 

proved highly informative for the work described in Chapters 3 and 4 of this thesis. 
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2.3 Advances in Integrated and Continuous Downstream 

Bioprocessing 

The large-scale manufacturing of biopharmaceuticals has commonly been done in a 

batch (as opposed to continuous) fashion. Historically, the reasons for this choice stem 

mostly from technical challenges associated with continuous manufacturing. There have 

been reports in the literature of various approaches to continuous or semi continuous chro-

matography for many years. These include multicolumn solutions such as simulated 

moving bed (SMB) and periodic counter current (PCC) chromatography [121]–[124] or 

altogether different ways of running chromatographic separations such as continuous an-

nular chromatography (CAC) [125]–[127].  However, technical challenges (hardware 

design, automation of complex valve switching, etc.) prevented the application of these 

methods in industrial separations. On the upstream side, technical challenges for perfu-

sions cultures in areas such as cell retention, sterility and contamination, genetic stability, 

and others drove the industry away from this mode of operation [9]. Additionally, the 

industry’s youth along with patent protection and a lack of competition made cost consid-

erations negligible in comparison to these challenges (and the impact they had on time-to-

clinic). These factors combined to make batch processing the primary method of manu-

facturing biopharmaceuticals. 

Even so, the industry has sometimes carried out manufacturing in a continuous fash-

ion by necessity. The production of labile (unstable) molecules necessitates that the 

product be removed from the bioreactor as quickly as possible and purified until it is in a 

stable condition. As an example, in 2001 it was reported that 4 of the 5 licensed coagula-

tion Factor VIII products were expressed in perfusion cultures [128]. The downstream 

components of these processes were still operated in batch fashions though, likely because 

the added value of a continuous downstream process was seen to be minimal compared to 

the technical challenges at the time. 

In the past two decades, there has been increasing interest in the integrated and con-

tinuous manufacturing of biopharmaceuticals in both the upstream and downstream 

segments. Process integration in biopharma aims to create more seamless interfaces be-

tween unit operations, remove unit operations which don’t add value to the product [129], 

or even combine multiple unit operations into a single step (reactive chromatography, for 
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example). Another way of viewing integrated manufacturing in biopharma is as an effort 

to minimize the amount of separate equipment used, combine control systems, and remove 

unnecessary barriers or steps between unit operations. Practically, this often results in 

eliminating intermediate hold tanks and conditioning steps and combining unit operations 

which were previously separate (cell culture and clarification). 

An early report on integrated, continuous downstream processing in an industrial set-

ting came from Vogel and coworkers at Bayer in 2002, in which the authors used CAC to 

recover Factor VIII from a perfusion culture at the pilot plant scale [130]. Interestingly 

though, the authors reported challenges with the manufacturing scale CAC system which 

were not observed at the smaller scales, and a subsequent publication from Vogel et al. in 

2012 reported the integrated manufacturing of a labile product at Bayer used a perfusion 

reactor coupled to a semi-continuous cell separation followed by a discontinuous, rapidly 

cycling membrane chromatography capture step [131]. 

Subsequently, the most iconic effort in the field to apply integrated and continuous 

manufacturing technologies for use in an industrial setting was carried out at Sanofi Gen-

zyme in 2012. Warikoo et al. presented the successful semi-continuous manufacturing of 

both a recombinant human enzyme and a mAb product using a perfusion bioreactor and a 

four-column PCC continuous capture [129]. Even though the process shown there was not 

fully continuous (the subsequent polishing steps operated in batch mode), these results 

catalyzed significant discussion in the bioprocessing community. A subsequent manu-

script also presented the operation of a fully continuous mAb manufacturing process [4]. 

Since then, there have been several reports of integrated and continuous manufactur-

ing efforts at a variety of biopharmaceutical companies and academic institutions. 

Novartis has published [132] and given conference presentations [133], [134] on their 

next-generation biomanufacturing facilities. The Morbidelli lab has published several 

manuscripts on the subject [5], [135], [136], scientists from Merck and Co. have given 

conference presentations on an integrated and continuous manufacturing system devel-

oped in-house [137], and scientists representing a collaboration between Pfizer and 

Boehringer Ingelheim have given conference presentations on their effort to develop an 

integrated, continuous biomanufacturing system [138]. Several additional publications on 
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this subject also exist in the literature [139]–[141]. There are many differences in the de-

tails of these integrated manufacturing approaches, but a common theme has been the use 

of perfusion bioreactors with a continuous, multi-column chromatographic capture. Many 

of the authors also report the removal of intermediate hold steps and unnecessary unit 

operations, although the team at Merck has opted for the use of surge tanks in between 

polishing steps to facilitate semi-continuous operation of the downstream [137]. 

The rapid pace at which new reports on the industrial implementation of integrated 

and continuous biomanufacturing have been published indicates that the technical chal-

lenges which were prohibitive in the past are now readily surmountable. The next question 

to answer has been whether or not there is ample motivation to begin using such systems 

the manufacturing of biologic therapeutics.  

In favor of the existing batch technologies, the biopharma industry is naturally a 

highly risk-averse industry. Technological change that brings risk to the safety of the pa-

tient through untested manufacturing strategies and equipment is poorly tolerated, even if 

there is an economic benefit to be had. Additionally, institutional momentum favors the 

current status-quo. This is partly because much of the expertise in upstream and down-

stream processing, and even in the regulatory bodies, involves the use of batch unit 

operations. More tangibly, the existing manufacturing facilities for both innovator com-

panies and contract manufacturing organizations are predominantly constructed for batch 

operations [7], [9]. A smaller argument that has been made is that the development efforts 

for continuous manufacturing may require longer timescales since the systems must be 

run for longer time periods than the traditional batch systems [9]. Most importantly 

though, there have been several excellent economic analyses which suggest that no fore-

seeable biologic product will have sufficient market demand to make continuous 

commercial manufacturing more economically viable than batch operations [6], [7], [142].  

In favor of continuous manufacturing, unstable molecules will always require contin-

uous culture and will benefit (albeit to a lesser extent) from continuous or rapidly cycling 

downstream processing. Modern high-density perfusion bioreactors operate at higher vol-

umetric productivities than fed-batch cultures, reducing the scale of bioreactor needed for 

a given material need [129], [143]. Since the bioreactor constantly outputs material, a 



17 

 

smaller, more frequently operating downstream setup (fully continuous, continuous cap-

ture and batch polishing, or fully batch) can be used to process the material instead of 

using a large downstream setup which only operates at the end of a fed-batch culture. The 

majority of the quoted benefits from continuous manufacturing come from this decrease 

in scale of both the upstream and downstream processes. These smaller scales result in 

significantly decreased capital expenditures, minimizes the need for tech transfer and scale 

up during process development, and increases the overall flexibility of the manufacturing 

plant [129]. It is argued that manufacturing facilities built for perfusion bioreactors with 

continuous capture have the flexibility to handle both large and small market volume drugs 

and could respond to rapid changes in demand [8], [132]. Additionally, the smaller scale 

of equipment enables the use of single use technologies which can be rapidly changed out 

to begin production of a different product, whereas for stainless steel plants a lengthy 

cleaning regimen is required [132]. Combined, these factors are expected to result in a 

significant economic advantage when using integrated, continuous manufacturing for the 

production of relatively small volume non-antibody products, or for the pre-approval pro-

duction of most therapeutics [8], [142]. 

In contrast to a certain lack of consensus on the topic of batch vs. continuous, it ap-

pears that process integration is a universally desirable goal for future bioprocesses as it 

reduces operational complexity, can improve product quality, and generally results in 

greater efficiencies. For further information on the economics of the various formats for 

biopharmaceutical manufacturing, the reader is referred to the excellent analyses in [6]–

[8], [142], [144]. Several reviews on continuous manufacturing which focus on the down-

stream process technologies can be found in [145]–[147]. Finally, some other opinions 

and articles of interest for this topic can be found in [148]–[151]. 

From this review of the literature it seems clear that the biopharmaceutical industry 

has begun the lengthy process of incorporating integrated and continuous manufacturing 

technologies into the toolbox. While it is unlikely that the current batch platforms will be 

displaced for the large-scale commercial manufacturing of biologics, especially mAb 

products, integrated and continuous manufacturing will become much more prevalent in 

the early stages of production and for small-volume therapeutics. This change towards 

constrained and interconnected unit operations will necessitate continued improvement in 
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the available methods for the design of highly constrained purification processes, espe-

cially for applications to non-platform biologics. 

2.4 Target Proteins in the Bio-MOD Program 

2.4.1 Human Growth Hormone 

Human Growth Hormone (hGH, Somatropin) is a therapeutic protein approved since 

1987 for the treatment of growth hormone deficiencies and other diseases related to dwarf-

ism [152]. It is a 22.1kDa protein which folds into a distinct helical bundle structure made 

up of 4 alpha helices [153] and it has an isoelectric point of 5.3 [152].  

2.4.2 Granulocyte Colony-Stimulating Factor 

Granulocyte Colony-Stimulating Factor (G-CSF, Filgrastim) is a therapeutic protein 

approved since the mid 1990’s for the treatment of certain leukemias and for cancer pa-

tients receiving bone marrow transplants [152]. It is an 18.8kDa protein which also folds 

into a distinct helical bundle structure made up of 4 alpha helices [154] and it has an iso-

electric point of 5.65 [152].  

2.4.3 Interferon-α2b 

Interferon-α2b (IFN, Intron A) is a therapeutic protein which first entered the market 

in 1986 and is now approved for the treatment hairy cell leukemia, malignant melanoma, 

follicular lymphoma, chronic hepatitis C, and several other diseases [152]. IFN acts 

through a complex series of mechanisms in the body that are not entirely understood but 

it is known to have antiviral, antiproliferative, and immunostimulatory effects [155]. It is 

a 19.3kDa cytokine protein which also folds into a distinct helical bundle structure made 

up of 5 alpha helices [156] and it has an isoelectric point of 6.0 [152]. 
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3. A MULTISCALE PLATFORM APPROACH FOR THE 

SCREENING AND SELECTION OF PEPTIDE AFFINITY 

CHROMATOGRAPHY LIGANDS 

3.1 Introduction 

The original aim of the Bo-MOD sub-team at RPI was to apply affinity capture resins 

for the purification of the various biologic targets in the program. In autonomous bioman-

ufacturing systems such as the InSCyT device envisioned in this program, highly selective 

affinity ligands are of great benefit to the robustness of the overall purification process. 

Any variations in the system, such as the upstream impurity profile or solution conditions, 

must be handled without operator intervention. While the application of proper control 

strategies can mitigate the effects of variations in the system, a robust and selective capture 

step can alleviate many of the potential downstream issues arising from variations in the 

upstream production system. However, for many of the biologic targets in the program, 

no known (non-antibody) affinity ligand exists for this purpose. Therefore, the goal of the 

Cramer and Karande labs was to develop and apply selective, high affinity peptide ligands 

for the chromatographic purification of the first three biologic targets in the Bio-MOD 

program: hGH, IFN, and G-CSF. 

There are many approaches to developing high affinity peptide ligands for large bio-

molecules such as proteins. However, most fall under the broad categories of either high-

throughput screening of large libraries of peptides or low-throughput rational design of a 

small number of molecules. We proposed to combine elements of both strategies in a hy-

brid approach that investigates hundreds to thousands of peptides with a basis in rational 

design. Initial libraries would be created from a combination of de novo design and epitope 

mapping of natural binding partners. These libraries would be evaluated for binding per-

formance in a high-throughput microarray format, after which top candidates would be 

selected for evaluation on chromatographic resin. In order to increase throughput, peptide-

functionalized resins would be created by carrying out solid-phase peptide synthesis di-

rectly on chromatographic resins, as opposed to the more traditional method of 

synthesizing peptides separately, purifying them, and subsequently coupling them to resin. 

Since only small quantities of each resin were to be produced, initial evaluation would be 

done using batch adsorption experiments in a 96-well filter plate format. Resins which 
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performed well in batch experiments would then be re-synthesized at the 0.5-1mL scale 

for a more rigorous evaluation in a column purification process. 

This chapter discusses the challenges that were encountered during the initial efforts 

to develop affinity peptide resins for hGH and the steps that were taken to overcome them. 

Parallel efforts were also carried out in the Karande lab to optimize the design and mi-

croscale screening of peptide ligands, but this section will only describe in detail the 

screening and selection of peptides that have been immobilized on chromatographic res-

ins. The combined efforts of the RPI team resulted in a refined strategy for the 

development of affinity peptide purification processes which is presented at the end of the 

Chapter. 

3.2 Materials and Methods 

3.2.1 Materials and Reagents 

Purified human Growth Hormone (hGH) was generously donated by Novo Nordisk 

(Bagsværd, Denmark). Pichia Pastoris cell culture supernatants, both null strain and ex-

pressing hGH, were received from collaborators in the Love lab at MIT. Costar 96-well 

UV transparent plates, 0.2 micron centrifugal filters, Pall Macrosep 3kDa centrifugal spin 

filters, 30mL Luerlock syringes, Eppendorf tubes (0.5mL, 2mL, and 5mL) and 0.2 micron 

syringe filters were purchased from VWR (Radnor, PA). Sodium chloride, sodium phos-

phate monobasic, sodium phosphate dibasic, citric acid, sodium hydroxide, Chromasolv 

grade acetonitrile (ACN), guanidine hydrochloride, potassium phosphate monobasic, po-

tassium phosphate dibasic, Chromasolv grade methanol, ethanol, and Amicon Ultra 3kDa 

centrifugal spin filters were purchased from Sigma-Aldrich (St. Louis, MO).  96-well 

350µL sample collection plates, LCGC grade Total Recovery sample vials, 96-well plate 

mats, Acquity UPLC Protein BEH C4 columns (300 angstrom, 1.7 micron, 2.1mm x 

100mm), and Acquity UPLC Protein BEH VanGuard Pre-Columns (300 angstrom, 1.7 

micron, 2.1mm x 5mm) were purchased from Waters Corporation (Milford, MA). 350µL, 

0.2 micron Supor AcroPrep Advance filter plates were purchased from Pall Corporation 

(Port Washington, NY). Mylar plate sealers and HPLC grade trifluoroacetic acid (TFA) 

were purchased from ThermoFischer Scientific (Pittsburgh, PA). Pichia Pastoris 2nd Gen-

eration HCP ELISA kit was purchased from Cygnus Technologies (Southport, NC). 
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CaptureSelect hGH affinity matrix and Quant-iT PicoGreen dsDNA Assay Kit were pur-

chased from Life Technologies (now ThermoFischer Scientific). SDS-PAGE gels and tris-

glycine SDS buffer concentrate were purchased from Bio-Rad Laboratories (Hercules, 

CA). 

3.2.2 Equipment 

Analytical chromatography was performed using a Waters Acquity UPLC H-class 

system equipped with both PDA and FLR detectors and controlled by Empower 3 soft-

ware. Preparative chromatography experiments were done on an Akta Explorer 10 system 

with a Frac-950 fraction collector controlled by Unicorn 5.1 software. Filter plates were 

evacuated using a ThemoFisher centrifuge with 96-well plate carriers. Filter plates were 

incubated on an orbital plate shaker (ThermoFisher Scientific). SDS-PAGE analyses were 

carried out using a Bio-Rad Mini-PROTEAN Tetra Cell system. 

3.2.3 Experimental Procedures 

3.2.3.1 Resin Slurry Preparation 

In order to aliquot known volumes of resin into the 96-well filter plates, resin slurries 

were prepared on volume of settled resin per total solution volume basis. Using this 

method, dispensing 25µL of a well mixed 20% resin slurry would result in 5µL of resin 

volume deposited in the well. Resin slurries were prepared in either 0.5mL or 2mL Ep-

pendorf tubes for resin volumes between 50µL and 200µL or 200µL and 500µL, 

respectively. Stock resin slurries were added to Eppendorf tubes until the desired amount 

of resin was reached. Resin volume was determined by comparison of resin bed height to 

standards of known volumes prepared in identical Eppendorf tubes after the resin had been 

allowed to settle for at least 20 minutes. The resin slurries were finalized by adding 20% 

ethanol to the maximum graduation on the Eppendorf tube.  

3.2.3.2 Resin Plate Preparation 

All batch resin screening in 96-well plates used the following plate preparation 

method. Defined resin slurries were used to aliquot 5µL of resin into destination wells of 

Pall Acroprep Advance 96-well 350µL filter plates. Care was taken to ensure that resin 
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slurries were well mixed prior to each slurry aspiration step, as any errors in resin aliquot-

ing would perturb the slurry content for subsequent wells. Once all wells were filled with 

the desired resin, the liquid was evacuated from the filter plate using a vacuum manifold 

to leave behind dry resin beds. All resins were then washed once in 20% ethanol for 5 

minutes at moderate shaking speed (400rpm) before further use. 

3.2.3.3 Peptide Resin Base Washing 

For batch studies, resins have typically been deposited in filter plates and incubated 

with 0.1M sodium hydroxide for 45 minutes, followed by a wash in a strong solubilizing 

agent (either 4M guanidine hydrochloride or 70% ethanol) to desorb the ester-bonded lig-

ands. For column studies, resins were packed in columns and washed sequentially with 

0.1M sodium hydroxide, 4M guanidine hydrochloride, and 70% ethanol until a stable 

baseline was reached in each condition. 

3.2.3.4 Resin Plate Handling 

All batch resin screening in 96-well plates used the following plate handling methods. 

All plates were prepared with 5µL of resin per well, and all liquid additions used a 200µL 

fluid volume for a final phase ratio of ~40. All incubations were carried out on a Ther-

moFisher orbital plate shaker. At the start of the experiment, resins were washed in their 

respective equilibration buffers 3 times with incubation times of 5, 15, and 30 minutes 

sequentially. Unless stated otherwise, resin plates were shaken at approximately 1,000rpm 

for the duration of the incubation period. This high shaking speed was necessary for the 

formation of vortices in the wells which suspended the resin in the solution and enabled 

efficient contact between the solution and all resin particles [19]. To prevent spilling of 

the wells at these high shaking speeds, mylar plate covers were used to seal the top of the 

filter plates. This prevented cross-contamination of wells but did occasionally allow for 

the fluid to form droplets on the mylar, which may have contributed to some of the noise 

in the data. Weeping of the filter plates, or fluid leakage through the membrane at the 

bottom of the plate, was seldom observed unless solution additives such as detergents 

(which reduced surface tension) were used. Even so, all incubations for which the filtrate 

was to be collected were carried out with collection plates secured to the bottom of the 
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filter plates to collect any fluid which prematurely leaked through the membranes. For 

non-critical steps (such as resin equilibration), filter plates were evacuated using a vacuum 

manifold due to its ease of use. However, it has been shown that vacuum manifolds result 

in large amounts of both well-to-well cross contamination and liquid holdup in the filter 

plate, both of which add considerable noise to the experimental data [19]. Centrifugation 

is a more time consuming but much more reliable method for plate evacuation [19], so for 

all critical steps (from the last equilibration to the last collected step) filter plates were 

evacuated using a ThermoFisher centrifuge with plate carriers. Filter plates sealers were 

removed and the plates were centrifuged at 500g for 3 minutes with 96-well 350µL round 

bottom plates underneath for sample collection. 

3.2.3.5 Batch Adsorption-Desorption Experiments 

Unless otherwise noted, all batch adsorption-desorption experiments were carried out 

in the following manner. Resin plates were prepared as described above and resins were 

equilibrated in their respective binding buffers.  

Pure protein solutions were prepared at pre-determined concentrations in the specified 

binding buffer. For binding experiments in Pichia CCF, product solutions were prepared 

in equilibration buffer at high concentrations and diluted into CCF so that the final product 

concentrations reached a set of pre-determined values. For experimental consistency, these 

solutions were prepared such that the CCF was always diluted 1.2x. For product-produc-

ing strains of CCF which contained a significant amount of the protein of interest, this was 

also taken into account when determining total product concentration. An aliquot of all 

load solutions was taken prior to the start of the experiment for analysis by RPLC to de-

termine product concentration and circumvent any errors introduced by pipetting.  

After the first two equilibrations, the final equilibration solution was evacuated by 

centrifuge. Load solutions were then added to their destination wells and the resin plates 

were sealed and incubated for 2 hours. Load solutions were evacuated by centrifuge and 

collection plates were stored at 4°C until they were analyzed by RPLC for final product 

concentration. Resins were incubated with equilibration buffer for 5 minutes to wash un-

bound material from the well and the re-equilibration solution was collected for analysis 

of product concentration by RPLC. Resins were then incubated with an elution solution 
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for 30 minutes, after which the elution solution was evacuated and collected for analysis 

by RPLC for product concentration as well as any other necessary assays. Finally, resins 

were stripped 3x with 30 minute washes of 4M guanidine hydrochloride, 50mM sodium 

phosphate, pH 6.0 (unless otherwise noted). Only the first guanidine wash was collected 

for analysis. All filtrates from the binding, washing, and elution steps were analyzed for 

product content by RPLC. 

3.2.3.6 Analytical RPLC 

Analytical RPLC was performed using a Waters BEH C4 column on a Waters Ac-

quity H-Class UPLC system with a photodiode array (PDA) detector. Buffer A was 0.1% 

TFA and 5% ACN in water (v/v basis). Buffer B was 0.1% TFA and 5% water in ACN 

(v/v basis). Peak area at 215nm calibrated using known-concentration standards was used 

to determine product concentration in samples analyzed. For samples in which product 

peak height exceeded 1AU at 215nm, peak area at 280nm was used instead. Peak integra-

tion was performed using Waters Empower 3 software and automated to export peak 

tables for further processing in Matlab 

3.2.3.6.1 Short hGH Method 

Unless otherwise noted, samples were analyzed for hGH concentration using the fol-

lowing RPLC method. Column temperature was set at 40°C. Autosampler temperature 

was set to 8°C. Flow rate was 0.5mL/min. See below for the method gradient table. Total 

method time was 2.5min. “Loop offline” at 2.15min and “Load ahead” options were used 

to decrease sample time. The instrument method used was “SMT hGH RPLC 2015Jun25 

Mod”. 
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Table 3-1: Gradient table used in the short hGH RPLC method. 

 

3.2.3.6.2 Long Gradient Method 

Where indicated, samples were analyzed for hGH concentration using the following 

RPLC method. Column temperature was set at 40°C. Autosampler temperature was set to 

8°C. Flow rate was 0.5mL/min. See below for method gradient table. Total method time 

was 13min. The instrument method used was “SMT Pichia RPLC Long”. 

Table 3-2: Gradient table used in the “SMT Pichia RPLC Long” method. 

Time %A %B Slope 

Initial 100 0 Initial 

0.5 100 0 6 

9.5 30 70 6 

10 0 100 6 

11.5 0 100 1 

13 100 0 1 

15 100 0 6 

 

3.2.3.7 SDS-PAGE Analysis 

SDS-PAGE analyses were performed using a Bio-Rad mini-PROTEAN Tetra Cell 

system with TGX tris-glycine buffer and 10% Mini-PROTEAN TGX Precast protein gels 

according to the manufacturer’s instruction manual. Samples which contained high con-

centrations of salt were buffer exchanged into low salt solutions using 3kDa Amicon Ultra 

spin filters. 
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3.3 Results and Discussion 

3.3.1 Initial Evaluation of hGH Peptide Resins 

The original plan to evaluate peptides on resin was to first screen them for product 

binding and elution performance using pure protein solutions. Those which did not bind 

or did not elute would then be removed from consideration, and the remaining resins 

would be evaluated for purification performance in CCF. Following this protocol, 14 lead 

peptide candidates for hGH were synthesized on Toyopearl-650M resin, deposited in filter 

plates, washed with 0.1M NaOH for 45 minutes, and evaluated for binding to hGH at a 

solution concentration of 0.5mg/mL in pH 6.0, 100mM potassium phosphate buffer. In 

order to test the reusability and base stability of the resins, they were sequentially eluted 

with 1M sodium chloride, 1M arginine hydrochloride, and 0.1M sodium hydroxide prior 

to repeating the pure component binding experiment. From the results shown in Figure 

3-1 we identified 4 peptides (1, 4, 10, and 11) which showed good binding to pure hGH. 

These peptides were selected for further characterization of their ability to bind hGH from 

CCF. The small standard error from triplicate samples (10% or less for binding peptides) 

also supports that the batch adsorption technique in filter plates is a reliable method for 

determining resin capacities. Lastly, it is clear from this data that the resin capacities de-

creased in the second cycle. This may have been due to incomplete removal of hGH from 

resins, loss of resin due to spilling from the well, or ligand leaching during the hydroxide 

wash. 
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Figure 3-1: Pure-component hGH binding capacities of prototype peptide resins over two cycles. 

Peptides 1, 4, 10, and 11 were identified as top performers in this library and were selected for fur-

ther evaluation. The decrease in resin capacity in cycle 2 likely indicates that the initial base washing 

does not completely remove the ester-bonded ligands. Error bars represent the standard deviation 

of triplicate wells, and the relatively low error (<10%) supports the utility of this batch adsorption 

technique for the rapid assessment of chromatographic resins. 

Peptide resins 1, 4, 10, and 11 were then evaluated for their ability to recover hGH 

from CCF. Resins were deposited in filter plates, base washed and equilibrated as de-

scribed previously. Pichia CCF expressing hGH was received from collaborators at MIT. 

However, titers in those early cultures were low (0.04mg/mL) so purified hGH was spiked 

into the CCF for a total hGH concentration of 0.15mg/mL. Resins were incubated with 

hGH in CCF for 2 hours, washed with the binding buffer for 15 minutes, then eluted with 

1M sodium chloride, 100mM potassium phosphate, pH 6.0 for 30 minutes. The 

flowthrough and elution samples were collected for analysis by SDS-PAGE, the result of 

which is shown in Figure 3-2. None of the peptides tested were able to bind significant 

amounts of hGH from CCF, as shown by the flowthrough band intensities which were 

nearly identical to those of the starting solution. Peptides 1 and 4 did not recover detectable 

amounts of hGH in the elution (data not shown) but the elution pools of peptides 10 and 

11 showed faint hGH bands with no detectable impurities. 
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Figure 3-2: SDS-PAGE analysis of peptide resin flowthroughs and eluates. Although the peptide res-

ins showed strong binding to the product in pure solution they were unable to recover significant 

amounts of hGH from a CCF solution. Eluates from P1 and P4 are not shown due to the lack of any 

band present in the lane. All samples were concentrated 5x using 3kDa spin filter units. 

While 2 peptide resins showed the ability to recover hGH from CCF, the gel analysis 

indicated that it was a negligible portion of the starting material. Clearly, better peptide 

resins were needed. More importantly though, this pair of experiments (pure component 

binding capacity and purification from CCF) illustrated key failures of our initial screen-

ing approach. First, the binding capacities measured in pure solution were much higher 

than those in CCF, to the point that the resins would be impractical for any real purification 

from CCF. This problem was likely caused by the combination of low product titers and 

the large amount of low molecular weight media components in the CCF, which can ef-

fectively screen out the product interactions with the ligand. However, these traits 

appeared to be representative of the Pichia cultures used in this program so the screening 

approach needed to be able to account for them. A more efficient method would then be 
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to eliminate the pure component binding screen entirely and directly assess the ability of 

the resins to bind the product from CCF. 

Of course, as is the case with many high-throughput screens, the analytical technique 

would then become the limiting step. Using SDS-PAGE for the analysis of adsorption-

desorption experiments in CCF was too low-throughput to effectively increase the scale 

of the resin screening experiments. Additionally, it did not provide quantitative infor-

mation on product binding, and sample pretreatment (desalting and concentration) was 

often required prior to analysis. For these reasons, a more efficient and effective analytical 

technique was needed for the HTS of peptide resins in CCF. 

Finally, over several subsequent Pichia cultures the product titer was observed to vary 

greatly (0.05-0.15mg/mL). The unpredictability of the product concentration meant that 

the resin evaluation technique would need to be independent of this parameter. Based on 

these requirements, we decided to evaluate the peptide resins by measuring relevant por-

tions of the product adsorption isotherms in the presence of CCF. By spiking in various 

amounts purified product into CCF at a constant dilution of CCF, we could effectively 

assess the competitive product adsorption isotherms at a constant initial impurity content 

for each resin. However, this type of experimental approach would also rely heavily upon 

the availability of a high-throughput method of accurately measuring product concentra-

tion in CCF. 

3.3.2 Development of an Analytical RPLC Assay for hGH 

To address this analytical need, our lab made extensive use of a Waters Acquity H-

Class Ultra-Performance Liquid Chromatography (UPLC) system. These systems have 

been designed to take advantage of modern analytical chromatography columns which use 

1.7µm particles. Exceptionally small particle diameters allow for faster diffusion of mol-

ecules throughout the stationary phase, resulting in increased efficiencies at higher flow 

rates. However, high flow rates and small particle diameters both result in greatly in-

creased column pressure drops, so UPLC systems must be capable of delivering and 

withstanding very high system pressures (commonly up to 15,000PSI). 

The use of UPLC technology for the rapid analysis of product concentration in CCF 

was a natural choice. Size-exclusion chromatography (SEC) was briefly considered based 
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on the results from the SDS-PAGE analysis of Pichia CCF, but reversed-phase liquid 

chromatography (RPLC) was instead chosen due to its ability to achieve higher through-

puts and because of promising preliminary results.  

Figure 3-3 shows the analyses of a null strain Pichia CCF and purified hGH on a 

Waters BEH C4 column at 40°C using a 10 minute gradient from 5% (buffer A) to 95% 

(buffer D) ACN with 0.1% TFA as a running buffer. There was a remarkable separation 

between the components of the Pichia CCF and hGH, enabled by the relatively high hy-

drophobicity of hGH (which elutes at almost 60% ACN) and the general hydrophilicity of 

the CCF components. Based on this result it was clearly possible to develop a rapid assay 

for hGH content in Pichia CCF. Compressing the gradient shown in Figure 3-3 to the bare 

minimum, a sharp step to 57% D followed by a 30 second gradient to 62% D before a 

rapid strip and re-equilibration, brought the total method time down to 2.5 minutes. Due 

to sample injection time, the total time per sample was increased to 2.75 minutes, which 

translates to the capability to analyze a 96-well plate of samples every 4.4 hours. Figure 

3-4 shows the overlaid chromatograms of purified hGH, null Pichia CCF, and hGH spiked 

into the null culture using this method. A similar assay development process was per-

formed for IFN and G-CSF, although the method times were increased due to the need to 

resolve impurities which were product-related. The availability of analytical techniques 

for the rapid assessment of hGH, G-CSF and IFN concentrations in CCF enabled the HTS 

of many peptide resins for their ability to bind their targets in representative competitive 

conditions.  
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Figure 3-3: Overlaid analytical RPLC chromatograms of Pichia CCF and purified hGH. Note the 

large degree of separation between hGH and the CCF species. 

 

Figure 3-4: Overlaid RPLC chromatograms of hGH, CCF, and hGH spiked into CCF using the opti-

mized gradient method. Total time per sample was reduced to 2.75 minutes for a sample throughput 

of more than 5, 96-well plates in a single day. This rapid assay enabled the HTS of much larger librar-

ies of peptide resins for their abilities to bind hGH directly from CCF solution. 
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The data shown in Figure 3-3 also had implications for the project as a whole. Such a 

degree of difference in the hydrophobicities of the product and the components of the CCF 

implies that it may be possible for any hydrophobic product to be easily recovered from 

CCF using techniques such as HIC, multimodal chromatography, or hydrophobic charge-

induction chromatography. Note that RPLC is often a denaturing technique though, and 

thereby measures the hydrophobicity of unfolded proteins, so this result may not be rep-

resentative of the native-state proteins. However, if it is true then the purification of nearly 

any hydrophobic protein from Pichia CCF should be a straightforward operation. Chapters 

5 and 6 investigate this prospect in more detail.  

A further implication of Figure 3-3 is that if hGH was the most hydrophobic molecule 

in the CCF solution, it may be that peptide selection in CCF would naturally tend towards 

more hydrophobic sequences. While these sequences may provide excellent separation of 

hGH from Pichia cultures, they may not be selective purification reagents for hGH in any 

application (such as Protein A is considered to be for mAbs). A potential avenue to cir-

cumvent this issue would be to select for peptides which bind the product in a range of 

“challenging” solutions, such as milk or E. coli lysate. However, these methods would 

have added significantly to the peptide development timeline and would not have provided 

sufficient benefit to the Bio-MOD program, and as such were not pursued in this project. 

3.3.3 Competitive Batch Adsorption-Desorption Experiments 

With an appropriate analytical assay in place, the evaluation of peptide resin perfor-

mance in CCF was relatively straightforward. Figure 3-5 provides a graphical 

representation of the protocol detailed in Section 3.2.3.5. Briefly, resins were deposited in 

filter plates, base washed to remove ester-bonded ligands [120], and equilibrated in the 

binding buffer. CCF spiked with purified product was then added and allowed to equili-

brate with the resins for 2 hours under mixing. Resins were washed for 5 minutes in the 

binding buffer to remove any unbound material and challenged with an elution solution 

for 30 minutes. Finally, the resins were stripped with 4M guanidine and stored in 20% 

ethanol. After each step the liquid was removed by centrifugation or vacuum manifold and 

collected in 96-well plates for analysis (if needed). 
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Figure 3-5: Flowchart of the experimental protocol for the competitive batch adsorption-desorption 

experiments. Parallel experimentation, high-throughput analytics, and automated data analysis in 

Matlab greatly increased the data quality and experimental throughput for the assessment of peptide-

functionalized resins. 

This experimental setup allowed for the assessment of both binding and elution per-

formance of a large set of resins in a HTS format. Using five concentration points for the 

binding isotherms allowed for 19 resins to be tested in a single plate. The addition of a 

subsequent elution step made use of resins which were already loaded with varying prod-

uct amounts, resulting in the generation of desorption isotherms in prospective elution 

conditions. However, this stage is only feasible if one, or at most two, potential elution 

conditions are investigated. In the Bio-MOD program, hGH was found to be stable in low 

pH conditions which also prevented or slowed its proteolytic degradation by Pichia pep-

tidases. Therefore, the desired elution condition from the capture column was a pH 3.0, 

low salt buffer which would allow strong binding to a subsequent multimodal cation ex-

change purification step. In applications for which the elution condition is not set, it may 

be beneficial operate the resins in a bind-and-strip mode during the batch experiments, as 

this would enable a relatively straightforward measurement of both product and impurity 



34 

 

bound (and thus resin selectivity). Resin elutability could then be evaluated in a subse-

quent experiment under several prospective conditions. 

A final question is “how will these experiments assess resin selectivity?” We have 

explored various methods for interrogating resin selectivities in batch adsorption-desorp-

tion formats, as described in Section 7.3. Thus far though, we have been unsuccessful in 

coming to a definitive answer to this question. Chromatographic selectivity is well defined 

and easily measured for two-component systems under a single solution condition (pH, 

salt concentration, etc.) – Equation 3-1 provides this definition below [157].  

𝛼12 =
𝑞1𝐶2

𝐶1𝑞2
                                                       (3-1) 

However, when investigating ligand performance for the recovery of a biologic prod-

uct from CCF which can easily contain hundreds or thousands of unique species [158], 

[159], it is clearly infeasible to evaluate the pairwise selectivity of the resin for the product 

vs. every individual impurity species. This is especially true since selectivity in a compet-

itive adsorption process is dependent upon the concentration of all species in the mixture. 

Further complicating the issue, the ideal affinity ligand would bind only its substrate no 

matter the identity or quantity of contaminants in solution. For such a molecule, its selec-

tivity in the binding step would be infinite, and in a purification process an elution step 

would be chosen merely for its ability to desorb the product. In reality though, no such 

ligand-substrate system exists, and in truth many affinity ligands require the use of ag-

gressive washing or specific elution conditions to achieve the desired selectivity [119], 

[160], [161]. Thus, the “selectivity” of an affinity chromatography resin is commonly 

thought of as its overall purification performance, resulting from its selectivities in each 

of the load, wash, and elution conditions. 

With this in mind, we used two main strategies to try and assess the selectivity of our 

peptide resins. For the first we operated under the assumption that our goal should be to 

select a resin as close to the ideal model of an affinity resin as possible, so we attempted 

to measure the amounts of both the product and the impurities adsorbed to the resin after 

incubating it with CCF. The best resins would be those that adsorbed the highest ratio of 

product to impurity. However, while the measurement of the amount of product adsorbed 

to the resin was easily demonstrated, it proved difficult to determine the amount of impu-

rity adsorbed to the resin using either RPLC or the BCA total protein assay due to the 
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relatively small change in signal of the CCF after incubation with the resin (see Section 

7.3 for further details). The second strategy used RPLC and BCA again to measure the 

amount of product and impurity in the elution samples, and this showed greater promise. 

Unfortunately, experiments using the peptide-functionalized resins did not find differ-

ences between the different selectivities of the different peptide sequences. While the 

future work section discusses opportunities for improvement in this area, no concrete strat-

egy was identified for the measurement of resin selectivity at the batch screening level. 

Instead, the product adsorption isotherms are used as a secondary indicator of this quality 

and column purification performance is used for a more rigorous assessment. 

To summarize this section, the competitive batch adsorption-desorption experiments 

described above provide a rapid way to measure product binding isotherms in CCF and 

subsequent product elution (in pH 3.0 buffer in this project) for each peptide resin. The 

advancements in experimental and analytical methods enabled an order of magnitude in-

crease in throughput for the assessment of these resins. Some information can also be 

inferred from the data about resin selectivity, and this information is used in conjunction 

with the initial microarray and in-solution screening data to select resins for more rigorous 

evaluation at the column scale.  

3.3.4 Importance of Proper Base Washing 

An additional item to note in regards to the screening of peptides directly synthesized 

on chromatographic resins is that Menegatti et al. [120] have reported that the HATU-

activated coupling of peptides to amino-functionalized resins can result in a side reaction 

which forms ester bonds between available hydroxyls on the resin and the c-terminus of 

the incoming peptide. These ester bonds were observed to be base labile and artificially 

increased the peptide density on the resin. Additionally, when synthesizing peptides di-

rectly on resin, these side reactions can reduce peptide purity by forming at any point 

during the synthesis (e.g., during the coupling of W during the synthesis of SMWRTYI, 

resulting in the ester-linked truncated species, SMW). Figure 3-6 provides an example of 

the drastic changes in resin performance that can be observed when these side reactions 

are not addressed. To circumvent these issues, peptide ligands synthesized directly on 

chromatographic resin must be washed in strong base prior to use. We have commonly 
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employed a 0.1M sodium hydroxide wash for 45 minutes, followed by a second wash in 

4M guanidine hydrochloride or 70% ethanol to remove any ester-bonded peptides from 

the resin prior to batch experiments. This is likely to remove the majority, but not all of 

the ester-bonded groups [120]. Prior to column-scale experiments, the peptide resins were 

washed sequentially with 0.1M sodium hydroxide, 4M guanidine hydrochloride, and 70% 

ethanol until a stable baseline is reached in each condition. This ensured the complete 

removal of the ester-bonded groups prior to the column purification experiments. 

 

Figure 3-6: Effect of resin pre-treatment with sodium hydroxide on hGH recovery in batch elution 

experiments for (a) the S8 peptide and (b) the SH15 peptide. Note the drastic decrease in product 

elution from resins which were not base washed, likely due to a combination of artificially high ligand 

densities and the presence of additional impurities on the surface. 
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3.4 General Strategy for the Development of Affinity Peptide Ligands 

for Chromatographic Separations 

The work described in this Chapter, in conjunction with similar work performed by 

Dr. Divya Chandra and Chaz Goodwine in the Karande lab, have transformed the original 

affinity peptide resin development strategy into a much more efficient and effective meth-

odology. Figure 3-7 provides a global overview of the workflow starting from a new 

biologic target and ending with an affinity capture process.  

Peptide libraries are generated both from de novo design and epitope mapping as in 

the original plan, but concerns that the peptide space being sampled was too small have 

led to the incorporation of phage display panning as a method of sourcing peptide leads 

from a much broader set of sequences. Leads from the three approaches are then evaluated 

in a high-throughput microarray format for their affinity towards the target biomolecule. 

High-binding candidates in the microarray format can then be tested for in-solution bind-

ing using fluorescence polarization. This technique allows for the elimination of any false 

positives that may have arisen due to surface or avidity effects in the microarray format, 

and at this point the library can be expanded upon if additional candidates are needed.  
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Figure 3-7: Overview of the multiscale platform approach for the design of peptide affinity resins 

developed by the Cramer and Karande labs. 

The top performers from the microscale studies are then synthesized on chromato-

graphic resin for evaluation in small-scale batch experiments. These experiments enable 

the rapid assessment of resin performance in the key metrics of binding, elution, and pu-

rification performance. A small number of candidate resins are finally synthesized at the 

column scale for process optimization, head-to-head comparison of purification perfor-

mance, and selection of a final affinity capture reagent.  

The key advantage of this multi-scale approach is that it makes use of, but does not 

rely upon, the availability of rational design tools for the targeted development of peptides 

for a given biologic. A hybrid of carefully designed high-throughput experimentation and 

de novo design strategies allows for an efficient and general approach for the development 

of affinity peptide resins for any given biologic, even in cases when little is known about 

the molecule in question. The application of this approach for the development of peptide 

resins for the purification of hGH is presented below in Chapter 4.  
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4. DESIGN, SCREENING AND SELECTION OF PEPTIDE RESINS 

FOR THE PURIFICATION OF HGH 

4.1 Introduction 

Building upon the work presented in Chapter 3, in this Chapter we demonstrate the 

design, screening, development and optimization of affinity peptide resins for the chro-

matographic purification of recombinant human growth hormone – a 22kDa, globular 

therapeutic protein used for treating growth hormone deficiencies, chronic renal failure 

and Turner’s syndrome [152]. Past work by Rasmussen et al. has shown the development 

of a small-molecule, peptide-like ligand for the affinity chromatography purification of 

hGH [162]. However, their results showed that the resin possessed a limited binding ca-

pacity even at high solution product concentrations and that there was a significant 

yield/purity tradeoff in the purification process. In this work, we combine rational peptide 

design approaches with high-throughput screening and validation to optimize the perfor-

mance of short (<20 residues) peptide-functionalized resins for the production of hGH. 

Affinity ligands for downstream bioprocessing applications must be optimized not just for 

affinity and selectivity, but also for elutability so that the product can be recovered from 

the chromatographic column. Our approach enables the selection of the most promising 

affinity peptide for the purification of the target biologic via a combination of orthogonal 

screening and validation assays (microarray screening, in-solution fluorescence polariza-

tion, batch-scale screening on chromatographic resin). This general design and screening 

strategy can be used to create powerful affinity ligands specifically tailored for down-

stream bioprocessing and can be applied and extended to any other therapeutic protein of 

interest. The work presented in this Chapter was a highly collaborative effort between Dr. 

Divya Chandra and Steve Timmick, with additional contributions by Dr. J.P. Trasatti, Dr. 

Divya Shastry, Chaz Goodwine and Nick Vecchiarello.  
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4.2 Materials and Methods 

4.2.1 Materials 

Purified human Growth Hormone (hGH) was donated by Novo Nordisk (Bagsværd, 

Denmark). Null strain Pichia Pastoris cell culture fluids (CCF) were produced by collab-

orators in Professor J. Christopher Love’s lab at MIT.  Sodium chloride, sodium phosphate 

monobasic, sodium phosphate dibasic, citric acid, sodium hydroxide, Chromasolv grade 

acetonitrile, HPLC grade water, guanidine hydrochloride, and ethanol were purchased 

from Sigma-Aldrich (St. Louis, MO). 96-well 350µL sample collection plates, LCGC 

grade Total Recovery sample vials, Acquity UPLC Protein BEH C4 columns (300 ang-

strom, 1.7 micron, 2.1mm x 100mm), and Acquity UPLC Protein BEH VanGuard Pre-

Columns (300 angstrom, 1.7 micron, 2.1mm x 5mm) were purchased from Waters Cor-

poration (Milford, MA). 350µL, 0.2 micron Supor AcroPrep Advance filter plates were 

purchased from Pall Corporation (Port Washington, NY). Mylar plate sealers and HPLC 

grade trifluoroacetic acid (TFA) were purchased from ThermoFischer Scientific (Pitts-

burgh, PA). Tricorn 5/20 columns and Capto Adhere resin were purchased from GE 

Healthcare (Uppsala, Sweden). Alexa Fluor 633 protein labeling kit was purchased from 

ThermoFisher Scientific. CaptureSelect hGH Affinity Matrix was purchased from Life 

Technologies (now ThermoFisher Scientific. 

4.2.2 Peptide Design 

A library of peptides based on the two naturally-occurring binding partners of hGH – 

human growth hormone binding protein (hGHbp) and human prolactin receptor (PrLR) – 

was designed for screening and identification of hGH-binding ligands. Peptides spanning 

a length of 7-21 amino acids were designed based on the primary amino acid sequences 

and crystal structures of these two proteins. This peptide library consisted of a total of 384 

peptides.  

4.2.3 Analytical RPLC 

Analytical RPLC for hGH concentration and purity measurements was performed as 

described in Section 3.2.3.6. 
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4.2.4 Batch Adsorption-Desorption Experiments 

Batch adsorption-desorption experiments were performed as described in Sections 

3.2.3.1, 3.2.3.2, 3.2.3.3, 3.2.3.4, and 3.2.3.5, using an equilibration buffer of 150mM so-

dium chloride, 50mM sodium phosphate, pH 6.0 and an elution buffer of 20mM sodium 

citrate, pH 3.0. Peptide-functionalized resins were prepared by Dr. Divya Chandra via 

FMOC synthesis of peptide sequences directly onto aminated Workbeads 40 ACT resin 

4.2.5 Column-Scale hGH Purifications 

Preparative chromatography experiments were done on an ÄKTA Explorer 10 system 

equipped with a Frac-950 fraction collector and a P-960 sample pump, controlled by Uni-

corn 5.1 software. ~0.5mL of each resin was packed in Tricorn 5/20 columns. Peptide 

resins were then washed sequentially in DI water, 0.1M sodium hydroxide, 4M guanidine 

hydrochloride in 20mM sodium phosphate, pH 6.0, 70% ethanol, and equilibration buffer 

until a stable baseline was reached in each condition to ensure the removal of residual 

synthesis related impurities and base-labile ester-bonded peptides [120]. Lyophilized hGH 

was dissolved in PBS at ~3mg/mL and diluted into CCF to a concentration of 0.1mg/mL.  

The peptide columns were equilibrated in 20mM sodium citrate, pH 7.0. CCF was 

loaded via the P-960 pump at 1CV/min. The columns were then washed with 300mM 

sodium chloride, 20mM sodium citrate, pH 7.0 for 15CV and re-equilibrated for 5CV. 

Elution was accomplished using a 20CV linear gradient from pH 7.0 to pH 3.0 followed 

by a 15CV hold and using 20mM sodium citrate as the buffer system. 1CV fractions were 

collected during the elution and pooled based on A280 signal. The columns were then 

stripped for 20CV and re-equilibrated for further use. In the low load experiments 

(2mg/mL challenge) the strip buffer was 4M guanidine HCl, 20mM sodium phosphate, 

pH 6.0. In the higher load experiments (5mg/mL) the strip buffer was 70% ethanol. The 

pooled eluates were analyzed for hGH and impurity content by RPLC. 

Capto Adhere purifications were carried out in a similar fashion to the peptide col-

umns except the wash buffer was 150mM sodium chloride, 20mM sodium citrate, pH 7.0, 

due to weaker product binding and the strip buffer was 1M sodium hydroxide. Capture-

Select hGH Affinity Matrix purifications were carried out in a similar fashion except the 

wash buffer was the same as the binding buffer and the strip step used 100mM citric acid. 
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4.3 Results and Discussion 

4.3.1 Design, Screening and Selection of Gen 1 Peptides 

Naturally-occurring binding partners and receptors of a protein offer a promising 

starting point for the design of affinity peptides against the target protein. Several prior 

studies have shown the success of this approach for the design and selection of peptide 

candidates that can be further optimized based on the end application [112], [117], [163], 

[164].  In this work, two binding partners of hGH – human growth hormone binding pro-

tein (hGHbp) and human prolactin receptor (hPrLR), both known to bind to hGH in the 

human body with high affinity [153], [165], were selected for the design of a generation 1 

(Gen 1) library of peptides for hGH purification.  

Figure 4-1 shows the crystal structures (PDB IDs 3HHR and 1BP3) of the two recep-

tors in complex with hGH. A multi-pronged approach was employed to rationally design 

peptides from the primary amino acid sequences of the two receptor proteins. First, epitope 

mapping was carried out on the sequences of hGHbp and hPrLR. Peptides (15 amino acids 

in length) beginning at residue 1 of the receptor and with a subsequent shift of 2 amino 

acids were synthesized. This resulted in a relatively fine epitope mapping of the two re-

ceptors such that each peptide had an overlap of 13 amino acids with the next peptide in 

the library. Second, peptides were designed to capture the interactions in the known re-

gions/loops (shown in blue in Figure 4-1) of interactions between hGH and the two 

receptors [153], [165]. Thirdly, adjacent loops in the hGH/receptor complex were synthe-

sized as single peptides with different types of spacers separating the loops to create a set 

of loop-stitched peptides that captured multiple sites of interaction from the receptor pro-

teins. Lastly, a series of peptides was created based on the interacting loop regions of the 

receptors but incorporating targeted mutations which we hypothesized would improve the 

binding of these peptides to hGH. By these strategies, a total of 384 peptides were designed 

and synthesized on CelluspotTM discs to be evaluated for their binding to hGH in a high-

throughput, microarray-based platform.  
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Figure 4-1: Ribbon representation of the crystal structures of hGH (green) in complex with hGH-

binding protein (hGHbp) in orange and human prolactin receptor (hPRLr) in red. Residues of hGHbp 

and hPRLr composing the key binding loops identified in [153] and [165] are marked on the ribbon 

structure in blue. These receptor proteins formed the basis of an epitope mapping strategy for the 

creation of the Gen 1 peptide library. 

Microarray screening of the Gen 1 peptide library was carried out using two orthog-

onal screening assays to eliminate false positives obtained from any one assay type (note: 

these microarray screening experiments were performed by Dr. Divya Chandra). A fluo-

rescence-based screening was first carried out in which hGH was labeled with Alexa633 

dye on surface-exposed lysine residues. Peptide microarrays were screened with different 

concentrations of Alexa633-hGH to obtain the relative binding performances of different 

peptides for hGH. Figure 4-2 shows the scanned images obtained from screening Gen 1 

peptide microarrays, printed with 384 peptides in triplicate spots of 55nL each, with 10 

different concentrations of hGH. It can be clearly observed that as the concentration of 

Alexa633-hGH decreases, the spot intensities corresponding to a given peptide also de-

crease. From this fluorescence-based screen several (> 25) peptides were identified that 

showed binding to hGH. However, as was mentioned earlier the hGH used in this screen-

ing was modified at a variety of lysine residues, thus potentially altering the binding of 

hGH at those locations. As a result, peptide binders detected in this screen could be biased 

towards having either higher or lower affinity for labeled hGH as opposed to unlabeled, 

native hGH. Furthermore, even though it is one of the more hydrophilic dyes available, 

the Alexa633 itself could bind to the dense peptide spots printed on the microarray surface 
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leading to non-specific binding and false positive results. While fluorescence-based 

screens are advantageous in that they are single-step assays with sensitive detection and 

relatively clean images that can be analyzed accurately for spot intensities, it is critical to 

conduct additional screens to ensure false positives are not carried forward. Therefore, an 

orthogonal two-step microarray screening experiment with a single conc. of unlabeled 

hGH and HRP-labeled anti-hGH mAb was carried out to confirm the binding of peptides. 

Several peptides that were seen to bind Alexa633-hGH showed negligible binding to un-

labeled hGH in this screen. Based on the combined results from the two screens, the 13 

most promising peptide candidates were carried forward as leads for further evaluation. 

The sequences of the 13 candidates along with one non-binder/negative control 

(EKMFSVDE) are reported in Table 4-1.   

 

Figure 4-2: Peptide microarray screening of Gen 1 peptide library with 10 different concentrations of 

Alexa633-hGH in 150mM NaCl, 20mM sodium phosphate, pH 7.6. Each peptide was printed in trip-

licates with 384 peptides printed on a slide. These experiments were carried out by Dr. Divya 

Chandra. 
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Table 4-1: Gen 1 peptide sequences selected from the consensus of different types of microarray and 

in-solution screening experiments. 

 

4.3.2 Fluorescence Polarization Experiments with Gen 1 Peptides 

Fluorescence polarization (FP) offers a rapid, in-solution means for measuring bind-

ing affinities of small ligands and peptides for large proteins. FP was advantageous in this 

work since the peptides designed against hGH were 1000-2500Da in molecular weight 

whereas hGH has a size of 22kDa. This ~10-fold size difference in the two binding species 

is suitable for detecting changes in polarization of the smaller, labeled peptide upon bind-

ing to hGH. FP was selected as an in-solution validation tool for these studies as opposed 

to techniques such as ITC, SPR and equilibrium dialysis, because it is fast, inexpensive, 

requires small amount of proteins/peptides, is amenable to high-throughput experimenta-

tion in 96-/384-well plates, and does not require sophisticated instrumentation [166], 

[167]. Furthermore, robust binding affinities (KD or equilibrium dissociation constant) can 

be obtained via FP and the technique helped ensure that the peptides identified from mi-

croarray screening were real hGH-binders and not affected by immobilization, surface 

chemistry or avidity effects specific to the CelluspotTM-based, microarray platform.  

To validate the binding of the Gen 1 peptides identified from microarray screening 

and to determine the relative binding performances of the peptides with respect to each 

other, a binding screen with 3 concentrations of hGH (0.3, 3 and 30µM) was carried out 

by Dr. Divya Chandra. This type of screen with few concentrations of the product mole-

cule also helped minimize the usage of large amounts of expensive proteins such as hGH. 

Figure 4-3 shows the relative binding performances of all Gen 1 peptides selected from 

the microarray screening experiments. Different peptides selected from the combined mi-

croarray screen show a range of binding performances for hGH. While the exact binding 

affinity cannot be calculated from 3 conc. point screens, the rank order of binding can be 
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deduced quite accurately from the highest conc. (30µM) at which almost all peptides show 

some change in polarization and binding to hGH. Barring small differences in the dynamic 

range of the observed polarization values for different peptides, the change in polarization 

(from baseline i.e. peptide alone in buffer) is a reasonable measure of relative binding 

affinities. Based on the results shown in Figure 4-3, it can be concluded that SMWRTYI 

(or S1) showed the highest binding affinity for hGH amongst all the peptides tested. Fur-

thermore, it can be observed that peptide EKMFSVDE, which was selected as a non-

binding, negative control from the microarray screens, also showed negligible binding to 

hGH even at concentrations as high as 30µM of hGH. This was also well corroborated 

with the microarray screening results in which S1 was one of the top/highest affinity bind-

ers whereas EKMFSVDE was a non-binder for hGH. 

 

Figure 4-3: In-solution FP screen for hGH binding of the Gen 1 lead peptide candidates. Several pep-

tides bind strongly to hGH, including SMWRTYI (S1) which showed the maximum binding in this 

screen and was also one of the top/most consistent binders from the various microarray screens. hGH 

concentrations used were 30μM, 3μM and 0.3μM. These results were generated by Dr. Divya Chan-

dra. 
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Based on these results, S1 was selected as the lead candidate for further evaluation 

via FP and its binding affinity for hGH was measured by Dr. Divya Chandra under two 

different pH conditions, pH 7.4 and pH 3.0 (Figure 4-4). S1 was found to have an in-

solution binding affinity of 27±3µM for hGH at neutral pH along with significantly re-

duced binding at pH 3.0. Reduced binding at pH 3.0 is potentially advantageous since low 

pH can then be used as an elution condition for recovering bound hGH from the chroma-

tographic resin. 

 

Figure 4-4: Binding affinity of the S1 peptide to hGH by FP at pH 7.4 and pH 3.2. Decreased ligand 

binding at low pH provides an effective opportunity for subsequent elution of the product from the 

chromatographic resin. These results were generated by Dr. Divya Chandra. 

As discussed above S1 showed the highest binding affinity for hGH out of the 13 

candidates tested. Even though resin (both batch and column-scale) evaluation with S1 

alone could have been carried out knowing that it was the highest affinity binder, a batch-

scale evaluation of the other peptides on chromatographic resin was also carried out in 

order to provide a variety of peptide ligands to select from for column scale evaluation. 

At this stage in the work it was not clear what characteristics the most desirable chroma-

tographic peptide ligand would have in the FP and microarray screening experiments. 

Thus, our selection of peptides for evaluation on chromatographic resin was kept broad 

and encompassed all of the sequences which were evaluated by FP. 
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4.3.3 Batch-Scale Evaluation of Gen 1 Peptide-Functionalized Resins 

The 14 peptides shown in Table 4-1 and an additional control sequence (GSGSG) 

were synthesized on Workbeads agarose resin by Dr. Divya Chandra. Peptide resins were 

evaluated in a batch, 96-well plate format for their ability to bind hGH in the presence of 

Pichia CCF and subsequently elute the product in 20mM citrate, pH 3.0 buffer. While 

many potential elution conditions could have been screened, this elution condition was 

chosen because the elution mechanism was clear (pH-induced charge repulsion) and has 

been shown to be effective in similar applications [118], [168]. Additionally, work in our 

lab (data not shown) and in the literature [169] suggests that hGH is relatively stable at 

this condition.  

Figure 4-5 shows the results of the sequential adsorption of hGH in the presence of 

Pichia CCF (a) and subsequent desorption of the product from the resin (b), plotted in 

isotherm format. The selected peptides spanned a large range of performance on the com-

petitive adsorption step, with several peptides and the control sequences identified as low 

or non-binders and the remainder exhibiting moderate to strong binding of the product. 

The S1-functionalized resin demonstrated the strongest binding to hGH in this experiment. 

Interestingly, aside from the negative control and the S1 sequence, there was little corre-

lation between peptide performance in the FP and batch resin experiments. As will be 

discussed in Section 4.3.6, this is in contrast to results obtained with a series of homolo-

gous ligands. In the subsequent elution step all of the peptides which bound hGH were 

observed to desorb the majority of the product in the low pH condition. This data set was 

used in conjunction with the previous microarray and FP experiments to select the S1 

peptide resin as the lead candidate for evaluation in a column format. 
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Figure 4-5: Performance of Gen 1 peptide resins in batch screening experiments. (a) Adsorption iso-

therms of hGH spiked into Pichia CCF at varying initial concentrations. (b) Subsequent desorption 

isotherms of hGH from the peptide resins in pH 3.0, 20mM citrate buffer. From these experiments 

SMWRTYI (S1) was selected as the lead candidate for evaluation in a column format. 

S1 was selected for the initial column experiments for several reasons. First, it demon-

strated the strongest and most consistent binding to the product in the microarray and FP 

experiments, and when immobilized on chromatographic resin it retained its binding to 

the product in the presence of CCF. This result suggests that the peptide resin has a high 

binding affinity to hGH which is not drastically altered in the complex CCF solution, both 
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of which are necessary attributes for a chromatographic affinity capture step. The batch-

scale elution data also showed that the all of the resins which bound hGH from CCF could 

desorb the majority of the bound product in the low pH condition. This data is in agree-

ment with the FP results of the S1 peptide in pH 3.0 buffer which showed significantly 

decreased binding to hGH. The S1 peptide was also three residues shorter than the se-

quences sourced from epitope mapping and thus was likely easier to synthesize than these 

alternatives. Finally, the S1 sequence was sourced from binding loop 3 in hPrLR which 

contains several of the prominent interfacial hydrogen-bonding residues. Interestingly, the 

T, S, W, and Y of S1 are conserved between loops 3 of hPrLR and hGHbp [165]. When 

combined, the evidence from the microarray screens, FP experiments, published literature, 

and batch-scale resins screens provided a strong argument for the selection of S1 for initial 

column-scale experiments. 

4.3.4 Column Purification of hGH Using S1 Resin 

The column-scale purification of 0.1mg/mL hGH spiked into null strain Pichia CCF 

using the S1 peptide resin was performed at a 5mg/mL load challenge. 50CV of hGH-

containing CCF was loaded at 1CV/min. The column was washed with 300mM NaCl, 

eluted by a 20CV gradient from pH 7.0 to pH 3.0 with a 15CV hold, and stripped with 

70% ethanol. The chromatogram from this experiment is shown in Figure 4-6 and all col-

umn effluent was collected and analyzed for hGH content by RPLC. No hGH was detected 

in the flowthrough or wash samples. However, while product purity in the elution pool 

was 91% by RPLC, only 20% of the loaded hGH was recovered there and the remaining 

hGH eluted in the column strip. The column-scale experiments confirmed the findings 

from the batch scale that S1-functionalized resin is able to bind hGH strongly in the pres-

ence of CCF and, furthermore, elute a high-purity product. However, such low recovery 

in the elution pool was unacceptable. These results motivated the design of a second set 

of peptides focused on maintaining the strong binding to hGH and high purity product in 

the elution pool while improving recovery at low pH. 
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Figure 4-6: Chromatogram from the purification of hGH from Pichia CCF using the S1 peptide col-

umn. The poor recovery of hGH from this experiment motivated the design of a subsequent peptide 

library based on S1 with the goal of improving the low-pH elution performance. 

4.3.5 Design and FP Evaluation of S1 HIS-Mutants 

The low recovery of hGH at pH 3.0 in the S1 column experiments motivated the re-

design of the ligand to improve the elution of hGH from the chromatographic resin. A 

simple strategy, saturation mutagenesis using histidine (HIS) was selected for this pur-

pose. The side change of histidine becomes positively charged at low pH with a pKa of 

~6.5 [170], and can therefore be used to increase the efficacy of a charge-repulsion based 

elution of the product.  

Labeled (C-terminal FAM) HIS-mutants of S1 were synthesized and evaluated in flu-

orescence polarization binding experiments by Dr. Divya Chandra to obtain their binding 

affinities and compare them with S1 (affinity of 27µM for hGH). These HIS-mutants of 

the S1 (SMWRTYI) peptides are denoted as H1 (HMWRTYI), H2 (SHWRTYI), and etc. 

Figure 4-7 shows the binding curves obtained from FP of the seven HIS-mutants of S1. 

While the affinities were in the micromolar range and no significant enhancement in af-

finity over S1 was observed, several other insights were obtained.  
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Figure 4-7: Binding affinities of all S1 HIS-mutants as measured in solution via FP. Several point 

mutants of SMWRTYI such as H5 (SMWRHYI) & H7 (SMWRTYH) and H2 (SHWRTYI) showed 

binding to hGH that was similar to S1. These experiments were performed by Dr. Divya Chandra. 

Firstly, 3 HIS-mutants (H3, H4, H6) of S1 showed significantly reduced binding to 

hGH as compared to the native sequence. Reduced binding upon mutation to H of W3, 

R4, and Y6 in SMWRTYI shows the critical importance of these three residues in binding 

to hGH. These results were also in agreement with those obtained from alanine mutations 

at these positions in S1 (data not shown). Furthermore, there is evidence in prior literature 

for the presence of a pocket on the surface of hGH that is amenable to binding of small 

ligands containing hydrophobic residues such as tryptophan [153], [162], [165].  

Secondly, there were four HIS-mutants (H1-32µM, H2-26µM, H5-17µM and H7-

27µM) that bound hGH with affinities similar to that observed for S1. This indicated the 

amenability of these four residues for mutations to other amino acids without adversely 

affecting binding to hGH. These four HIS-mutants were therefore identified as potential 

candidates for synthesis and evaluation on chromatographic resin. However, the parallel 
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nature of the high-throughput peptide synthesizer enabled the synthesis all 7 of these HIS-

mutants on agarose resin to more thoroughly compare the FP results with those using 

chromatographic resin.  

4.3.6 Batch-Scale Evaluation of HIS-Mutant Peptide-Functionalized Resins 

The HIS-mutants of the S1 peptide were synthesized on Workbeads resin and evalu-

ated in batch scale experiments. Figure 4-8 shows the results of these experiments for both 

binding of hGH in the presence of CCF and subsequent elution in 20mM citrate, pH 3.0. 

None of the HIS-mutants exhibited drastically different binding to hGH in Pichia CCF, 

but the H3 and H4 resins showed slightly less favorable binding curves. In contrast to the 

previous batch resin experiments, these results corroborated the findings from the in-so-

lution FP experiments. It may be that the FP experiments are more appropriate for 

predicting the effect of slight variations in peptide sequence or properties than predicting 

relative on-resin performance of vastly different peptide sequences.  

In the subsequent elution step all of the HIS-mutant resins displayed improved de-

sorption of hGH as compared to the native S1 sequence, as was to be expected for a 

charge-repulsion based elution mechanism. Resins functionalized with peptides H5 and 

H7 showed both the highest binding to hGH in CCF as well as the lowest binding, or best 

performance, in the low-pH elution condition. These two candidates were therefore se-

lected for further evaluation in column scale experiments.  
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Figure 4-8: Performance of HIS-mutant peptide resins in batch screening experiments. (a) Adsorption 

isotherms of hGH spiked into Pichia CCF at varying initial concentrations. (b) Subsequent desorption 

isotherms of hGH from the peptide resins in pH 3.0, 20mM citrate buffer.  Resins H5 and H7 were 

selected for further evaluation in a column format based on their improved binding and elution per-

formance as compared to the S1 resin. 

4.3.7 Column-Scale Evaluation of HIS-Mutant Resins 

The two HIS-mutants S1 selected from the batch scale experiments, H5 and H7, were 

packed into ~0.5mL columns. These two resins were compared for the purification of hGH 

from Pichia CCF using low-load experiments in order to conserve material, and the H7 

resin was found to significantly outperform H5 in product recovery (Table 4-2). It can be 
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hypothesized that this was because the I to H mutation at position 7 removed the isoleucine 

from the group of hydrophobic residues near the C-terminal linker and resin base matrix, 

adding to the low-pH charge repulsion in this area during the elution step. The T to H 

mutation at position 5, while still beneficial to the low-pH elution as compared to the 

native sequence, was not as effective because threonine is a more polar group than isoleu-

cine and thus the hydrophobic-based binding at the low pH condition was not significantly 

reduced. 

Table 4-2: Comparison of HIS-mutant column performancess for the purification of hGH from CCF 

using low load (2mg/mL) experiments. H7 was found to outperform H5 in product recovery and was 

selected for a head-to-head comparison to the S1 column. Additional column experiments evaluated 

the purification performance of Capto Adhere, a commercially available multimodal anion exchange 

resin, in order to benchmark the performance of the peptide-functionalized resins. Product purity 

was measured by RPLC using detection at 280nm. 

 

The H7 resin was then selected for evaluation using a 5mg/mL load challenge in direct 

comparison to the S1 column experiment described in Section 4.3.4. The chromatogram 

from this purification is shown in Figure 4-9. Compared to the column purification using 

S1-functionalized peptide resin, the elution peak from the H7 peptide resin was much 

larger and more symmetric, indicating a more effective elution of the product. Analysis of 

the elution pool by RPLC (Figure 4-10) showed that 80% of the loaded hGH was recov-

ered with a purity of 95%, greatly improving upon the performance of the original S1 resin 

from which only 20% of the product was recovered (Table 4-3).  
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Figure 4-9: Chromatogram of an hGH purification from Pichia CCF using the H7 peptide column. 

The larger, more symmetrical elution peak than was seen with the S1 resin indicates an improvement 

in elution performance which was confirmed by RPLC. 

 

Figure 4-10: RPLC analysis of the purification performance of the H7 peptide column for the recovery 

of hGH from Pichia CCF. Analytical RPLC chromatograms of the CCF load solution (blue) and pu-

rified elution pool (red). The dashed line indicates % buffer B. 
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Table 4-3: Comparison of SMWRTYI (S1) and SMWRTYH (H7) peptide resins for the column pu-

rification of hGH from Pichia CCF. A single point mutation of I to H greatly improved product 

recovery in a low pH elution while retaining selectivity for the product. Additional column experi-

ments evaluated the purification performance of CaptureSelect hGH Affinity Matrix, a commercially 

available camelid antibody affinity resin, in order to benchmark the performance of the peptide-func-

tionalized resins. Product recovery and purity were determined using RPLC with detection at 215nm. 

 

In order to benchmark the purification performance of the H7 peptide resin against 

commercially available materials, additional column purifications were carried out using 

Capto Adhere (a multimodal resin) and CaptureSelect hGH Affinity Matrix (a camelid 

antibody resin). We hypothesized that if the H7 peptide was purifying hGH by a simple 

combination of charge and hydrophobicity then it would fail to outperform the Capto Ad-

here resin. It was found that the H7 peptide column recovered a higher purity product than 

the multimodal resin (Table 4-2) but not the antibody affinity resin (Table 4-3). These 

results agree with the trend that increasing ligand complexity generally results in an in-

creased potential for selectivity. In this case the though, the disadvantages in cost and 

ligand stability likely outweigh the minor gains in purification performance to be gained 

by using an antibody affinity ligand. 

Finally, it was observed that the percentage of product recovery in the elution pool 

increased with increased load challenge on the H7 column (Table 4-2 and Table 4-3). 

Additionally, a column strip using 4M guanidine HCl did not elute all of bound hGH 

(Table 4-2) while a column strip using 70% ethanol did desorb the remaining product 

(Table 4-3). Taken together, these results suggest that there may have been high affinity, 

highly hydrophobic product-binding sites on the resin. Since these resins were functional-

ized with crude peptide ligand it is likely that synthesis-related impurities remained on the 

surface and could have caused the product to be recovered in an ethanol strip. Deprotection 

failures are commonly observed in solid-phase peptide synthesis and can result in bulky, 

highly hydrophobic protecting groups such as Trt and Pbf remaining on a small portion of 
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the immobilized ligands [171]–[173]. These factors indicate that the H7 peptide resin 

could be further improved by using purified peptide that is subsequently immobilized on 

the chromatographic resin. This line of work will be discussed in Section 7.4. 

4.4 Conclusions 

We have demonstrated the design, screening and selection of peptides with µM bind-

ing affinities to hGH. These peptides were synthesized on chromatographic resin and 

evaluated for purification performance at the batch and column scales. A refinement of 

the lead sequence from these experiments (SMWRTYI) resulted in a final peptide se-

quence (SMWRTYH) which was used to purify hGH from Pichia CCF. This peptide-

functionalized resin was able to recover 80% of the biologic product with a purity of 95% 

after a single chromatographic step. 

Our results show that known binding partners of a target protein can be an excellent 

source of high-binding, selective peptide ligands, and that these peptides can further be 

expanded upon using a variety of rational design methods. We found that a combination 

of orthogonal microarray screening experiments using either fluorescently labeled hGH 

or antibody-HRP conjugate and chemiluminescence detection was ideal for selecting 

hGH-binding peptides from this stage of evaluation. The results of in-solution FP experi-

ments with pure hGH were not indicative of peptide performance on a chromatographic 

resin and in a competitive environment when many unrelated peptides were evaluated. 

However, there was a strong correlation between the findings in the two formats when a 

series of homologous ligands was used instead. The batch adsorption experiments proved 

an effective method of assessing the binding performance of peptide-functionalized resins 

in a representative system and using only small (~100µL) amounts of resin. The sequential 

desorption experiments were also informative but less quantitatively so. Future work will 

seek to investigate the reason for the observed discrepancy between the batch and column 

formats. We also observed that a simple strategy using saturation histidine-mutagenesis 

was able to identify a version of the initial S1 lead peptide with greatly improved product 

elution at low pH. Finally, the column-scale results showed that a short peptide can indeed 

be designed and used as a selective chromatographic ligand to provide increased purifica-

tion performance as compared to simpler modes of chromatography.  
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A remaining challenge in this area is the identification of a streamlined approach for 

generating sufficient quantities of purified peptide ligand for the functionalization of chro-

matographic resin in column-scale amounts. We expect that columns using pure H7 ligand 

will show improvements in both product recovery and purity, and these aims will be dis-

cussed fully in Sections 7.3 and 7.4. Even so, the experiments presented in this Chapter 

have had encouraging results and suggest that our strategy for affinity ligand design, 

screening and selection can be successfully applied for the purification of a broad range 

of biologic products. 
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5. AN IMPURITY CHARACTERIZATION BASED APPROACH TO 

THE IN-SILICO SYNTHESIS OF CHROMATOGRAPHIC 

BIOPROCESSES 

5.1 Introduction 

Although the RPI team’s efforts to develop an affinity peptide capture step for hGH 

were successful, some significant challenges remained with this approach. Because these 

challenges could not be addressed during the timeline of the Bio-MOD program, we cre-

ated an alternative method for the development of integrated purification processes for the 

target molecules in the program. A specific aim of this work was to utilize only commer-

cially available chromatographic resins in order to circumvent the need to produce the 

separations media in-house. Additionally, due to upstream timelines we desired a process 

development strategy in which the downstream workload could be front-loaded using null 

CCF or minimal amounts of product-expressing CCF. Then, as the upstream development 

work was finalized for each molecule, the downstream team would be able to use the 

previously collected data to rapidly synthesize and optimize a chromatographic purifica-

tion process.   

A review of the literature identified several process development strategies which 

embodied aspects of the approach that we envisioned, specifically for the separation of the 

product from the host-related impurities. In general, these strategies began with an exten-

sive but coarse-grained experimental characterization of the impurities produced by a 

desired expression system (CHO, E. coli, yeast, etc.). Subsequently, a more detailed ex-

perimental characterization and/or in-silico analysis was performed on the biologic 

product to be purified. These data sets were then used in some scheme, often an expert 

system or other software tool, to suggest tentative purification processes for the target 

molecule which could then be quickly experimentally evaluated and optimized. This gen-

eral strategy is one of the methods of carrying out knowledge-based process development 

[14], [62] for whole bioprocesses and there are many excellent publications on the topic 

(see Section 2.1 for a thorough review of the literature in this field).  

Most relevant to this work, Ahamed has presented a strategy for the rapid determina-

tion of isotherm parameters describing the interactions of HCPs in hybridoma cultures 

with chromatographic resins, in this case CEX, AEX, and HIC resins [89]. This work was 
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later expanded upon and published in detail by Nfor et al. [90]. Briefly, the authors used 

multiple linear gradient elutions with varying slopes to fractionate the CCF. The fractions 

were then either further fractionated by HIC or analyzed by SDS-PAGE, tryptic digest, 

and MS. The HIC fractions were also analyzed by SDS-PAGE, and the authors used these 

data sets (AEX, CEX, and HIC) to construct a database of impurity retention times in 

gradients with different slopes which can be used to generate model parameters describing 

the separation behavior of the detected host-related impurities on all three systems. Pirrung 

et al. have recently demonstrated the use of this data set to computationally synthesize and 

optimize multi-step purification processes for a therapeutic protein [91] and Hanke et al. 

have made great progress towards simplifying the experimental workflow for the impurity 

characterizations [92]. This concerted effort to build the necessary tools and techniques 

for the in-silico design and optimization of downstream bioprocesses is commendable and 

it is likely that the field will commonly employ strategies such as these in future. 

Currently though, the approach employed by Ottens and coworkers still requires ex-

tensive experimental work to generate a detailed understanding of the impurity separation 

behavior in a narrow set of conditions. This “depth-first” type of methodology is often not 

preferred at the process synthesis stage, where a large number of resins and solution con-

ditions should be evaluated for potentially selectivity using a coarser data set. 

Additionally, we argue that the optimization of existing draft or tentative purification pro-

cesses is a task that is currently better and more easily done experimentally. This is in part 

due to inherent challenges in estimating model parameters from experiments using crude 

mixture and in part because the industry has significant expertise in optimizing existing 

“draft” process flowsheets (as is done with mAb platform processes). On the other hand, 

performing a comparative analysis of thousands of combinatorially generated purification 

sequences and selecting those which comply with some defined criteria is a task that is 

highly suited to computational analysis. Therefore, we determined that this comparative 

analysis should be performed using impurity retention data similar to that generated by 

Nfor et al. [90] but altered to provide a coarser level of information on a broader scope of 

resins and modes of operation. 

This reasoning led us to the work presented in this Chapter, in which we describe the 

development of a novel approach for the characterization of host-related impurities in a 
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cell culture supernatant along with an in silico tool to analyze the characterization data 

and synthesize tentative purification processes. We propose to directly measure the prod-

uct and impurity retentions in linear gradient elution screens on a library of 

chromatographic resins. The in silico tool can then use this data to identify multi-step 

purification processes which will recover the product and rank them based on their effi-

cacy and orthogonality for the removal of host-related impurities. Additionally, this tool 

is able to select for purification processes which comply with constraints input by the user. 

We demonstrate the utility of this approach by developing three-step, integrated purifica-

tion processes for two therapeutic proteins produced in Pichia cultures, human Growth 

Hormone (hGH) and Granulocyte-Colony Stimulating Factor (G-CSF). This work was 

done in close collaboration with Nick Vecchiarello and with the aid of Chaz Goodwine. 

5.2 Materials and Methods 

5.2.1 Materials 

Purified human Growth Hormone (hGH) and Granulocyte-Colony Stimulating Factor 

(G-CSF) were generously donated by Sandoz (Holzkirchen, Germany). Pichia Pastoris 

cell culture fluids (CCF), null strain or expressing hGH or G-CSF, were received from 

collaborators in the Love lab at MIT. Sodium chloride, sodium phosphate monobasic, so-

dium phosphate dibasic, citric acid, sodium hydroxide, arginine hydrochloride, Tris base, 

ammonium bicarbonate, Chromasolv grade acetonitrile (ACN), 2-propanol, ACS-grade 

HCL (37%) and ethanol were purchased from Sigma-Aldrich (St. Louis, MO). HPLC 

grade formic acid was purchased from MP Biomedicals (Santa Ana, CA). 96-well 350μL 

sample collection plates, LCGC grade Total Recovery sample vials, 96-well plate mats, 

Acquity UPLC Protein BEH C4 columns (300 angstrom, 1.7µm, 2.1mm x 100mm), and 

Acquity UPLC Protein BEH VanGuard Pre-Columns (300 angstrom, 1.7µm, 2.1mm x 

5mm) were purchased from Waters Corporation (Milford, MA). CMM HyperCel resin, 

MEP HyperCel resin, PPA HyperCel resin, HEA HyperCel resin, HyperCel STAR AX 

resin, and 350μL, 0.2µm Supor AcroPrep Advance filter plates were purchased from Pall 

Corporation (Port Washington, NY). Mylar plate sealers, Quant-iT PicoGreen dsDNA As-

say Kit, Cygnus Pichia Pastoris 2nd Generation HCP ELISA kit, and HPLC grade 

trifluoroacetic acid (TFA) were purchased from ThermoFischer Scientific (Pittsburgh, 
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PA). Tricorn 5/20 and 5/50 columns, Capto MMC resin, Capto MMC ImpRes resin, and 

Capto Adhere resin were purchased from GE Healthcare Life Sciences (Pittsburgh, PA). 

0.2µm centrifugal filters, 30mL Luerlock syringes, 96-well 2mL collection plates, and 

0.2µm PES syringe filters were purchased from VWR (Radnor, PA). Nuvia cPrime resin 

was purchased from Bio-Rad Laboratories (Hercules, CA). Eshmuno HCX resin was gen-

erously donated by EMD Millipore. Toyopearl MX-Trp-650M resin, Toyopearl NH2-

750F resin, and TSKgel SuperSW2000 SEC columns and guard columns were purchased 

from Tosoh Bioscience LLC (King of Prussia, PA). 

5.2.2 CCF Fractionation Experiments 

Null strain Pichia Pastoris CCF was titrated to pH 3.0, 5.0, 6.0, or 7.0 as needed from 

a starting pH of approx. 6.5. Titrated CCF was spiked with purified G-CSF, diluted with 

DI water to a total CCF dilution of 3x and 0.2µm filtered. CCF was titrated to lower pH 

using 100mM citric acid. CCF was titrated to higher pH using 100mM Tris base, as the 

addition of strong bases such as sodium hydroxide induced the irreversible local precipi-

tation of some CCF components. The final concentration of G-CSF in the conditioned 

CCF was 3µg/mL. CCF was prepared no greater than 24h in advance of its use. 

CCF fractionation experiments were carried out using an ÄKTA Explorer 10 system 

(GE Healthcare) equipped with a Frac-950 fraction collector and a P-960 sample pump 

and controlled by Unicorn 5.1 software. The resins listed in Table 5-1 were packed in GE 

Tricorn 5/20 columns at approx. 0.5mL column volumes (CVs) and the appropriate gra-

dient elution experiments performed according to Table 5-1. Columns were equilibrated 

with 10CV of buffer A, loaded with 120CV of conditioned CCF, washed with 20CV of 

buffer A, eluted with a 40CV gradient to buffer B, and washed with 10CV of buffer B (see 

Table 5-2 for exact compositions). Salt gradients were carried out from 0 to 1.5M NaCl. 

pH gradients were carried out from pH 7.0 to 3.0 or from pH 3.0 to 7.0. Multimodal cation 

exchange (MMC) resins were stripped with 20CV of 0.1M sodium hydroxide. Multimodal 

anion exchange (MMA), hydrophobic charge induction chromatography (HCIC), and salt-

tolerant anion exchange (AEX) resins were stripped with 20CV of 0.1M citric acid. The 

flow rate was 0.5CV/min during the load stage and 1CV/min for all other stages. The CCF 

flowthrough was collected in 2, 60CV fractions. The gradient elutions were collected in 
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2CV fractions, which were combined into 4CV fractions for analysis. The first 10CVs of 

the strip were collected for analysis. 

Table 5-1: Chromatographic resins used in the product and impurity characterization screens and 

the corresponding gradients performed on them. Gradients 1, 2 and 3 denote salt gradients (0-1.5M 

NaCl) at pH 5.0, 6.0 and 7.0, respectively. Gradients 4 and 5 denote pH gradients from 3.0 to 7.0 and 

from 7.0 to 3.0, respectively, using a 20mM sodium citrate buffer system. This set of resins was chosen 

for the ability to bind material at elevated conductivities and to have the maximum operational flexi-

bility in a small set of resins. 
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Table 5-2: Buffers used in the CCF fractionation and product linear gradient screening experiments. 

All buffers also contained 0.02% sodium azide (w/v basis) as a preservative. 

 

5.2.3 RPLC Analysis of Fractionated CCF 

RPLC analysis of samples from the CCF fractionations was performed on a Waters 

Acquity UPLC H-class system equipped with a PDA detector and controlled by Empower 

3 software. Samples were run on an Acquity UPLC Protein BEH C4 column (300 ang-

strom, 1.7µm, 2.1mm x 100mm) with an Acquity UPLC Protein BEH VanGuard Pre-

Column (300 angstrom, 1.7µm, 2.1mm x 5mm). Column temperature was set to 60°C. 

Sample temperature was set to 8°C. Buffer A was 0.1% formic acid in water and buffer B 

was 0.1% formic acid in ACN (v/v basis). System flowrate was kept constant at 

0.5mL/min. The gradient method used was a 1min hold at 0% B, followed by a 7 minute 

linear gradient to 100% with a 2min hold prior to re-equilibration. Total method time was 

12.5min. Sample injection volumes were 50µL. UV absorbance was collected as a wave-

length scan from 200 to 400nm at 2.4nm resolution and 40Hz frequency. 

5.2.4 Product Linear Gradient Elution Screens 

Linear gradient screens of pure hGH were performed identically to the CCF fraction-

ation experiments except that the load solution was hGH in equilibration buffer at approx. 

0.5mg/mL concentration and the system flowrate was kept constant at 1CV/min through-

out the method. Column load challenge was kept constant at 0.3mg/mL, and product 

elution pH or salt concentration was determined by peak maximum at 280nm. 
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5.2.5 Construction of the Host-Related Impurity Retention Database 

RPLC chromatograms were taken as raw data .ARW files at A210, A260, & A280 

with 40 Hz resolution. A Matlab script was written to convert all raw RPLC data from 

.ARW files to a single .MAT file. Chromatograms corresponding to blank DI injections 

were used to baseline subtract the RPLC chromatograms. These DI injections were per-

formed each day and fractionated CCF RPLC chromatograms were baseline subtracted 

using the appropriate DI injection run.  

Data reduction was performed by integrating each chromatogram over 0.5 second 

intervals. Only data from 1.5 to 10.0 minutes were considered in order to eliminate the 

effects of t0 baseline disturbances. A 10.5s window from 5.25 to 5.425min was excised 

from the chromatograms to eliminate the G-CSF peak from these analyses. The host-re-

lated impurity retention database was then stored as a 5-dimensional array with the 1st 

dimension corresponding to the wavelength of the UV data, the 2nd dimension correspond-

ing to the resin, the 3rd dimension corresponding to the gradient type, the 4th dimension 

corresponding to the ÄKTA fraction number, and the 5th dimension corresponding to the 

integration windows from the UPLC data.  

5.2.6 Process Synthesis Tool Overview 

The process synthesis tool was designed as a collaborative effort and coded by Nick 

Vecchiarello. The software consists of subroutines for total process generation and classi-

fication, implementation of process constraints, process ranking, table generation, and 

graphical process output generation. Figure 5-1 provides an overview of the process syn-

thesis software. 
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Figure 5-1: Schematic of the logic flow used in the Matlab tool for data analysis and process synthesis. 

The software represents a collaborative design effort and was written by Nick Vecchiarello. 

5.2.7 Process Synthesis Tool: Process Generation and Classification 

The initial generation of potential purification processes does not require host-related 

impurity data. Product retention data was loaded into the program and used to generate a 

list of all possible 3-step processes which would recover the product. Steps in each se-

quence were classified as bind-elute, explicit flowthrough, or implicit flowthrough. 

Explicit flowthrough steps were identified as such when the product was experimentally 

observed to flow through at the salt and pH of the load condition. Steps were classified as 

implicit flowthrough operations when the load solution was at a condition later in the salt 

or pH gradient than that which the product eluted at. Steps in which the product eluted in 

the strip were not considered. For sequences containing MEP HyperCel, only pH transi-

tions were considered since salt gradient elution experiments were not performed.  

5.2.8 Process Synthesis Tool: Implementation of Process Constraints 

Following process generation and classification, a number of constraints were imple-

mented to reject undesirable processes. These constraints included: 
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1. Integrated manufacturing: The elution condition from one column must be the 

load condition for the subsequent column without adjustment to the salt and pH 

of the eluate 

2. Capture steps must operate in bind-elute mode 

3. Processes cannot include more than 1 implicit or explicit flowthrough step 

4. HCIC resins cannot be used as a capture step 

5. Each process can only use a given resin once 

Constraint 1 was chosen to ensure the resulting purification processes were amenable 

to implementation in the InSCyT manufacturing system. Constraint 2 reflects common 

practice in the industry, as the one of the primary goals of the capture step is concentration 

of the product molecule. Constraint 3 was chosen as we hypothesized that two bind-elute 

and one flowthrough step would offer more robust impurity clearance than two 

flowthrough and one bind-elute step. However, this could easily be altered for applications 

with different specifications. Constraint 4 was implemented because the PPA and HEA 

columns were observed to discolor and foul rapidly (over 3-5 cycles) during the impurity 

characterization experiments, while the MEP column had generally low capacity for the 

target molecules at the product concentrations observed in CCF. Finally, constraint 5 was 

implemented as per the orthogonality principle [91], [174], [175]. 

5.2.9 Process Synthesis Tool: Process Ranking, Table Generation, and Graphical 

Visualization 

Process ranking for predicted impurity clearance was performed using the following 

equation: 

𝑆𝑐𝑜𝑟𝑒 = ∑ (∏ 𝐴𝑖,𝑗
𝑃
𝑗=1 )𝐾

𝑖=1                                                 (5-1) 

Where, 

{
 𝑗 ∈ 𝐹, 𝐴𝑖,𝑗 = (∑ 𝑎𝑖,𝑗(𝑛)𝑁

𝑛=𝑅𝐸𝑙𝑢𝑡𝑒(𝑗)+1 )
−1

 𝑗 ∈ 𝐵, 𝐴𝑖,𝑗 = 𝑎𝑖,𝑗(𝑅𝐸𝑙𝑢𝑡𝑒(𝑗))                     
                              (5-2) 

Where K is the number of UPLC integration fractions, P is the number of purification 

steps in a given process, F is a set of steps which are flowthrough steps, B is a set of steps 

which are bind and elute steps, ai,j is the area under the RPLC chromatogram for a given 

resin, ÄKTA fraction & UPLC integration window, RElute is the elution fraction of the 
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current column (corresponding to a specific pH and salt), and N is the number of fractions 

collected in the ÄKTA gradient. We assumed optimized washing and relatively sharp elu-

tion peaks so that only the host-related impurities in a single gradient elution fraction were 

considered to co-elute with the product in bind-elute operations. For flowthrough steps, 

the sum of the RPLC chromatograms of all gradient fractions that eluted after a specified 

flowthrough condition for a given step were included in the analysis (note: UPLC profiles 

of the column strip were not included in the scoring of flowthrough steps). Section 5.3.4 

provides a thorough discussion of the implications of this scoring function. By this method 

each set was scored, rank ordered and exported to Microsoft Excel. Profiles of host-related 

impurity removal were then generated to visualize step orthogonality for each sequence. 

5.2.10 Preparative Chromatography Experiments 

Preparative chromatography experiments were carried out using an ÄKTA Explorer 

10 system equipped with a Frac-950 fraction collector and a P-960 sample pump and con-

trolled by Unicorn 5.1 software. hGH and G-CSF purification processes are described in 

the body of the text and were carried out using GE Tricorn 5/50 columns of approx. 1mL 

packed resin volume. For full protocols, see Sections 9.1 and 9.2. 

Purification samples were analyzed for Pichia HCP content using a Cygnus Pichia 

Pastoris 2nd Generation HCP ELISA Kit according to the manufacturer’s recommended 

protocol. G-CSF purification samples were analyzed for DNA content using the Quant-iT 

PicoGreen dsDNA Assay Kit. To generate a dsDNA calibration curve, samples were pre-

pared from the lambda DNA standard included with the kit diluted to concentrations of 

500, 100, 50, 25, 10, 5, and 1pg/µL in the TE buffer included with the kit. Pure TE buffer 

was also included in the calibration as a null concentration point. Samples for analysis 

were diluted with TE buffer if needed. 20µL of each sample was added to Costar black 

96-well plates in triplicate. In darkness, PicoGreen reagent was prepared by mixing with 

TE buffer, and then 200µL was added to each well for analysis and mixed by pipetting. 

The plate was then analyzed on a plate reader with excitation at 480nm and measurement 

of emission at 520nm.  

Samples were analyzed for hGH or G-CSF concentration using RPLC. hGH contain-

ing samples were analyzed using the method described in section 3.2.3.6.1. G-CSF 
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containing samples were run on an Acquity UPLC Protein BEH C4 column (300 ang-

strom, 1.7µm, 2.1mm x 100mm) with an Acquity UPLC Protein BEH VanGuard Pre-

Column (300 angstrom, 1.7µm, 2.1mm x 5mm). Column temperature was set to 70°C. 

Sample temperature was set to 8°C. Buffer A was 0.1% TFA and 5% ACN in water and 

buffer B was 0.1% TFA and 5% water in ACN (all v/v basis). System flowrate was kept 

constant at 0.5mL/min. The gradient table used is shown below (Table 5-3). Total method 

time was 4.5min. Sample injection volumes were 1-50µL. Peak area with UV detection at 

215nm or 280nm in comparison to known-concentration standards was used to determine 

sample concentration. SEC analyses were performed on the same Waters UPLC system 

using a TSKgel SuperSW2000 column. hGH-containing samples were analyzed for ag-

gregate content using a running buffer of 1% 2-propanol (v/v basis), 50mM sodium 

phosphate, pH 7.4 [176]. G-CSF-containing samples were analyzed for aggregate content 

using a running buffer of 100mM ammonium bicarbonate, pH 7.0 [177], [178] (additional 

buffer salt added to mitigate peak tailing). 

Table 5-3: Gradient table used for the RPLC analysis of G-CSF containing samples. 

 

5.3 Results and Discussion 

5.3.1 Approach Overview 

As described in the methods section, we have developed an approach for rapidly iden-

tifying downstream processes for biological products produced in a single host system. 

Briefly, this approach involves the following steps and is summarized in Figure 5-2. A 

one-time characterization is first carried out on null cell culture fluid (CCF) by subjecting 
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this mixture to a set of linear gradient elution screens on a variety of chromatographic 

resins. The resulting gradient fractions are then analyzed by RPLC to generate a database 

of host-related impurity profiles. For each new biological product, small quantities of pure 

material are characterized using a similar set of gradient elution experiments. These two 

retention data sets, pure product and host-related impurities, are then input into Matlab 

and analyzed using the in-silico process synthesis tool. By incorporating integrated man-

ufacturing constraints, the tool generates potential sets of 3-step purification sequences 

which are rank ordered based on their overall efficacy and orthogonality for the separation 

of host-related impurities. Finally, the output of the in silico tool is used to guide experi-

mental process development, thus facilitating the rapid optimization of purification 

processes for each new biological product. 

 

Figure 5-2: Overview of purification process development workflow using the impurity characteriza-

tion approach. 

5.3.2 2-D Characterization of Host-Related Impurities 

Null strain Pichia shake flask CCF solutions were spiked with low concentrations of 

G-CSF and titrated to pH 3.0, 5.0, 6.0, and 7.0. Linear gradient chromatography screens 

were then carried out on these solutions using the methods and library of chromatographic 

resins presented in Table 5-2 (note: for G-CSF, product and impurity screens were com-

bined in a single set of gradient experiments). As can be seen in the Table, our strategy 
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was based to a large extent on the use of different commercially available multimodal 

cation and anion exchange resin systems as well as hydrophobic charge induction (HCIC) 

and salt-tolerant anion exchangers. The multimodal resins were selected due to their abil-

ity to create selectivity based on charge, hydrophobicity, or various combinations thereof. 

Thus, these resins can explore a wide space of protein properties in a single resin system 

[179]–[181]. Although several of these MM resins in our screen were cation exchange 

based, previous work in our lab has demonstrated that subtle differences in base matrix or 

ligand chemistry can result in significant differences in selectivity [49], [50]. For MM 

anion exchange, we included Capto Adhere as well as two resins from Pall (PPA and 

HEA) that act as MM anion exchangers at the pH conditions employed in this work (i.e. 

pH 7.0 or below). In addition to MMA resins, this set also included salt tolerant AEX 

resins that enabled protein binding at the elevated salt concentrations typically encoun-

tered in our feed solutions. Finally, one HCIC resin, MEP HyperCel, was included in this 

set since it enables hydrophobic based separations without the requirement for high salt 

concentrations [182].  

In total, 45 linear gradient experiments were carried out with 12 fractions collected in 

each experiment; one flowthrough, one strip, and 10 gradient fractions. The resulting 540 

fractions from these gradient experiments were then analyzed by RPLC to generate a da-

tabase of host-related impurity profiles as a function of resin, gradient type, and elution 

fraction (note: the product elution data is discussed in the next section). RP-UPLC was 

selected as the analytical technique based on its rapid analysis time, high peak capacity 

and ease of automation. Further, the relatively limited secretome of Pichia [159], [183] 

enabled useful data to be obtained using RPLC analysis of the fractions from the gradient 

chromatographic screens. The RPLC profiles of the pooled flowthrough samples (Figure 

5-3) were not considered in our analysis of the host-related impurities due to overloading 

of the analytical column and detector saturation. Also, as will be discussed below, because 

the in silico tool focuses its analysis on what binds to the column in each step, this infor-

mation is not necessary. All other fraction analyses resulted in distinct impurity profiles 

and representative chromatograms are shown in Figure 5-4. The RPLC data indicated that 

the majority of the host-related impurities in the Pichia culture supernatants were rela-

tively hydrophilic, eluting prior to 40% (v/v) ACN in the gradient. In contrast, the 
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biological product G-CSF eluted at approx. 50% ACN. This can be seen in the 3-D surface 

plot of Figure 5-4c which includes all of the UPLC analyses for a pH gradient elution from 

the PPA HyperCel resin. These results also suggest that hydrophobic-based separation 

processes may have some distinct utility for separating Pichia HCPs from more hydro-

phobic biological products.  

 

Figure 5-3: RPLC analysis of a characteristic flowthrough fraction from the impurity characteriza-

tion experiments, in this case on HEA HyperCel using a pH gradient elution. The overloading of the 

analytical column and detector saturation prevented useful analyses of the flowthrough fractions 

from these experiments. The solid line indicates UV absorbance while the dashed line indicates % 

ACN. 

It is also interesting to examine some of the classes of behavior that were observed 

with these different resin materials. The HEA and PPA HyperCel resins bind a large 

amount of host-related impurities at pH 5.0 or above, and in a pH gradient these impurities 

are eluted in bulk between pH 4.5 and 3.0 (Figure 5-4) which corresponds to the titration 

range for protein carboxylic acids [170]. In contrast, MEP HyperCel, Toyopearl MX-Trp-

650M, and Toyopearl NH2-750F bind little in the way of impurities, indicating the poten-

tial utility of these steps for the recovery of the products in bind-elute mode. Finally, Capto 

Adhere and STAR HyperCel AX are both implicated as excellent flowthrough steps, but 

Capto Adhere is preferable so long as product recovery is sufficient.  
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Figure 5-4: Representative data from RP-UPLC analysis of fractions generated during the impurity 

characterization screens. (a) Chromatogram of host-related impurities and G-CSF eluting in fraction 

4 of a salt gradient elution from Capto MMC at pH 6.0. (b) Chromatogram of host-related impurities 

eluting in fraction 9 of a pH gradient elution from HEA HyperCel. In (a) and (b) solid lines indicate 

UV absorbance while dashed lines indicate % ACN. (c) Surface plot of the RPLC data from all frac-

tions of the PPA HyperCel pH gradient experiment. 

Although interesting, these analyses are subjective and a more quantitative method 

was necessary to fully interpret this data and integrate it with the product retention data. It 

is important to note that the intention of this work was not to specifically identify the 

various host-related impurities but rather to use patterns in the data to facilitate process 

development. To accomplish this task in a more quantitative fashion, the database of ana-

lytical chromatograms was exported into Matlab for use with the in-silico process 

synthesis tool discussed below.   
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5.3.3 Chromatographic Screening of Product Material 

In addition to the large sets of host-related impurity chromatographic data obtained 

in the screens described above, the experiments with G-CSF spiked CCF solutions also 

produced a database of G-CSF retention times. For hGH, a retention database for these 

resins and mobile phase conditions was determined with a separate set of experiments 

using pure product to illustrate the applicability of this process development approach to 

additional biological products produced in Pichia. The databases of product retention 

times for both G-CSF and hGH were then exported for use in the in silico tool. Although 

benchtop linear gradient screens were employed in the current work, it would be straight-

forward to use more high-throughput systems to rapidly determine this bioproduct 

gradient elution data [19], [29], [31], [52]. 

5.3.4 In-Silico Process Synthesis Tool 

A detailed description of the in-silico process synthesis tool is presented in Figure 5-1 

and discussed above in the methods section (5.2). Briefly, the product and impurity data-

bases are read into the software and multi-step purification sequences are generated, 

incorporating appropriate constraints provided by the user. These purification sequences 

are then scored and rank ordered based on predicted purification performance with respect 

to the removal of host-related impurities. The software then outputs these potential puri-

fication sequences along with the corresponding impurity profiles for each sequence. In 

the current application, the software was constrained to search for 3-step purification pro-

cesses which contained a single flowthrough step. The processes were further constrained 

such that the elution condition for a given step in the process would also serve as the 

loading condition for the subsequent unit operation. This last constraint, combined with 

the selection of processes based on the orthogonal selectivity of the component steps, en-

abled integrated bioprocesses to be identified using the tool, addressing a major objective 

in industrial downstream bioprocessing [8], [13], [132], [146], [184], [185].  

In this approach, Equation 5-1 has been used to score the overall orthogonality of a 

separation process based on the host-related impurity retention data. For bind-elute oper-

ations, this equation determines the extent of orthogonality by assessing how different the 
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impurities are that co-elute with the product in these two steps. We assume here that im-

purities with different RPLC retention times are different species. For flowthrough 

operations, this equation assigns good scores to steps which remove impurities with the 

same RPLC retention time as those which are not removed by the two bind-elute steps. 

Figure 5-5(a) provides a graphical example of this orthogonality for hGH purification se-

quence 1 from Table 5-4. By identifying the product elution pH and/or salt concentration 

for the two bind-elute steps (CMM HyperCel and Capto MMC), the software reads the 

RPLC chromatograms of the impurities predicted to co-elute with the product under these 

two conditions. Here, the process received a good score since the impurity profiles in the 

two bind-elute steps (the black and red traces) are generally low and had minimal overlap. 

In addition, as can be seen in the figure, the profile of impurities removed in the 

flowthrough step (the blue trace, HyperCel STAR AX) exhibited a large signal for the 

retention time window that contained some overlap in the impurity profiles for the two 

bind-elute steps. Thus, even a cursory inspection of these three chromatograms would in-

dicate that these three steps would have the potential for providing good impurity 

clearance. In contrast to hGH purification sequence 1, sequence 316 (Figure 5-5(b)) pro-

vides an example of a process with less orthogonality. As can be seen in the figure, the 

two bind-elute steps (Capto MMC and PPA HyperCel as red and black colored traces, 

respectively) are predicted to have significant overlap of co-eluting impurities indicating 

that the second bind-elute step would likely not provide additional clearance of impurities. 

Further, in contrast to sequence 1, the flowthrough step in sequence 316 (Toyopearl NH2-

750F) is predicted to bind a relatively small amount of material and does not retain specific 

impurities which are predicted to carry through the bind-elute steps. 
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Figure 5-5: Visualizations of the impurity profiles used to rank host-related impurity clearances for 

3-step purification sequences. For bind-elute steps (red and black traces) the curves represent the 

RPLC profile of impurities expected to co-elute with the product. For flowthrough steps (blue traces) 

the curves represent the RPLC profile of impurities expected to be removed by the step (note: a highly 

orthogonal purification sequence would contain bind-elute steps with a minimum of overlapping im-

purity profiles and flowthrough steps with impurity profiles exhibiting maximum values at retention 

times in which the bind-elute impurity profiles overlap). (a) hGH process 1 (normalized score of 1) 

exemplifies a highly orthogonal set of purification steps. (b) hGH process 316 (normalized score of 

1772) provides an example of a poorly orthogonal purification sequence. The y axes are identical on 

(a) and (b) and the discontinuity denotes the location of the 10.5s window which was excised to remove 

G-CSF from the data set. 
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Table 5-4: Top process sequences selected by the in silico tool for the purification of hGH. Sequences 

are presented with their process scores calculated by Equation 5-1 and normalized to that of the top-

ranked process. Individual steps are presented in the format of “resin, operating mode, product elu-

tion condition”, where “flowthrough” is used to indicate the product elution condition is the load 

condition. Sequence 1 was selected as the starting point for hGH process development and sequence 

19 was selected as a more viable alternative during experimental development.  

 

This method of scoring sequences based on their orthogonality for the separation of 

host-related impurities minimizes the risk of selecting a purification sequence which con-

tains steps that perform well individually but do not provide complementary clearance of 

residual impurities. This method also has the benefit of being able to distinguish between 

resins with similar functionalities, such as a family of multimodal cation exchange resins, 

which may offer different selectivity windows for impurity clearance.  

UPLC data obtained from the analysis of column strips were not included in the scor-

ing due to potential complications in the analysis from the presence of sodium hydroxide. 

It turns out that not including this data had no effect on potential bind-elute processes since 

we only considered host-related impurities that would be carried forward after the bind-

elute step (i.e. impurity data from the fraction that the product would elute in). For 

flowthrough operations, not including this data from the strip could potentially result in 
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an underestimation of the utility of flowthrough steps that employed very strongly binding 

conditions. Nevertheless, as can be seen in Tables 3 and 4, such flowthrough operations 

were often selected, indicating that this was not a significant limitation in the current work.  

The top 20 output sequences generated for hGH and G-CSF are presented in Table 

5-4 and Table 5-5, respectively. These Tables provide the purification sequences with the 

resin, mode of operation, and product elution conditions indicated for each step. For each 

sequence, a normalized score obtained from Equation 5-1 is also presented. As can be seen 

in the Tables, a multimodal cation exchange step was almost always selected for the cap-

ture step in these processes. Both of these biological products are relatively hydrophobic 

and have isoelectric points that are moderately higher than the majority of the Pichia HCPs 

reported in the literature [159], [183]. Thus, it is likely that hydrophobicity is playing a 

role in enhancing the binding of these two products to the MM cation exchange materials 

during these capture steps. MM anion exchange and salt tolerant anion exchange materials 

were selected for flowthrough operations that were placed either as the second or third 

steps in these top processes. As can be seen in the Tables, the second bind-elute step in 

most of these top sequences tended to be either MEP HyperCel or an additional MM cation 

exchange operation. While it makes intuitive sense that MEP would offer orthogonal se-

lectivity, it would be less obvious to select an additional MM cation bind-elute step during 

standard process development. Among the lowest ranked processes PPA and HEA Hyper-

Cel bind-elute steps were prevalent, indicating their lack of utility for the separation of 

these products from the host-related impurities in Pichia cultures.  
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Table 5-5: Top process sequences selected by the in silico tool for the purification of G-CSF. Sequences 

are presented with their process scores calculated by Equation 5-1 and normalized to that of the top-

ranked process. Individual steps are presented in the format of “resin, operating mode, product elu-

tion condition”, where “flowthrough” is used to indicate the product elution condition is the load 

condition. Sequence 7 was selected as the starting point for G-CSF process development and sequence 

22 was selected as a more viable alternative during experimental development. 

 

Once potential sequences are identified using the in silico tool, a decision process 

must be implemented to select the specific sequence for process development. This is im-

portant since the sequences were ranked based on selectivity while not including 

additional important considerations such as binding capacity and yield constraints. One 

rule of thumb that we used to eliminate potential sequences was that for bind-elute steps, 

the loading and elution condition should be sufficiently different. This generally results in 

higher binding capacities. For example, in sequence 4 (Table 5-4); if one examines the 

first step using Toyopearl MX-Trp-650M, the elution salt is 300mM which is close to the 

conductivity of the CCF load. Thus, this sequence was not selected. This “pruning” heu-

ristic was employed to select tentative purification sequences which were then used to 

initiate process development as described below.  
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5.3.5 Purification Process Development for hGH 

Our purification targets for the hGH process were to reduce the HCP content below 

100ppm, DNA content to less than the LOD of the PicoGreen assay kit, and product ag-

gregates to less than 1%. Sequence 1 was selected as the starting point for hGH process 

development. The product gradient elution data (both salt and pH gradients) were then 

used in concert with this sequence information to determine the specific processing con-

ditions for the tentative process shown in the left side of Figure 5-6. In particular, a wash 

step was incorporated into all of the bind-elute steps using conditions where we felt con-

fident that we would not lose bioproduct but that we would further enhance the clearance 

of impurities based on the HCP retention database. As can be seen in Figure 5-6, CCF was 

first conditioned to pH 5.0 prior to loading onto the Capto MMC capture step in order to 

maximize binding capacity and salt tolerance for this step [26], [31]. The wash condition 

was then set to pH 5.0, 500mM NaCl based on the product and impurity gradient data 

(note: while extensive screening could have enabled the identification of more stringent 

wash conditions, this was not carried out in order to expedite process development and to 

minimize any loss of the product). As described in the methods section, a key constraint 

of these integrated processes was that the elution condition of a given step also serves as 

the loading conditions for the subsequent step. In this particular process, since the second 

step was a flowthrough operation, this elution condition had to be effective for the opera-

tion of the STAR HyperCel AX flowthrough step as well as for the load stage of the CMM 

HyperCel step. The tentative operating conditions of the last step in the process were es-

sentially the same as those identified from the in silico tool with the inclusion of an 

appropriate wash step.  
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Figure 5-6: Process flowsheets of the initial and final integrated purification processes for hGH. The 

initial process was identified using the Matlab tool with the product and impurity retention databases. 

The final process is the experimentally optimized process (note: the replacement of CMM HyperCel 

with MEP HyperCel was guided by the outputs shown in Table 5-4). 

After experimental evaluation of the process indicated on the left in Figure 5-6, a 

modified process was developed which is also indicated in the Figure.  Although the load-

ing and wash conditions in the Capto MMC capture step worked as intended, additional 

salt (100mM NaCl) was added to the elution condition to sharpen the peak and to minimize 

pool volume. The STAR HyperCel AX flowthrough step proved to be insensitive to minor 

changes in pH and salt and worked well with this modified elution condition. On the other 

hand, the identification of a solution condition which allowed for both rapid elution from 

Capto MMC and strong binding to CMM HyperCel proved to be challenging. Thus, in 

order to expedite process development, alternatives to the CMM HyperCel step were con-

sidered. While the next highest ranked purification sequence which included both Capto 

MMC capture and STAR HyperCel AX flowthrough was sequence 5, this sequence was 

not examined since it used Nuvia cPrime which was shown during our screening process 

to bind less strongly than CMM and would likely have the same issue. The next sequence 

in Table 5-4 which included the Capto MMC capture and HyperCel STAR AX 
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flowthrough steps was sequence 19 which employed MEP HyperCel as a final bind-elute 

polishing step. This was selected as the alternative to the CMM HyperCel bind-elute final 

step and proved straightforward to develop based on the product pH gradient data. The 

specific conditions for the MEP HyperCel step gradient process are presented in Figure 

5-6. Interestingly, both the Capto MMC and MEP HyperCel steps employed both salt and 

pH shifts to create the unique selectivities for each step and to facilitate integration of the 

process. Throughout the development of this hGH purification process, we employed both 

the outputs of the in silico tool as well as specific product and impurity retention data from 

the screens to guide our decision making.  

The identification of CMM HyperCel as a potential last step in the original process 

(Figure 5-6) illustrates one of the limitations of this process development scheme. Our 

screening approach employs low load linear gradient elution experiments for product char-

acterization which makes it difficult for the software to distinguish subtleties in the 

strength of binding under isocratic conditions, especially as they vary with load challenge. 

Fortunately, our approach addresses this problem in the following manner. First, the soft-

ware provides many alternative sequences to choose from. Second, the nature of the 

process ranking is such that pairs of truly orthogonal purification steps will tend to appear 

in many of the top-ranked processes.  This combination enables us to readily replace in-

dividual steps during process development when necessary, while still maintaining overall 

orthogonality.  

The finalized process shown in the right side of Figure 5-6 was employed to purify 

hGH from Pichia CCF and the process performance is summarized in Table 5-6. As can 

be seen, this processes resulted in high recoveries of the bioproduct with HCP clearance 

to below our purification target. Although aggregate content was not explicitly included 

in our product screen, this process was readily able to reduce aggregate to acceptable lev-

els. In this case, it appears that the process was unable to reduce DNA content to an 

acceptable level. However, the data shown in Figure 5-7 suggests that this result is an 

artifact of interactions between hGH and the PicoGreen reagent based on positive signals 

when analyzing the Novo Nordisk reference material. These results will be investigated 

further to confirm this hypothesis in the near future, but we expect the results from these 
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experiments to be favorable as it is unlikely for a flowthrough anion exchange step at pH 

6.0 to increase the DNA content of the solution. 

Table 5-6: Summary of hGH purification process performance. Load challenge on the capture column 

was approximately 7.3 mg hGH/mL resin. Overall product recovery through the process was 86%. 

For HCP ELISA error bars denote the 95% confidence interval. For DNA error bars represent one 

standard deviation of triplicate measurements. 
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Figure 5-7: PicoGreen DNA analysis of samples from purification of hGH from Pichia CCF using the 

process described in Figure 5-6 compared to the Novo Nordisk reference materials. These results in-

dicate that the poor DNA clearance of the hGH purification process may be due to an artifact of using 

the PicoGreen assay with this particular bioproduct. This data was collected by Chaz Goodwine. 

5.3.6 Purification Process Development for G-CSF 

The development of a process to purify G-CSF from Pichia CCF was initiated using 

the output from the in silico tool shown in Table 5-5. Our purification targets were identi-

cal to those for hGH, namely aggregate <1%, HCP <100ppm and DNA <LOD of the 

PicoGreen assay. Sequences 1-4 and 6 were discounted due to the use of Toyopearl MX-

Trp-650M as the capture step as discussed above in Section 5.3.4. Interestingly, G-CSF 

sequence 5 was strikingly similar to hGH sequence 1, reflecting the high degree of com-

monality of many biophysical properties of these proteins (e.g. pI, surface hydrophobicity, 

size and tertiary structure).  However, as discussed in the previous section this particular 

combination of Capto MMC and CMM HyperCel was challenging to develop and highly 

sensitive to the pH of the Capto MMC elution buffer / CMM HyperCel binding buffer. In 

order to circumvent this problem, we selected sequence 7 as the starting point for G-CSF 

process development. As was carried out in the hGH process development, we employed 
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the product and impurity retention databases to identify the specific solution conditions 

for each step in the initial process shown in Figure 5-8.  

 

Figure 5-8: Process flowsheets of the initial and final integrated purification processes for G-CSF. The 

initial sequence was identified using the Matlab tool with the product and impurity retention data-

bases. The final process is the experimentally optimized process (note: the replacement of Capto 

Adhere with HyperCel STAR AX was guided by the outputs shown in Table 5-5). 

Experimental development was then carried out resulting in the final G-CSF process 

shown in Figure 5-8. The Capto MMC ImpRes wash condition was made less stringent to 

improve product recovery and salt was added to the eluent to mitigate peak tailing. The 

MEP HyperCel step in the final process required a lower pH for isocratic elution than was 

expected from the product gradient screening data. While this was a minor change in the 

operation of the MEP step, the interconnected nature of the process mandated that the 

Capto Adhere flowthrough step would then need to be operated at pH 4.0. Although our 

screening data had indicated that the binding of impurities to Capto Adhere would be suf-

ficient at pH 5.0, it was unlikely that at pH 4.0 many of the HCPs would still bind to the 

column [159], [170]. Accordingly, Capto Adhere was removed and replaced with a STAR 

HyperCel AX flowthrough at pH 7.0 as the second step in the process (sequence 22, Table 
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5-5). This step was successfully integrated into the process and no further modifications 

were required.  

The final process (Figure 5-8) was used to purify G-CSF from Pichia CCF and char-

acterized for product recovery as well as clearance of HCP, DNA, and product aggregates. 

The results presented in Table 5-7 show that the overall product recovery was approxi-

mately 80% with HCP and DNA clearance exceeding the purification targets. As was also 

seen in the hGH process, the MEP HyperCel was effective at reducing product aggregate 

content even though the process was not specifically designed to do so. Interestingly, the 

results also show that a two-step purification process (Capto MMC ImpRes bind-elute 

followed by a HyperCel STAR AX flowthrough) would be sufficient to meet the HCP and 

DNA targets, and may have been able to achieve the desired aggregate levels. However, 

the MEP HyperCel step adds robustness to the process with respect to HCP and aggregate 

clearance and as such was kept in the protocol to be implemented on the InSCyT manu-

facturing system. 

Table 5-7: Summary of G-CSF purification process performance. Load challenge on the capture col-

umn was approximately 2.5 mg G-CSF/mL resin. Overall product recovery through the process was 

estimated to be 80%. For HCP ELISA error bars denote the 95% confidence interval. For DNA error 

bars represent one standard deviation of triplicate measurements. *Indicates that the measured re-

covery was greater than 100%. 
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5.4 Conclusions 

We have shown in this Chapter that a chromatographic characterization of host-re-

lated impurities can be used to guide and expedite the design of robust, integrated 

purification processes. Product and impurity retention databases were generated on a set 

of chromatographic resins and analyzed using a Matlab tool to identify sequences of or-

thogonally selective purification steps which could recover the product. These sequences 

were constrained to be amenable to operation in an integrated manufacturing setting (no 

conditioning or hold tanks between steps). We tested the validity of this approach by using 

it to design two integrated purification processes, both of which reduced HCP to below 

our purification targets with product recoveries of 80% or greater. Furthermore, the G-

CSF purification process has since been successfully implemented on a prototype of the 

InSCyT manufacturing system by collaborators at MIT.  

This process development method has proven effective for our needs, but further ef-

forts are needed to extend its applicability to an industrial setting. With access to the 

appropriate materials and equipment, the product screening method could be made both 

faster and more informative. Many examples exist in the literature of using HTS to deter-

mine resin capacities, to evaluate product elution conditions, and estimate model 

parameters for in-silico process optimization [19], [29], [31], [52]. Similarly, the host-

related impurity characterization approach would need to be examined carefully prior to 

implementation in an industrial setting. While we were successful using RP-UPLC as an 

analytical technique for the characterization of Pichia CCF, expression systems with 

larger secretomes would likely require the improved resolution offered by methods such 

as 2D-HPLC or LC-MS. A more sensitive analytical technique would have the additional 

benefit of detecting impurities at lower loadings of CCF in the characterization screens, 

reducing the risk of shifts in elution salt or pH associated with high load effects. Recent 

studies have also shown that HCP profiles can change significantly as a function of culture 

conditions, product expressed, and even age of the cell lines [77], [78], [80], [186]. These 

variations could be taken into account by using the more detailed analytics described 

above and performing the impurity characterization screens on a set of culture fluids gen-

erated using different solution conditions and product expressions such that the majority 

of the host’s secretome is accounted for in the initial screening. However, this level of 
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detail was outside the scope of this program. Additionally, the selection of the appropriate 

resins, gradients, and number of fractions to use in the characterization screens depends 

on many factors and should be determined on a case-by-case basis. Finally, we 

acknowledge that the process development approach we have presented here does not take 

into account the separation of product-related variants, a critical challenge in industrial 

biomanufacturing. The future work section (Section 7.5) will discuss a method of incor-

porating variant separations into this general approach. 

Regardless of the specifics of the product and impurity characterization methods, we 

envision that the general scheme of characterization, in-silico analysis and process gener-

ation, and experimental development guided by the in silico output and characterizations 

would remain the same and could be used to expedite the development of more robust 

purification processes in a variety of settings. Our work and that of others in the field [90]–

[92] has shown that knowledge-based process development can be a powerful and efficient 

alternative to trial-and-error process development, especially for non-platform molecules 

with conflicting constraints such as integrated manufacturing, facility fit or product stabil-

ity.   
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6. DEVELOPMENT OF AN INTEGRATED PURIFICATION 

PROCESS FOR INTERFERON-α2B 

6.1 Introduction 

The third biologic target pursued in the Bio-MOD program was an Interferon-α2b 

(IFN) K112N mutant, a 19.2kDa helical bundle protein with a pI of approx. 6.0 [187]. 

Following the successful development of purification processes for hGH and G-CSF using 

the impurity characterization and in-silico process synthesis methodology described in 

Chapter 5, we originally intended to carry out IFN process development in a similar fash-

ion. However, early experiments identified a large amount of product-related impurities 

(as much as 30% in some feedstocks) which became the focus of the separation process. 

Since the in silico tool was unable to score purification sequences for the ability to 

remove product variants, we resorted to a process development approach which was rem-

iniscent of the heuristic-based methods described in Section 2.1. In this approach, IFN 

variants were first separated and identified using various analytical methods. Larger quan-

tities of the product/variant mixtures were then purified and subjected to a linear gradient 

screen on a library of chromatographic resins. Based on these results and experience with 

the hGH and G-CSF processes, tentative purification sequences were drafted. A concerted 

experimental development effort produced a version 1 protocol for IFN purification which 

was able to recover the product and remove the host-related impurities. Finally, subse-

quent process optimization resulted in a version 2 purification protocol with improved 

product recovery and product-variant clearance. These results represent a highly collabo-

rative effort between Steve Timmick, Nick Vecchiarello, and Chaz Goodwine, who all 

contributed equally to the work.   

6.2 Materials and Methods 

Purified Interferon-α2b was generously donated by Sandoz (Holzkirchen, Germany). 

Pichia cultures expressing IFN K112N were generated by collaborators in the Love lab at 

MIT. SP Sepharose HP resin was purchased from GE Healthcare. All other materials used 

were as described in Section 5.2.1. 
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6.2.1 Analytical Chromatography 

Analytical chromatography was performed on a Waters Acquity UPLC H-class sys-

tem equipped with PDA and FLR detectors and controlled by Empower 3 software. 

6.2.1.1 IFN RPLC Assay 

RPLC analysis for product concentration and N-terminal variant quantification was 

run on an Acquity UPLC Protein BEH C4 column (300 angstrom, 1.7µm, 2.1mm x 

100mm) with an Acquity UPLC Protein BEH VanGuard Pre-Column (300 angstrom, 

1.7µm, 2.1mm x 5mm). Column temperature was set to 60°C. Sample temperature was 

set to 8°C. Buffer A was 0.1% TFA and 5% ACN in water and buffer B was 0.1% TFA 

and 5% water in ACN (v/v basis). System flowrate was kept constant at 0.5mL/min. See 

Table 6-1 below for the gradient used. Total method time was 7.5min and sample injection 

volumes were 1-50µL. UV absorbance was collected as a wavelength scan from 200 to 

400nm at 2.4nm resolution and 40Hz frequency. The method used was named “NAV IFN 

RPLC Fast with FLR2”. IFN concentration was determined using a calibration curve cre-

ated from a known-concentration standard. 

Table 6-1: Gradient table used for the IFN RPLC method. 

Time 

(min) %A %B Slope 

Initial 100 0 Initial 

0.1 100 0 6 

0.5 61 39 6 

5.5 54.5 45.5 6 

5.75 0 100 6 

6 0 100 6 

7.5 100 0 1 

9.5 100 0 6 

13 100 0 11 

 

6.2.1.2 IFN SEC Assay 

SEC analyses for IFN aggregate quantification were performed using a TSKgel Su-

perSW2000 column. Samples were analyzed using a running buffer of 300mM arginine 
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HCl, 50mM ammonium bicarbonate, 0.02% sodium azide, pH 7.0. Flowrate was kept con-

stant at 0.25mL/min and sample injection volumes were 50μL. Protein was detected by 

fluorescence using an Acquity FLR module with an excitation wavelength of 280nm and 

an emission wavelength of 340nm. 

6.2.2 Preparative Chromatography Experiments 

Preparative chromatography experiments were carried out using an ÄKTA Explorer 

10 system equipped with a Frac-950 fraction collector and a P-960 sample pump and con-

trolled by Unicorn 5.1 software. IFN purification processes are described in the body of 

the text and were carried out using GE Tricorn 5/50 columns of approx. 1mL packed resin 

volume. For full protocols, see Section 9.3. 

6.2.2.1 Partial Purification of IFN-Related Species 

Partial purification of IFN and product-related species from Pichia CCF was carried 

out using CMM HyperCel resin packed in a Tricorn 5/50 column with approx. 1mL col-

umn volume. The column was equilibrated in 20mM sodium citrate, pH 5.5, with a 

conductivity adjusted to 25mS/cm using concentrated sodium chloride. 100CV or less of 

pH 5.5 conditioned CCF was loaded on, followed by a 10CV wash in the equilibration 

buffer. The column was then washed in 20mM sodium phosphate, pH 6.0 for 20CV. Prod-

uct was eluted with 20CVs of 20mM sodium phosphate, pH 8.0. Finally, the column was 

stripped with 15CV of 0.5M sodium hydroxide before re-equilibration and storage in 20% 

ethanol. Flow rate was kept constant at 1CV/min for all steps. Eluate was collected and 

pooled based on UV absorbance at 280nm. 

6.2.2.2 Product Linear Gradient Screens 

Product linear gradient screens were carried out as described in Section 5.2.4 except 

that the load solution was partially purified IFN material at a concentration of approx. 

0.6mg/mL. Aggregate content was 10% to 50% and N-terminal variant content was 15% 

to 25%. Column load challenge was kept constant at 0.6mg IFN/mL resin. 1CV fractions 

were collected throughout the gradient and specific fractions selected for analysis by SEC 

and RPLC based on UV absorbance at 280nm. 
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6.2.3 Additional Analytical Assays 

PicoGreen DNA and Cygnus HCP ELISA assays were performed as described in 

Section 5.2.10. SDS-PAGE analyses were performed using Novex 12% Tris-Glycine Mini 

Gels, 12-well WedgeWell format with an Invitrogen XCell SureLock Mini-Cell system 

(ThermoFisher Scientific). SDS-PAGE was carried out according to the manufacturer’s 

recommended protocol except that the running voltage used was 125V. 

6.3 Results and Discussion 

6.3.1 Identification of IFN Variants 

The first goal of this work was to identify the product variants present and the analyt-

ics needed to detect them. Previous results in the program suggested that product 

aggregates were present in the cultures. Collaborators at Pall Corporation had developed 

a partial purification process using CMM HyperCel to isolate the IFN-related species from 

the majority of the host-related impurities, which was used to prepare approx. 10mg of 

IFN and IFN-related species. This material was employed for the development of analyt-

ical assays including an SEC assay (Section 6.2.1.2) for the detection of product 

aggregates, which at the time ranged from 5-20% after the CMM HyperCel capture. An 

example chromatogram from this analysis is shown in Figure 6-1.  
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Figure 6-1: SEC analysis of early-program IFN material after partial purification by CMM Hyper-

Cel. This particular sample contained ~13% aggregate. 

More challenging to identify was the origin of additional peaks observed in the IFN 

RPLC assay used for the routine determination of product concentration in samples. Even 

in a very shallow gradient these peaks eluted close to the retention time of the reference 

standard (Figure 6-2), and as such we suspected them to be product-related species. In 

order to identify these species, Nick Vecchiarello performed droplet-by-droplet fraction 

collection of the eluate from the RP-UPLC analysis of the IFN material. Small amounts 

of these fractions were re-injected on the RPLC analysis to confirm the successful frac-

tionation of the various impurity peaks. The remaining material was subjected to intact 

mass-spectrometry (MS) analysis by direct-injection ESI. Careful analysis of the data by 

Chaz Goodwine identified almost all of the additional peaks as product variants, originat-

ing from methionine oxidation, C-terminal proteolytic cleavage, or incomplete removal of 

an N-terminal signal peptide sequence. The N-terminal sequence variants contained the 

peptide leader SIAAKEEGVSLEKR or various truncated versions thereof. At this stage 

in the program the amount of these sequence variants changed from one culture to the 

next, but they commonly made up 20-40% of the total IFN-related material. The MS anal-

ysis of the RPLC-fractionated material also confirmed the ability of the RPLC assay to be 

used alone as a high-throughput method of quantifying all of the product variants, with 

the exception of aggregated species. 
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Figure 6-2: Example chromatogram from the RPLC analysis of partially purified IFN material. MS 

analysis was performed by Chaz Goodwine to identify the various peaks in the IFN samples. The 

unknown species on the far right was hypothesized to be a Pichia HCP. 

Based on these results and the program goals it was decided that the RPI team should 

focus on the development of a downstream process capable of reducing aggregate and N-

terminal variant content to below a total of 5%, in addition to the goals of reducing DNA 

to below the LOD of the PicoGreen kit and HCP below 100ppm. The C-terminal cleavage 

and methionine oxidation variants would in turn be addressed by changes to the upstream 

process.  

6.3.2 IFN Gradient Screening Experiments 

Partially purified IFN material was subjected to a set of linear gradient elution exper-

iments on a library of chromatographic resins as described in Section 6.2.2.2. Select 

fractions were analyzed by SEC and RPLC to identify resins and conditions which resulted 

in resolution of the product aggregates and/or N-terminal variants. Example chromato-

grams from the linear gradient screens along with corresponding analytical results are 

shown in Figure 6-3 and Figure 6-4. These Figures show data from gradient elution ex-

periments which resolved either the aggregate or the N-terminal variant, but many gradient 

elutions did not provide detectable separation. Table 6-1 gives a qualitative summary of 

the most promising results from the gradient screening experiments. 
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Figure 6-3: Results from the IFN gradient screening experiments using a pH 7.0 salt gradient elution 

on Capto MMC ImpRes. (Top) Chromatogram from the preparative separation of the IFN material, 

the solid line is UV absorbance and the dashed line is conductivity. (Bottom) SEC analysis of the 

flowthrough and the main elution peak (~40mS/cm conductivity) fractions. These results indicate that 

a Capto MMC ImpRes step operated at a pH of approx. 7.0 could be used to remove the product 

aggregates. 
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Figure 6-4: Results from the IFN gradient screening experiments using a pH gradient elution (7.0-3.0) 

on HEA HyperCel. (Top) Chromatogram from the preparative separation of the IFN material. The 

solid line is UV absorbance and the dashed line is % buffer B. (Bottom) RPLC analysis of fractions 

collected during the gradient elution. These results indicate that a HEA HyperCel step operated 

around pH 4.0-3.0 could possibly be used to separate out the N-terminal variants. The narrow window 

of resolution is characteristic of N-terminal variant species and indicates the challenging nature of 

this separation. 
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Table 6-2: Summary of the best variant separation opportunities identified in the IFN gradient screen-

ing experiments. In general there were more and better options for aggregate separations than N-

terminal variant separations. 

 

In general, removal of the product aggregate appeared much easier to accomplish than 

separation of the N-terminal variant. This is not surprising given the much larger degree 

of difference between the monomer and dimer (or higher order) forms of the product com-

pared to the native IFN and its N-terminal variants, which have at most 14 additional 

residues on a 165 residue protein. In these screens, MEP HyperCel was observed to pro-

vide the best separation of IFN monomer from aggregates. Similarly, in the G-CSF 

purification process described in Section 5.3.6 the MEP HyperCel step was shown to clear 

a portion of the product aggregates. While the MEP resin was originally investigated as 

an alternative to Protein A in mAb purification processes [182], [188], it may be that it 

has some general applicability as an aggregate clearance step for smaller protein therapeu-

tics based on critical hydrophobicity or a size-based mechanism. The HEA and PPA 

HyperCel are highly similar to each other and differ only in the nature of the hydrophobic 

component of the ligand; HEA HyperCel uses a hexyl group whereas PPA HyperCel uses 

a phenylpropyl group. Despite this relatively small difference, the HEA HyperCel resin 

gave much better resolution both of the IFN variants than PPA HyperCel. It is unclear as 

to why this was the case, but past work has observed qualitatively different selectivities in 
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HIC systems when using aromatic vs. aliphatic ligands [42]. Finally, an interesting con-

trast was seen for the separation of IFN aggregates using Capto MMC or Capto MMC 

ImpRes, which differ from each other only in ligand density and bead size/structure. On 

Capto MMC ImpRes, which uses a lower ligand density, a pH 7.0 salt gradient gave ex-

cellent resolution of the aggregate (which was found in the flowthrough) and the monomer 

(which eluted in the gradient) as seen in Figure 6-3. On Capto MMC however, both species 

were retained on the column and eluted in a single broad peak with only a small degree of 

separation. These are results are further intriguing since at pH 7.0 the IFN and aggregates 

are negatively charged and thus were interacting with the resin with a net charge repulsion 

from the anionic ligand. Building on this observation, most of the cases in which resolution 

of the N-terminal variant was observed on an MMC resin occurred at pH 6.0 or 7.0. Com-

parison of these results with similar data on the separation of product-related variants in 

other projects in the Cramer lab identified similar trends, in which the greatest selectivity 

on MMC resins was often observed at pH conditions in which weak interactions or net 

electrostatic repulsion would be expected (unpublished data). 

While these trends may provide an interesting avenue for future investigation, there 

were several options for aggregate removal in the IFN process. Further data indicated that 

the separation of IFN from its N-terminal variants was more likely to be achieved using 

anionic ligands (Toyo NH2-750F and HEA HyperCel). Even in the best case though (HEA 

HyperCel, Figure 6-4), only slight enrichment of the product was observed. Further anal-

ysis of the N-terminal signal sequence (SIAAKEEGVSLEKR) suggested that this 

separation was made challenging because the additional 14 residues do not add any ex-

treme charge or hydrophobicity to the molecule that can be leveraged in its separation. 

The sequence is net neutral and contains a benign mixture of hydrophilic, neutral, and 

hydrophobic residues with perhaps a slight bias towards hydrophilicity. Thus, the lack of 

promising separation steps identified from the linear gradient screens was not surprising. 
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6.3.3 IFN Process Development 

The analyses presented above led us to the conclusion that the N-terminal variant 

separation, as the most challenging aspect of the purification process, should be the pri-

mary motivation for the design of the initial process flowsheet. Even so, a robust capture 

step was still needed to recover the product and eliminate the bulk of the host-related im-

purities. As described in the previous Chapter, the use of MMC resins to capture hGH and 

G-CSF from Pichia CCF had accomplished both of these goals. Given that hGH, G-CSF 

and IFN share similar macroscopic properties of pI, size, and hydrophobicity, we predicted 

that a similar approach using an MMC capture would be successful here as well. We did 

not select either Nuvia cPrime or Toyopearl MX-Trp-650M for this stage since the capture 

step would need to bind IFN relatively strongly in order to provide good capacity. Addi-

tionally, the N-terminal variant data suggested that these resins would be more useful in a 

high-resolution polishing operation. Instead, Capto MMC ImpRes was selected as the cap-

ture step since it could provide salt-tolerant binding of the biologic product along with 

excellent host-related impurity clearance (as shown with the G-CSF process).  The results 

of the IFN gradient screens also suggested that this resin, operated with the correct wash 

and elution steps, could potentially provide significant aggregate clearance at the same 

time (Table 6-2).   

While we were quite confident that Capto MMC ImpRes would perform well as the 

IFN capture step, we were less certain about the potential success of the options for polish 

steps 1 and 2. These two steps needed to effectively clear the N-terminal variants as well 

as the aggregate not removed by Capto MMC ImpRes, and the gradient screening results 

had indicated that the N-terminal variant separation would be challenging to accomplish. 

Therefore, we chose to first design an effective capture step which we could use to gener-

ate representative material for development of the polishing steps. This material would 

then be used to identify and optimize an N-terminal variant clearance step, and finally a 

third polish step could be designed to connect the unit operations and clear any impurities 

not removed by the capture or N-terminal clearance steps. We selected Toyopearl NH2-

750F and HEA HyperCel as our first choices for these polishing operations and drafted 

the tentative process shown in Figure 6-5, but we expected to exchange one or both of 

these steps with others listed in Table 6-2 during experimental development.  
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Figure 6-5: Initial IFN purification process drafted using the results from the gradient screening ex-

periments and the lessons learned from work described in Chapter 5. 

Initial work on the Capto MMC ImpRes capture step went as expected, requiring only 

minor changes to salt and pH in order to decrease the product pool volume during elution. 

Evaluation of the potential polishing steps was much more difficult though. Toyopearl 

NH2-750F was removed from the process because it was unable to provide resolution 

between the product and either aggregates or N-terminal variants at realistic load chal-

lenges. Nuvia cPrime was tested but we were unable to identify conditions which enabled 

strong enough binding to the product and gave resolution of the N-terminal variant during 

elution. We also looked into the use of Capto Adhere for this separation but the product 

eluted in a very broad peak with poor variant resolution. 

The experimental development of an HEA HyperCel step was more successful than 

any of the other potential N-terminal variant separations listed in Table 6-2. Figure 6-6 

shows the results of an HEA purification using pH steps for washing and elution. A wash 

at pH 4.0 and elution at pH 3.5 was found to preferentially desorb the N-terminal variant 
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in the wash and enrich the product in the elution. However, product recovery in this pro-

cess was only 40-50% and the performance was highly sensitive to the wash pH. 

 

Figure 6-6: Results from the IFN purification process on HEA HyperCel using pH steps for wash and 

elution. (Top) Preparative chromatogram from the IFN purification. (Bottom) Analytical RPLC chro-

matogram of the wash and elution pools. While there was significant enrichment of the product in the 

elution pool and the N-terminal variant in the wash, this process would have resulted in a product 

recovery of 40-50% due to losses in the wash. 

In search for a more robust N-terminal variant clearance step with better recovery of 

the product, we returned to an analysis of the molecular properties of the product and 

variants. The sequence of the peptide extension on the N-terminus of the product, 
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SIAAKEEGVSLEKR, was devoid of major charge or hydrophobicity characteristics to 

exploit in a separation process. After some consideration though, we realized that at low 

pH the glutamic acid residues of the peptide would be neutralized and the peptide would 

add a +3 charge to the molecule as compared to the native IFN. It is likely that this differ-

ence was the mechanism behind the selectivity seen on HEA HyperCel; since elution from 

HEA is based on charge repulsion in acidic conditions, it makes sense that the N-terminal 

variant would gain more positive charge than the product and thus elute earlier in a pH 

gradient. However, as discussed above, we needed an alternative to HEA due to concerns 

about poor product recovery and the sensitivity of the separation to the pH of the wash 

buffer. Based on this mechanism of charge difference at low pH, we hypothesized that a 

salt gradient elution on a strong cation-exchange resin at pH 3.0-5.0 would provide more 

robust and effective clearance of the N-terminal variant by binding it more strongly than 

the native IFN. 

The strong cation-exchange resin SP Sepharose HP was packed into a ~0.5mL column 

and evaluated for the purification of the IFN MMC ImpRes eluate at pH 3.6, 4.0, and 4.3 

using 80CV gradient elutions from 0 to 1M NaCl (Figure 6-7). At lower values of pH 

more of the protein carboxylic acids, which commonly have pKa values ranging from 3.0 

to 5.0 [170], would be titrated leading to higher net charge of both the product and impurity 

species. By pH 3.6 the proteins appeared to bind too strongly to the resin and both selec-

tivity and resolution in the gradient elution was lost. Salt gradients at pH 4.0 and 4.3 gave 

comparable selectivities between the product and the N-terminal variant, with only a mi-

nor decrease in resolution at pH 4.0 that can likely be attributed to dispersion that is 

commonly seen with increased retention times [157]. These results suggest that a salt elu-

tion at either pH would be capable of separating the product from the N-terminal variant. 
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Figure 6-7: Salt gradient elutions of IFN Capto MMC ImpRes eluate from SP Sepharose HP at dif-

ferent pH conditions. The pH 4.3 and 4.0 gradients provided clear resolution of the N-terminal 

variant. From these results pH 4.3 was selected for the development of an isocratic separation process. 

All gradients were 80CV from 0 to 1.5M NaCl with a 10mM citrate running buffer. 

We selected pH 4.3 as the condition for an isocratic elution process on SP Sepharose 

HP. pH 4.0 would likely have worked just as well, but the increased salt needed for product 

elution may have proved detrimental to product stability and could have been more chal-

lenging to remove in the final UF/DF formulation step. We also could have investigated 

even higher operating pH values, but decided against this since we did not expect increased 

selectivity and would have risked decreasing the column capacity. The gradient elution 

data was used to guide the development of an isocratic SP Sepharose HP process with a 

wash at 180mM NaCl to remove residual host-related impurities and an elution step at 

320mM NaCl, the results of which are shown in Figure 6-8. As can be seen in the Figure 

though, even this step did not provide sufficient resolution of the N-terminal variant and 

required an aggressive cut during elution pooling to effect the separation.  
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Figure 6-8: Isocratic elution of IFN Capto MMC ImpRes eluate from SP Sepharose HP using 320mM 

NaCl at pH 4.3. Fractions were collected throughout the elution and analyzed for product and N-

terminal variant content by RPLC. From this experiment a cut point for elution pooling was identified 

based on UV absorbance at 280nm. 

With an N-terminal variant separation step identified, the next challenge was to con-

nect that step with the Capto MMC ImpRes capture step which had previously been 

developed. This required a resin which could bind IFN at pH 7.6 and moderate salt and 

elute it at pH 4.3 (or lower) and relatively low salt. Additionally, since the Capto MMC 

ImpRes capture had not cleared all of the product aggregates we needed a step which 

would eliminate the remaining aggregate. Finally, clearance of residual HCP and DNA 

was desirable if possible. Fortunately, MEP HyperCel fit all of these criteria and was easily 

fit in place between the Capto MMC ImpRes and SP Sepharose HP steps. Experimental 

development of an MEP HyperCel step gave us the version 1 integrated IFN purification 

process that is summarized in Figure 6-9. This process only retained a single step that was 

envisioned in the draft purification process based on the gradient screening data (Figure 

6-5). This is in contrast to the hGH and G-CSF processes described in Chapter 5 which 

both retained 2 out of 3 of the steps identified in the draft process. Furthermore, only a 

single alternative step was evaluated for each of the hGH and G-CSF processes, while IFN 

process development involved evaluating 4 alternative steps before a final purification 

sequence was found. Of course, the nature of the separation challenge was different for 

IFN than the other two molecules, but even so, this comparison suggests that the IFN 
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process development could have been done more efficiently using a more rigorous process 

synthesis approach (Section 7.5). 

 

Figure 6-9: Version 1 IFN purification process used in the experiments described in Table 6-3. Signif-

icant changes were made to the draft process shown in Figure 6-5 due to the challenging nature of the 

N-terminal variant and aggregate separations. 

This version 1 process was evaluated for the purification of IFN from Pichia CCF 

using a ~10mg/mL load challenge on the capture column. Samples were collected through-

out the process and analyzed for product concentration, HCP content, DNA content, 

aggregate, and N-terminal variant content, the results of which are shown in Table 6-3. In 

this process we saw several significant differences between the low-load development ex-

periments and the higher load preparative purification. First, the product recovery from 

the Capto MMC ImpRes and MEP HyperCel steps were unexpectedly low. Analysis of 

the various process samples revealed that large amounts of product had been lost in the 

flowthrough and wash of the Capto MMC ImpRes step and in the flowthrough of the MEP 

HyperCel column. Over the whole process the product recovery was only 22%, lower than 

we were willing to accept even with the challenging variant separation. Additionally, the 

elution step from the SP Sepharose HP step was found to be sensitive to load challenge 
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and separation between the product and the N-terminal variant was much less than had 

been observed in the low load experiments, resulting in 10% variant content in the final 

elution pool rather than the targeted <5%. Interestingly, these short N-terminal sequence 

extensions can be readily observed in the SDS-PAGE analysis of the purification process 

samples shown in Figure 6-10. Despite these difficulties, the process was successful at 

reducing HCP content to below 100pm and DNA content to below the LOD of the 

PicoGreen assay kit. Additionally, the Capto MMC ImpRes and MEP HyperCel steps 

proved capable of reducing aggregate to well below the target of 1%. The SDS-PAGE 

analysis also highlights one of the benefits of the Pichia expression system, which is the 

relatively limited HCP burden in these cultures (Figure 6-14, lane 2). 

Table 6-3: Summary of the version 1 integrated IFN purification using the process presented in Figure 

6-9. While the purification targets for the host-related impurities were met, product recovery and N-

terminal variant clearance were insufficient for this work, motivating a series of improvements to the 

purification process. The load challenge on the capture column was 9.7mg/mL and product recovery 

over the whole process was 22.4%. For HCP ELISA the error bars denote the 95% confidence inter-

val. For DNA the error bars denote the standard deviation of triplicate measurements. *Indicates that 

the measured recovery was greater than 100%. 
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Figure 6-10: SDS-PAGE analysis of version 1 IFN purification process samples. The load solution 

(lane 2) is quite clean compared to gel analyses of cultures from other expression systems such as CHO 

or E. coli. Product losses were observed in the Capto MMC ImpRes and MEP HyperCel flowthroughs, 

motivating a series of process improvements. 

These results motivated a series of process improvements focused on improving prod-

uct recovery in the Capto MMC ImpRes step, improving recovery from the MEP 

HyperCel step, and improving the robustness of the N-terminal variant removal during the 

SP Sepharose HP step. For the capture step, the pH of the conditioned CCF and binding 

buffer were lowered to 5.0 from 5.5 in order to increase column capacity. The wash step 

was left unchanged because a large amount of aggregate was eliminated in that condition. 

The losses during the load stage of the MEP HyperCel step were more challenging to 

address, since any changes in the loading buffer composition also had to be applied to the 

Capto MMC ImpRes elution step due to the integrated nature of the purification process. 
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The product loss in the MEP HyperCel flowthrough appeared to be due to weak product 

binding / low resin capacity in the original condition. Interestingly, these losses occurred 

in the 100mM NaCl, 20mM sodium phosphate, pH 7.6 binding buffer, but not in the 20mM 

sodium citrate, pH 5.1 wash buffer. Kosmotropic salts are commonly added to the equili-

bration buffers and load solutions of HIC columns to drive protein binding to the resin, so 

we hypothesized that the addition of sodium citrate to the MEP binding buffer would drive 

protein adsorption and eliminate the product losses in the flowthrough. We tested 150mM, 

200mM, and 300mM trisodium citrate and found that, as expected, product losses in the 

flowthrough decreased with increasing citrate concentration. We also found that decreas-

ing the length of the re-equilibration or “chase” step after the load and decreasing the 

flowrate during the load and re-equilibration steps offered marginal improvements to 

product recovery. These three citrate concentrations were subsequently evaluated as Capto 

MMC ImpRes elution buffers, the results of which are shown in Figure 6-11. From these 

experiments we selected 200mM trisodium citrate, 100mM NaCl, 20mM sodium phos-

phate, pH 7.6 as the Capto MMC ImpRes elution buffer and MEP HyperCel binding 

buffer. 

 

Figure 6-11: Effect of adding trisodium citrate to the Capto MMC ImpRes elution buffer on peak 

width and pool volume. Note that the 0mM citrate experiment used a higher load challenge of IFN. 

The 150mM and 200mM citrate elution peaks reached nearly baseline by ~15mL, while the 300mM 

citrate elution peak continued to slowly bleed out of the column until the strip step. The column vol-

ume for this experiment was 1.1mL. 
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The last step in the process, SP Sepharose HP, was made more robust by decreasing 

the elution salt concentration to improve product purity at the cost of significantly increas-

ing the pool volume. However, the step still exhibited varying product yield and purity 

with changes in load challenge and will be discussed further in Section 7.6. 

These changes were combined to yield the final IFN purification process shown in Figure 6-12 which 

was used to purify IFN from Pichia CCF with a load challenge on the capture column of 7.5mg/mL. 

The process samples from this purification were analyzed for IFN content, aggregate content, and N-

terminal variant content, the results of which are summarized in   
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Table 6-4. These results show that the process improvements were successful in all 

aims. Product recovery was improved in both the Capto MMC ImpRes and the MEP Hy-

perCel steps, resulting in an overall process recovery of 51% with the majority of the 

product losses occurring during the SP Sepharose HP step. The N-terminal variant content 

was also successfully reduced to <5% from a high initial challenge of ~33%, although the 

low salt required for the SP Sepharose HP variant separation resulted in a broad elution 

peak (Figure 6-13). SDS-PAGE analysis confirmed that the final product pool contained 

almost no N-terminal variant, with the majority of these species eluting in the SP Se-

pharose HP strip (Figure 6-14). The samples from this process were not analyzed by HCP 

ELISA or the PicoGreen assay due to time/material limitations, but purifications run by 

collaborators at MIT have demonstrated the successful removal of host-related impurities 

with this process (unpublished data). 

 

Figure 6-12: Version 2 process for the integrated purification of IFN. Changes were made to the pro-

cess buffers for all three steps in order to improve product recovery and N-terminal variant clearance.  
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Table 6-4: Summary of the performance of the version 2 IFN purification process shown in Figure 

6-12. Product recovery was increased to 51% over the whole process (compared to 21% using the 

version 1 process) and the N-terminal variant content in the final product pool was reduced to <5% 

from a starting content of over 30%. The load challenge on the capture column was 7.5mg/mL. HCP 

ELISA and PicoGreen DNA analyses were not performed due to time and material limitations but 

host-related impurity clearance is expected to be similar to that of the version 1 process (Table 6-3).  
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Figure 6-13: SP Sepharose HP purification of IFN in the version 2 process. (Top) Chromatogram from 

the preparative chromatography run. The low salt concentration (250mM) used in the elution step led 

to an increased product pool volume but successfully cleared the N-terminal variant. (Bottom) RPLC 

analysis of the pooled elution and strip samples. The strip pool contains almost all of the N-terminal 

variant species loaded onto the SP Sepharose HP step while the elution pool contains only native IFN, 

met-ox IFN, and C-terminally cleaved IFN with 4.7% N-terminal variant content. The remaining C-

terminal variants are to be addressed in the upstream process. 
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Figure 6-14: SDS-PAGE analysis of the version 2 IFN purification process samples. The improved SP 

Sepharose HP step recovers almost all of the N-terminal variant species in the strip step, with only the 

shortest of the N-terminal sequence extensions appearing in the product pool. 

6.4 Conclusions 

In this Chapter we described the development of an integrated purification process 

for an IFN-α2b K112N mutant. We used data from a set of linear gradient elution screens 

on a mixture containing the product and its major variants to create a draft purification 

process. This process was evaluated experimentally and refined into a version 1 purifica-

tion protocol. The version 1 integrated process was shown to successfully purify IFN from 

Pichia CCF with an overall recovery of 22%, reducing HCP content to below 100ppm and 

DNA content to below the LOD of the PicoGreen assay kit. Subsequent improvements 

resulted in a version 2 process which increased overall product recovery to 51%. This 
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process was also capable of removing product aggregates to <1% and a challenging N-

terminal sequence variant from 33% initially to <5% in the final product pool. 

Overall, the work presented in this Chapter shows that the development of integrated 

purification processes can still be accomplished without a structured approach for process 

synthesis, even for molecules with complex variant profiles. We also demonstrated how 

the results of the impurity characterization work (Chapter 5) could be used without the in-

silico process synthesis tool, and that they were invaluable in the design of the IFN puri-

fication process. This impurity retention database guided our selections of Capto MMC 

ImpRes and MEP HyperCel for the purification of IFN as the data suggested that this 

combination of steps would eliminate the majority of the host-related impurities and allow 

us to focus solely on the product variant separation for the final polishing step. 

The product linear gradient retention database was also helpful for informing the se-

lection of purification steps, and on its own the product retention database is simple to 

generate in a relatively short amount of time. However, investigating all 49 of the resins 

and conditions for potential variant resolution was less obviously beneficial. Even analyz-

ing a limited number of fractions from gradients which appeared to resolve the product-

related impurities was a time-consuming and labor-intensive process. The results on po-

tential aggregate resolution were certainly helpful in guiding the selection of MEP 

HyperCel as the second step in the purification process, but on the other hand, the full 

gradient screening results on possible N-terminal variant separation steps were less useful 

than a thorough analysis of the molecular property differences between the product variant 

species. Up-front identification of the low-pH charge difference between the product and 

variant could have led us to evaluate a much smaller, more hypothesis-driven set of resins 

and solution conditions for potential selectivity and had equivalent or even better results.  

In summary, we have been successful in designing an integrated purification process 

for IFN which is capable of removing host-related impurities as well as product aggregates 

and N-terminal sequence variants. More importantly, the lessons learned from this work 

will be used to shape our process development strategy for future molecules. Section 7.5 

provides a detailed outline of these ongoing efforts. 
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7. CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

This body of work has explored and applied three different strategies to develop inte-

grated purification processes for non-platform protein therapeutics. Each of these 

strategies proved successful, but lessons learned along the way have shown that in some 

situations certain strategies would be better suited to the development challenge than oth-

ers.  

Chapter 3 summarized the work done to create a refined, multiscale strategy for the 

discovery of novel affinity chromatography ligands for any given biologic product. RP-

UPLC assays were developed for the rapid determination of product concentrations in 

Pichia CCF and these analytics formed the crux of a high-throughput method for the eval-

uation of peptide-functionalized resins. This method used competitive adsorption 

isotherms to rapidly measure resin performances in relevant mixtures and could have ap-

plications in a wide variety of downstream processing or ligand design scenarios. 

In Chapter 4, this peptide development strategy was applied to design, screen, and 

select a peptide ligand (S1) which was shown to recover hGH directly from clarified 

Pichia CCF with a resulting product purity of 91%. Elution from this initial peptide lead 

proved challenging though, so a histidine-mutagenesis approach was employed to improve 

the low-pH recovery of the biologic product. A final peptide resin (H7) was identified 

which greatly improved on the performance of the original lead candidate, recovering 80% 

of the product in the elution pool with a purity of 95% after a single chromatographic step. 

This H7 peptide recovered a higher purity product than the multimodal Capto Adhere resin 

(73%) and only slightly lower purity than the CaptureSelect immobilized antibody resin 

(98%). These results illustrate the power of the combined high-throughput and de novo 

affinity ligand discovery platform for bioseparations applications. 

Chapter 5 presented a novel method of characterizing host-related impurities on a 

library of chromatographic resins to form a database of impurity retention profiles. A soft-

ware tool was also written to utilize this characterization data for the in-silico synthesis of 

multi-step, integrated chromatographic purification sequences. This method of impurity 

characterization offers several advantages compared to previous efforts presented in the 
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literature. By predicting impurity clearance using RPLC profiles of impurity mixtures as 

opposed to separating and characterizing each individual impurity species, we greatly sim-

plified both the experimental methods and the process synthesis challenge. This impurity 

characterization based approach enabled the design of downstream processes composed 

of steps with orthogonal selectivities for the separation of host-related impurities. The 

utility of this method was demonstrated by employing to design integrated purification 

processes for two proteins, hGH and G-CSF, using only commercially available chroma-

tographic resins. This approach, or similar approaches using modifications suggested in 

Section 7.5, could have broad applications for the development of integrated purification 

processes for non-platform therapeutics. Moreover, our success demonstrates that a deep 

understanding of the product and impurity interactions with the separations media can 

have great benefits for the development of downstream processes, both for the project 

timeline and for the efficiency of the resulting purification process. 

Finally, in Chapter 6 an integrated purification process for IFN-α2b K112N was de-

veloped using a minimalistic approach. This approach made strategic use of information 

on the interactions between the host-related impurities in Pichia CCF and the commercial 

resin library (Chapter 5) to guide the selection of process steps. The results of this work 

reinforced the findings from the previous Chapter; namely, that an understanding of the 

impurity profile and its behavior on the separations media can be a great aide to process 

development. We also demonstrated that integrated purification process can be developed 

and successfully applied for molecules with significant (>30%) product variant chal-

lenges.  

Taking the results of this thesis as a whole, several additional conclusions can be 

drawn about process development strategies that were employed. We found the develop-

ment of a custom affinity ligand as a substitute for traditional process development efforts 

to be an effective but time-consuming strategy. The H7 peptide column was capable of 

capturing and purifying hGH from Pichia CCF, but the time it took to develop the peptide 

ligand was much greater than it took to develop the process using commercially available 

resins that was shown in Chapter 5. For this purification challenge the selectivity of an 

affinity chromatography step was not essential, and thus not an efficient use of time to 

develop. It is likely that this would be the case for many “well-behaved” non-platform 
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therapeutics and vaccines. That is not to say that it is never worthwhile to invest in a cus-

tom affinity ligand for industrial bioprocessing though; two situations could arise in which 

this strategy would be more effective than the alternatives.  

First, in the case that one affinity ligand can be developed for use in the purification 

of multiple different therapeutics, the initial cost of developing the affinity ligand would 

be outweighed by the time saved in the development of many subsequent purification pro-

cesses. This has been the case for mAb-based therapeutics, in which a Protein A affinity 

capture step is ubiquitous in industrial purification platforms. However, it is unlikely that 

Protein A will be displaced as the primary purification reagent for antibody-based thera-

peutics without a major technological change, so the development of alternative affinity 

ligands for mAbs may not be the most rewarding endeavor. Instead, there are a variety of 

similar “scaffold” molecules with constant framework regions and small variable regions 

or loops which can be altered to target binding to different molecular targets [189]. If any 

of these scaffold molecules were to be used as the basis for a family of new therapeutics, 

the development of a highly selective affinity ligand which could be used for purification 

of the entire family would certainly be worthwhile. The new wave of gene therapy drugs 

that are currently in development also presents an excellent opportunity for the develop-

ment of an affinity capture step which could form the basis for a new platform purification 

process. Many of these gene therapy products use the same viral vectors as delivery agents 

for a variety of therapeutics [190]–[192] and as such would benefit greatly from the de-

velopment of novel affinity capture reagents. 

The second case in which the development of a novel affinity ligand would be desir-

able is if the separation challenge is such that the product cannot be recovered at the 

necessary purity/quality using standard chromatographic media without an unacceptable 

yield loss. Examples of this type of application in the literature are rare [108], but the 

increasingly refined discovery and design tools for affinity ligands make it a realistic pos-

sibility for future applications. 

For more “routine” purification challenges of non-platform therapeutics, the field 

would likely be best served by continued investment in HTS technologies and in refining 

and applying knowledge-based process development tools. In Chapters 5 and 6, we found 
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that even a relatively coarse understanding of the host-related impurity profile’s interac-

tions with the available separations media was of great benefit when carrying out process 

synthesis – either when using software tools designed for the purpose or when using hu-

man intuition. Throughout the thesis, high-throughput technologies such as 96-well plate 

screens and UPLC analytics were also found to be truly enabling technologies, facilitating 

studies and a breadth of experimentation that would otherwise have been impossible in 

the allotted timeframes. Despite the availability of these tools for rapid experimentation 

though, we found the blanket screening approach used for the identification of potential 

variant separation steps in the IFN process to be a laborious and time-consuming process. 

A retrospective analysis of the molecular property differences between the product and 

the N-terminal sequence variant revealed that a smaller, more targeted set of screening 

experiments could have been carried out to exploit the low-pH charge difference between 

these molecules. A small targeted screen would have examined a fraction of the resins and 

conditions that the comprehensive screen did and would have been several times more 

successful. This example highlights the need for tools and techniques which can identify 

molecular property differences of product-related variants and, if not design full processes 

in silico, at least target resins, conditions, and/or modes of interactions which would have 

a high probability of resolving the specific impurities.  

With continued advancement in the fields of knowledge-based process development 

and HTS technologies, it should eventually become feasible to “platform” the develop-

ment of purification processes for any given biologic therapeutic using a comprehensive 

strategy for the purpose. An example of such a strategy is presented in Section 7.2 below. 

As was alluded to above, in our work we have identified several key areas in which re-

search efforts could be especially beneficial in facilitating process development efforts. 

These topics include developing a deeper understanding of process-related impurities, im-

proving the quality and applicability of molecular-level tools for the prediction of product-

variant separations, and increasing the throughput of various analytical technologies.  

Finally, an answer should be given to the central question of this thesis; namely, how 

should a downstream scientist carry out the development of integrated purification pro-

cesses for non-platform biologics? If there is an opportunity to develop or discover an 

affinity ligand that could be used for the purification of multiple biologic products, then 
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this should be made a top priority. For “unique” molecules though, the answer to this 

question becomes more complicated. Based on our experience, it is likely that process 

development can initially be carried out in the usual fashion and engineering solutions can 

be used to relax some of the constraints and challenges of integrated manufacturing. Sin-

gle-pass TFF, inline mixing and dilution, and surge tanks placed between unit operations 

can add flexibility to integrated and continuous downstream processes without drastic in-

creases in footprint or operational complexity. It may even turn out that these and other 

creative solutions will be sufficient to enable the integrated and continuous manufacturing 

of non-platform biologics for years to come. But as the industry matures, there will be 

ever-increasing pressure to develop more robust, more economic downstream processes 

in shorter timelines. In this future, it seems inevitable that process synthesis and even ini-

tial development will need to be carried out in silico, using novel tools such as that which 

we designed and applied in Chapter 5. These in-silico design approaches will require a 

deep understanding of both process- and product-related impurities as well as the ability 

to predict their separations from the biologic product during chromatographic operations. 

Accordingly, these areas should serve as focus points for bioseparations research in the 

coming years.   

7.2 Vision for a Universal Process Development Strategy for Non-

Platform Biologics 

Presented here is a concept of what the workflow for a “universal” process develop-

ment strategy might consist of for non-platform biologics. Figure 7-1 summarizes this 

concept in a flow diagram, the components of which are discussed in more detail below. 

The elements in the Figure have deliberately been left vague due to the many possible 

methods that could be used to fulfil the specific aims of each one. Additionally, some key 

elements in industrial process development, such as scale-up and tech transfer, process 

characterization, etc. have been omitted from this discussion due to a lack of expertise on 

these topics. However, these aspects should not greatly affect the general process devel-

opment workflow shown here, and in many cases they could also benefit from an improved 

understanding of the product an impurity behaviors in the purification process.  
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Figure 7-1: Schematic of a universal workflow envisioned for the development of purification pro-

cesses for non-platformable therapeutics. Many of the components or groups thereof in this workflow 

already exist in the industry and academic communities. The largest barrier to implementation of a 

strategy such as this is the detailed characterization of the process-related impurities, which would be 

a significant undertaking. It may be that this type of strategy would be best suited to expression sys-

tems with more limited secretomes than the current state-of-the-art CHO systems. The dashed boxes 

on the left indicate efforts that would be carried once, or at most very infrequently. The dashed lines 

indicate opportunities for data sets on product and impurity behaviors to inform efforts later in the 

development effort. 

At the start of the workflow, a one-time effort would be carried out to select an ex-

pression system, identify a minimal set of resins that would be necessary to for the 

separation of process-related impurities, and define an operating space which would apply 

for the majority of future biologic products. It may be that an expression system with a 

more minimal secretome than mammalian hosts would be desirable for this purpose. An 

impurity characterization screen would be carried out in this resin/condition space with a 

set of model process-related impurities (DNA, representative viruses, and any others of 
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interest) and with a variety of CCF solutions such that the majority of the HCPs are ac-

counted for in the screen. It could also be feasible to leverage data from the development 

of prior purification processes to form a database for impurities such as viruses and DNA. 

The methods used in the impurity characterization scheme could take any of a wide variety 

of forms, such as that which we presented in Chapter 5 or those described by Hanke et al. 

[92], so long as the experiments generate the desired database of impurity-resin interac-

tions in the planned operating space. 

Separately, for each new biologic product a rapid and standardized development ef-

fort would be carried out. Although this aspect was not discussed in this thesis, initial 

efforts would focus on mapping out the stability limits of the biologic product in order to 

define a product-specific operating space. Simultaneously, the major product variants 

would be identified and characterized. Representative product/variant mixtures would be 

screened in a batch 96-well plate format as in [31] with simple UV absorbance analysis to 

generate information on product binding to the library of resins throughout the operating 

space. A molecular properties analysis of the product and its variants would also be per-

formed in order to identify resins and conditions which could offer selectivity for these 

separations. Filtrates from the batch experiments corresponding only to this subset of can-

didates for variant separations would be subjected to additional analytics to assess these 

resins/conditions for selectivity. This approach, though seemingly complex, would be 

straightforward to automate and already shares many elements with current standard prac-

tice in the industry. The molecular properties analysis of the product and variant to target 

select conditions for further analysis would be done to reduce the analytical burden, and 

proper design of the batch screening experiments could provide information on resin ca-

pacities or could even produce data suitable for fitting model parameters. Also at this 

stage, partially purified product and the appropriate analytical techniques could be used to 

assess any product-specific challenges presented by hitchhiker HCPs which are retained 

on some purification steps through interactions with the bioproduct [73], [77], [78]. 

The process-related impurity, product, and product-variant databases would then be 

used by an appropriately designed software tool to synthesize downstream process flow-

sheets in accordance with whatever constraints (stability windows, integrated/connected 

processing, number of bind-elute and flowthrough steps, etc.) were selected by the user. 
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This software could take many forms and would be heavily dependent on the manner in 

which the product and impurity characterizations were performed. Knowing this, it is es-

sential that the design of the software tool should be done in concert with the design of the 

characterization experiments to ensure that the proper information is collected in the one-

time screens.  

From this point, process development efforts would be carried out much as they are 

currently done in the field. The primary differences are that the outputs of the process 

synthesis tool could be used to suggest alternatives for troublesome purification steps, as 

was done in Sections 5.3.5 and 5.3.6, and that the product, process-related impurity, and 

product-variant databases could all be used to guide the development efforts. This could 

take the form of design heuristics such as we employed in Chapter 6, model parameters 

which could be used for in-silico process optimization, or any number of other embodi-

ments. After the finalization of the integrated purification process, a possible additional 

application of the product and impurity databases would be in support of a regulatory 

filing. These data sets would be informative in an assessment of process robustness, and 

it would likely be of great value to demonstrate such a detailed level of process knowledge 

to the regulatory authorities. 

Although the process development strategy outlined here appears to align well with 

the current direction of the industry, it may be that new developments in separations tech-

nology or biologic therapeutics will cause major shifts in the methods and goals of the 

field. Additionally, the business case for investing in a detailed understanding of a host-

related impurity profile may be challenging to make. Even so, as long as biotherapeutics 

are produced by heterologous expression in host-cell systems it appears certain that the 

field (led by industry, academia or both) will continue to strive towards comprehensive 

process development approaches similar to this one which are grounded in an understand-

ing of the product, the impurities, the separations media, and how the interactions between 

these elements change in different solution conditions.  
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7.3 Future Work: Strategy for Affinity Peptide Development 

The development of the H7 peptide resin for the purification of hGH was an informa-

tive experience. Going forward, there are several areas in which our strategy for the 

development of affinity peptides can be improved. 

7.3.1 Peptide Library Generation 

We used the natural binding partners of hGH, hGH receptor and human prolactin 

receptor, as sources for the generation of an initial library of peptides to screen for binding 

to the product molecule. This strategy proved highly successful and should certainly be 

included in future library generation strategies. In some cases though, there may not be 

known binding partners of a target protein from which to base peptide library design. In 

these cases, alternative methods for library generation must be available. Additionally, 

epitope mapping of a natural binding partner does not guarantee the identification of a 

selective, high affinity peptide. To address these issues, future library generation efforts 

will make use of high-throughput biological systems such as phage display for the screen-

ing and selection of a wide range of peptide and protein ligands. These systems can be 

used to generate ligands for molecules about which nothing is known, and the screening 

methods can be carefully designed to select for ligands which are specific for the target 

biologic [193], [194]. 

7.3.2 Quality of Peptide-Functionalized Chromatographic Resins 

In order to better understand the impact of our approach for generating peptide-func-

tionalized resins, a limited investigation into the quality of peptides which are directly 

synthesized on the agarose Workbeads 40 ACT (aminated) resin has been carried out in 

collaboration with Dr. Divya Chandra, Chaz Goodwine, and Nick Vecchiarello. Briefly, a 

series of test peptide sequences (Table 7-1) were synthesized on aminated Workbeads and 

Tentagel RINK amide resins. Quantitative Edman degradation was performed on the pep-

tides synthesized on Workbeads resin after the 2nd, 7th, and final residues were coupled to 

provide a measure of ligand density and to infer the extent to which truncated sequences 

were being formed. The test peptides were also synthesized on Workbeads resin that had 

been functionalized with a cleavable RINK linker. These peptide resins and the peptides 
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synthesized on Tentagel RINK amide resin were cleaved and prepared in solution as per 

standard protocols. RPLC analysis of these peptide solutions was then used to determine 

if there were any detrimental effects of synthesis using chromatographic resin on peptide 

purity. A caveat of this method is that impurities stemming from the deprotection step may 

differ if the peptide were not cleaved from the resin. 

Table 7-1: Test sequences chosen for the assessment of peptide purity when synthesized on Workbeads 

40 ACT agarose resin. 

 

The results from the ligand density analysis by Edman degradation showed that alt-

hough the initial density of the active group on the resin is reported by the manufacturer 

to be 250µmoles/mL, the peptides were present on the Workbeads resin at a density of 10-

30µmoles/mL (Figure 7-2). This was true even after the coupling of only two residues, so 

it is unlikely that this finding was an effect of ligand crowding. More likely is that there is 

some limited efficiency of the amination reaction. The analysis by Edman degradation 

also revealed that there was likely to be a varying amount of truncated sequences on the 

resin based on the sequence that was synthesized, as has commonly been observed in SPPS 

[171]–[173]. 
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Figure 7-2: Density of peptides synthesized on agarose chromatographic resin after the 2nd, 7th, and 

final coupling cycles as measured by quantitative Edman degradation of the terminal residue. For 

sequence 7, the 7th cycle was the final cycle. Edman degradation experiments were performed by Nick 

Vecchiarello. 

RPLC analysis of the peptides synthesized on RINK-linked Workbeads and Tentagel 

and subsequently cleaved (Figure 7-3) shows that the peptide purity was again highly de-

pendent on the sequence. More interestingly, in most cases the purity of the product was 

found to be slightly less (a 10% decrease on average) when the peptide was synthesized 

on chromatographic resin, but for peptides 6 and 8 the purity of the Workbeads product 

was comparable or even better than that of the Tentagel product. These results demonstrate 

that while some differences in peptide quality can be expected when synthesis is carried 

out directly on chromatographic resin, the overall peptide purity is not greatly changed 

from that of a standard synthesis on Tentagel. Further analysis of the RPLC data revealed 

that in most cases the impurities consisted of a large number (20-40) of small peaks for 

both Tentagel and Agarose synthesis, indicating the aggregate behavior of the peptide 

should not be dominated by the properties of any one impurity species. 
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Figure 7-3: Purity of peptides synthesized on Tentagel RINK amide and agarose Workbeads 40 ACT 

(aminated and functionalized with a cleavable RINK linker) resins. Peptides were analyzed by C18 

RPLC with detection at 215nm. LC-MS analysis confirmed that the primary peak was the intended 

product for all samples. Error bars represent the standard deviations of 3 parallel syntheses.  

These results indicate that the use of peptide ligands directly synthesized on chroma-

tographic resin for batch-scale screening experiments may be a viable strategy for the 

high-throughput evaluation of many candidates in a representative format. However, fu-

ture column-scale experiments will only utilize peptides which are first purified and then 

subsequently coupled to the chromatographic resin. This approach will avoid any artifacts 

and uncertainties at the final stage of ligand evaluation.  

Finally, reports in the literature have shown that ligand density can impact the selec-

tivity of chromatographic separations [31], [195]–[197]. Carrying out the batch resin 

screening experiments at a lower ligand density (1-10µmoles/mL) would help to minimize 

the contribution of secondary effects to the performance of the peptide ligands and aid in 

the identification of a ligand with inherent selectivity for the biologic product regardless 
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of presentation. After a final candidate is identified (as with H7), experiments could then 

be done to determine an optimal ligand density which balances column capacity with se-

lectivity, product yield, and column regeneration. 

7.3.3 High-Throughput Assessment of Peptide Resin Selectivities    

While we have made significant efforts to develop a method for the assessment of 

resin selectivity in a batch HTS format, the results have thus far been inconclusive. As 

was discussed previously, a primary obstacle to this task is that the apparent selectivity of 

an affinity chromatography resin often is the result its selectivity in the binding condition, 

the removal of impurity species in the appropriate wash condition, and any selectivity that 

might be achieved in the elution condition. Thus, trying to ascertain the overall selectivity 

of a set of resins without an optimized wash and elution conditions for each one is a daunt-

ing task. Furthermore, replicating column phenomena such as impurity removal in a wash 

step using a batch format is outside the scope of this work.  

We attempted to discern the relative purification performances of the Gen 1 hGH 

peptide resins by measuring the impurity content in the elution samples from the batch 

adsorption-desorption experiments (4.3.3) by both RPLC and the bicinchoninic acid 

(BCA) assay (Figure 7-4). Some potential differences were observed, such as the high 

impurity content of the eluate from the RKPYLWIKWSPPTLI resin, but in general it was 

difficult to make conclusions from this data. The data appeared noisy (especially the BCA 

data) and the lack of replicates of the chromatographic experiments prevented us from 

determining the significance of any observed variation between the different resins. How-

ever, a key objective of the batch adsorption-desorption experiments was to make the 

greatest use of a minimal amount of peptide-functionalized resin, so we did not view the 

use of replicate points as the best solution to this problem. Upon further analysis of the 

data in Figure 7-4, we realized that the relatively flat nature of the curves could be related 

to the methods used to carry out these experiments, and that changes to the experimental 

methods would likely better interrogate differences between the peptide resins. 
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Figure 7-4: Assessment of Gen 1 hGH peptide resin purification performances in batch adsorption-

desorption experiments. Measurement of impurity content in the elution pools as a metric for resin 

selectivity proved inconclusive in these experiments. (Top left) Binding to hGH in the presence of 

Pichia CCF. (Top right) Subsequent elution of hGH from the resins in pH 3.0, 20mM citrate buffer. 

(Bottom left) Measurement of impurity content in elution samples by RPLC with detection at 280nm. 

(Bottom right) Measurement of impurity content in elution samples by the BCA assay kit (Ther-

moFisher Scientific). 

The batch screening experiments for the Gen 1 hGH peptide resins and the HIS-

mutant resins had been done using purified hGH which was spiked into CCF at different 

concentrations, but done in such a way that the CCF was always diluted to 5/6 of its orig-

inal concentration. This meant that the impurities in the CCF were present at the same 

initial concentration in all load solutions while the hGH concentration varied. In cases 

wherein the adsorption to the peptide resins did extend into the strongly nonlinear region, 

the same amount of impurities would be bound to the resin at each hGH concentration 

point. Then in the elution stage, varying amounts of hGH would be desorbed and a con-

stant amount of impurities would be desorbed, leading to the relatively flat profiles 
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observed in Figure 7-4. We hypothesized that if we simultaneously varied the product and 

impurity content in the starting solution then the elution purity profiles would take on a 

more sloped or even curved form (depending on competitive effects) which would mag-

nify the differences in selectivity between the peptide resins. 

To test this hypothesis in a model system an RPLC assay was developed which could 

simultaneously measure the concentrations of 8 model proteins in a mixture (Figure 7-5). 

Varying dilutions of an equal-concentration (mass basis) mixture of these proteins was 

used as the load solution for a batch adsorption-desorption experiment with a library of 

commercially available MM and IEC resins. The load condition was 20mM sodium phos-

phate, pH 7.0, and the elution condition was 1.5M sodium chloride, 20mM sodium 

phosphate, pH 7.0. 

 

Figure 7-5: Analytical RPLC of the model protein mixture on a Waters BEH C4 column. Peak num-

bers correspond to model proteins as follows: (1) RNAse A, (2) Cytochrome C, (3) Lysozyme, (4) 

Lactoferrin, (5) Myoglobin, (6) β-Lactoglobulin A, (7) Myoglobin, (8) Ovalbumin, (9) hGH. Myoglo-

bin is represented twice in this list due to apparent impurities or isoforms which are resolved in the 

assay. 

Figure 7-6 provides an example of the data generated in these experiments if either 

Lactoferrin or β-Lactoglobulin A are assumed to be the product molecules. Plotting the 

product adsorbed vs. the sum of all other species (“impurities”) adsorbed, as is shown in 

the left side of the Figure, allows us to determine the overall selectivity of the different 
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resins by examining the slopes of the different curves. Here we can observe that none of 

the resins tested showed great specificity for Lactoferrin, as would be expected based on 

the pIs of the model proteins in the mixture. By the same logic, we find that the anion 

exchange resins, Capto Adhere and Q Sepharose FF, showed relatively selective binding 

to β-Lactoglobulin A. On the right side of the figure, the product concentration in the 

eluate is plotted vs. the total “impurity” concentration in the eluate. The use of strong 

elution conditions caused these resins to behave in an almost bind-and-strip mode, such 

that the product and impurity content in the elutions mirrors those initially bound to the 

resin. These results lent support to the idea that the simultaneous determination of product 

and impurity binding and elution behavior could be used to assess resin selectivities if the 

starting concentrations of all components of the mixture were varied together. 
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Figure 7-6: Example data from batch HTS experiments to examine the selectivities of a library of 

commercially available chromatographic resins using a model protein mixture. These results support 

the hypothesis that a simultaneous variation of product and impurity concentration in the batch ad-

sorption-desorption experiments can magnify the observed differences in selectivity between different 

resins. (Left) Measurement of the multicomponent adsorption behavior in the binding condition 

(20mM sodium phosphate, pH 7.0) and visualization of resin selectivities if either Lactoferrin (top 

left) or β-Lactoglobulin A (bottom left) are assumed to be the product molecule. In these plots the 

curve of the ideal resin for the separation of the product from this mixture would lie along the x axis. 

(Right) Measurement of resin purification performance after the elution step (1.5M sodium chloride, 

20mM sodium phosphate, pH 7.0) if either Lactoferrin (top right) or β-Lactoglobulin A (bottom right) 

are assumed to be the product molecule. In this experiment the elution step is strong enough that the 

product purity is effectively the same as that on the resin after the binding step. 

 A second set of experiments was performed using hGH as the model product mole-

cule with 4 chromatographic resins; the ion exchange resins Q Sepharose FF and HyperCel 

STAR AX which were expected to have little selectivity for hGH, the multimodal resin 

Capto Adhere which has been shown to be quite selective for hGH [54], and the camelid 
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antibody affinity resin CaptureSelect anti-hGH. Two impurity systems were used, a mix-

ture of model proteins (RNAse B, BSA, Myoglobin, Lactoferrin, Ovalbumin, Cytochrome 

C, and Cellulase at equal mass concentrations) in 20mM sodium phosphate, pH 7.0, and 

Pichia CCF. To investigate the hypothesis, two sets of load solutions were prepared. In 

the first, the concentration of impurities was kept constant and the concentration of product 

was varied, as was the case in the batch adsorption-desorption experiments presented in 

Section 4.3.3. In the second, the concentration of impurities was varied simultaneously 

with that of the product. For the CCF solutions, this was accomplished by spin-concen-

trating the load solutions using 3kDa Pall Macrosep filters. This set of resins and load 

solutions were used in batch adsorption-desorption experiments as described in Section 

3.2.3.5 with an elution condition of 20mM sodium citrate, pH 3.0.  

Figure 7-7 shows the impurity content by RPLC vs. product concentration in the elu-

tion pools from these experiments. As was observed in previous experiments, load 

solutions with a constant impurity content resulted in no change in elution impurity con-

tent with product concentration in the eluate and it was challenging to distinguish between 

resins of different selectivities. Note that for the CCF solutions, the IEC resins were gen-

erally unable to bind the product due to the high ionic-strength of the mixture. For the 

solutions in which the impurity content in the load solutions was varied along with the 

product content though, there was a very different response in the elution impurity content. 

For the model protein mixture the results were similar to those shown in Figure 7-6 in 

which the slope of the curve decreased the more selective the resin was. For the spin-

concentrated CCF mixture an interesting response was observed. At first the product pu-

rity simply increased, but as the mixture was further concentrated the impurity content in 

the elution began to increase as well. For the Capto Adhere resin it appears that the impu-

rities in the CCF actually began to out-compete the product for the binding sites on the 

resin and product recovery began to decrease. Both of the IEC resins simply showed an 

increase in the amount of impurities recovered. These results suggest that it may be pos-

sible to classify resins into families of selectivities using this batch adsorption-desorption 

methodology. 
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Figure 7-7: Batch HTS assessment of the selectivities of CaptureSelect anti-hGH (affinity), Capto Ad-

here (multimodal), Q Sepharose FF (IEC1), and Pall STAR (IEC2) resins for the purification of hGH 

from (left) model protein mixtures and (right) Pichia CCF. (Top) Changing only the product concen-

tration in the load solutions makes it difficult identify selective resins. (Bottom) Simultaneous 

variation of the product and impurity content in the load stage magnifies the observed differences in 

selectivity between the affinity, multimodal, and IEC resins. Impurity content in the elution samples 

was measured by analytical RPLC with detection at 280nm. 

A final experiment was performed to test this approach in a real application. A set of 

peptide resins (Table 7-2) chosen to have a relatively diverse range of specificities for 

hGH along with Capto Adhere and CaptureSelect anti-hGH were selected for use in a 

batch adsorption-desorption experiment with spin concentrated (constant ratio of impuri-

ties), hGH-containing Pichia CCF. Compared to the results shown in Figure 7-4, there are 

some interesting differences in the shapes of the binding isotherms. Whereas a constant 

concentration impurities with increasing hGH concentration in the load solution led to 

isotherms which appear either linear or Langmuirian, the binding isotherms in Figure 7-8 

were less often linear. The immobilized antibody resin displayed the traditional square 



135 

 

“affinity” isotherm, but a similar shape was seen for the multimodal Capto Adhere resin – 

likely due to competitive effects rather than saturation of the resin binding sites as is the 

case with the CaptureSelect resin. The pH 3.0 elution performance of this set of resins was 

largely comparable with the exception of the Sequence 4 and FMWRTYIGSGSG resins. 

Table 7-2: Peptide resins used to test the novel selectivity assessment method. These sequences were 

chosen to have a diverse range of selectivities. The HIS-mutants of S1 have been shown to be selective 

in column scale purifications, while FMWRTYI and Sequence 4 have been shown to be relatively non-

specific binders. 

 

 

 

Figure 7-8: Batch adsorption-desorption experiments using spin-concentrated, hGH-spiked Pichia 

CCF to assess the selectivities of a set of peptide-functionalized resins. (Top left) Adsorption isotherms 
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for hGH during the load stage. (Top right) Desorption isotherms during the elution stage in 20mM 

sodium citrate, pH 3.0 buffer. (Bottom left) Measurement of resin purification performance and over-

all selectivity for hGH after the elution step. While clear differences between the various families of 

resins (multimodal, peptide-functionalized, and affinity) can be observed, little variation is seen 

among the peptide resins aside from the poor performance of the non-selective resin, Sequence 4. 

(Bottom right) Selectivities of the various resins for hGH during the load stage. The small relative 

change in impurity content of the load solution before and after incubation with the resin makes reli-

able measurement of impurity adsorption challenging. Total non-product peak area in RPLC analysis 

with detection at 280nm was used to measure impurity content. 

The analysis of the CCF impurities was less conclusive. Difficulty in measuring the 

relatively small amount of CCF impurities adsorbed made the Q/Q analysis that was suc-

cessful using the model system (Figure 7-6) uninformative. Additionally, the plot of 

elution impurity content vs. elution product concentration for this experiment showed al-

most no difference between any of the peptide resins tested. The only resins which showed 

any major difference on this plot were Sequence 4, which was selected for its general 

stickiness, and the control multimodal and affinity resins. It is unknown what the reason 

for this lack of variation in selectivity between the majority of the peptide resins was. 

Perhaps these sequences were too similar and do not offer any meaningful differences in 

specificity for hGH against Pichia CCF, or perhaps this type of analysis is only sensitive 

enough to provide a broad classification of specificity. Interestingly though, this experi-

ment does support the column-scale results presented in Chapter 4, in which we found the 

H7 peptide resin recovered hGH at a higher purity than the multimodal Capto Adhere resin 

but at a lower purity than the CaptureSelect affinity resin.   

The measurement of resin selectivity for a product vs. a complex mixture in a batch, 

HTS format, remains as an unaddressed challenge of this work. Adsorption-desorption 

experiments with simultaneously varying product and impurity concentrations appear to 

be an effective method for exploring the selectivity space for well-defined model systems 

or for the broad classification of resin selectivity. However, this format of experimentation 

has not been useful in guiding the selection of peptide resins for the affinity purification 

of hGH. One possible alternative would be to carry out the batch screening experiments 

in this fashion, except to use a non-destructive strip solution in the place of the potential 

elution condition. This bind-and-strip operation could potentially enable the measurement 
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of both the product and the total impurity bound to the resin, allowing selectivity to be 

visualized using the Q/Q plots shown in Figure 7-6. Another possibility would be to either 

decrease the ligand density, and therefore the resin Qmax, or increase the phase ratio in the 

experiment. These would both have the effect of driving the adsorption behavior into the 

strongly competitive regime and forcing the resin to “choose” whether impurities or prod-

uct would occupy the limited binding sites, and thereby magnifying any inherent 

differences in selectivity between the various resins.  

These and other schemes could, with some effort, be used to explore the multi-com-

ponent adsorption isotherm space of a variety of resins in a high-throughput format. 

However, the simplest solution is often the best. Future efforts for the discovery of peptide 

affinity ligands will likely push the burden of screening for selectivity to other stages of 

the ligand discovery platform. Systems such as phage display, yeast display, and one-bead 

one-compound have already been adapted for this purposes, and column-scale chromato-

graphic experiments directly measure a resin’s purification performance.   

7.4 Future Work: H7 Peptide for the Purification of hGH 

The H7 peptide resin has been shown to be effective for the purification of hGH from 

Pichia CCF. However, the results presented in this document have employed crude pep-

tide synthesized directly on chromatographic resin for hGH purification. While this was 

an effective method for increasing the pace of experimentation and the number of peptide-

functionalized resins that could be evaluated, this material was found to be difficult to 

regenerate in column-scale applications. When the crude H7 resin was used for 6 cycles 

of hGH purification from Pichia CCF with a 70% ethanol strip between cycles, the product 

recovery in the elution was observed to rapidly decrease to nearly 0% (Figure 7-9). Future 

work on this project will therefore seek to identify and remedy the cause of this rapid loss 

in resin capacity. 
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Figure 7-9: Recovery of hGH from the H7 peptide column over 6 cycles of purification from Pichia 

CCF. After the first cycle the product is recovered primarily in the column flowthrough. Experiments 

were performed as described in Section 4.2.5 using a load challenge of 5mg hGH/mL resin. 

One possible mechanism for this loss in capacity is that the SPPS-related impurities 

are driving the irreversible binding of the CCF components to the resin, blocking the hGH 

from accessing the ligand during subsequent purifications. To test this hypothesis, pure 

H7 peptide will be synthesized using standard SPPS protocols and resins, cleaved, purified 

via RPLC, and then coupled to the H7 resin at a comparable ligand density 

(~15μmoles/mL). Cycling of this column and an H7 column functionalized with crude 

peptide through multiple purification experiments will reveal the contributions of the 

SPPS-related impurities to the loss of column capacity. 

Ligand density can also impact column lifetime and regeneration. Experiments simi-

lar to those described above will be performed using H7-functionalized peptide resins with 

varying ligand density to ascertain its effect on column re-use and purification perfor-

mance. Similar work in the field has also shown that ligand density can have an effect of 

column capacity, selectivity, and product recovery [31], [195]–[197]. 

It is also possible that an alternative strip solution could more effectively regenerate 

the peptide resin. If the resin functionalized with purified H7 also exhibits a rapid loss of 

capacity, a variety of alternative solutions and modifiers will be evaluated for their ability 
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to regenerate the resin. 1M sodium hydroxide is commonly used for the regeneration of a 

variety of chromatographic resins and 70% ethanol has been reported for the regeneration 

of HIC columns [198]. 6M guanidine hydrochloride will also be investigated as a strongly 

denaturing solution for solubilizing proteinaceous impurities. If needed, detergents such 

as SDS or strongly chaotropic agents such as sodium thiocyanate can also be investigated 

for this purpose. 

7.5 Future Work: Impurity Characterization and In-Silico Process 

Synthesis 

The work described in Chapter 5 has thus far been successful and further efforts along 

this line of research could have great value. The first set of experiments to be performed 

will further investigate the apparent lack of DNA clearance in the hGH purification pro-

cess. Data presented in Section 5.3.5 suggests that this may be an artifact of using the 

PicoGreen assay for detection of DNA in hGH-containing samples. Further controls will 

be done to ascertain whether or not this is the case, and subsequent experiments will be 

carried out to measure the actual DNA clearance of the process steps. 

A simple set of additional experiments to do would be to select purification sequences 

from the top, middle, and bottom of the process output Tables (Table 5-4 and Table 5-5) 

and attempt to experimentally develop them. If the code truly works as intended, there 

should be a clear difference in the purity of the final product recovered from each of these 

processes. Such a result would validate the translatability of the impurity characterization 

experiments and the functioning of the in-silico process synthesis tool, but they may also 

be expensive to carry out in terms of both time and resources (primarily CCF). 

Another potential avenue of investigation could be to improve the quality of the data 

generated in the impurity characterization experiments. While a single dimension of ana-

lytics (RP-UPLC) for detection of the impurity species has been employed in this work, it 

is easy to imagine using two or even three analytical dimensions for better resolution and 

potentially more sensitive detection. Incorporation of 2D-HPLC or UPLC (as reviewed in 

[199]) into this approach would be relatively simple and would provide great benefits for 

further differentiating the impurity species. This extra resolution of impurities would in 

turn enable the process synthesis tool to identify of a larger number of potentially more 
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selective purification processes for any given biologic target. Proper assay design might 

even enable the identification of “pseudo-components” as in [92] which behave as a single 

species throughout the characterization experiments. Mass spectrometry (MS) would also 

be a natural addition to the analytical methods for impurity resolution and detection. The 

effluent from RPLC analyses can often be fed directly into MS for a seamless 2D analysis 

of a sample, with the added benefit of providing information on the molecular weight of 

the analytes. MS also has a lower limit of detection than UV absorbance so lower load 

challenges could be used in the CCF fractionation experiments, saving material and re-

ducing the risk of retention time shifts caused by high load experiments. Other analytical 

techniques could hypothetically be integrated into the impurity characterization approach, 

but these two (2D HPLC/UPLC and MS) are the most logical extension to the current 

work. 

Similarly, the CCF fractionation experiments could be expanded to provide a more 

diverse data set. The use of additional resins or gradients in the salt/pH space would be 

trivial to implement. More interesting would be the incorporation of characterization ex-

periments which could be used to predict the separation performance of non-

chromatographic unit operations such as precipitation or aqueous two-phase partitioning. 

These unit operations would take some effort to integrate into the existing process synthe-

sis scheme, but they could greatly expand the applicability of the approach. 

As was mentioned in Section 5.3.3, an obvious way to speed the pace of experimen-

tation in this process development scheme would be to employ HTS techniques for the 

product characterization experiments. Either batch 96-well plates or the minicolumn for-

mats would be appropriate in this situation. Proper design of the experiments could also 

lead to the simultaneous collection of preliminary information on column capacities and 

high-load effects, or even rough estimates of model parameters for column simulations. 

Finally, our current focus in this project area is to extend the characterization experi-

ments and the in silico tool to be able to synthesize and assess purification sequences for 

molecules with significant variant separations challenges, such as was the case for IFN 

(Chapter 6). Performing the product linear gradient screens with partially purified material 



141 

 

containing the relevant variants should enable the construction of a variant retention data-

base which can be used by the in silico tool to evaluate processes for variant clearance 

simultaneously with host-related impurity clearance.  

7.6 Future Work: Process Development for IFN-α2b 

Future work on this project will be minimal, with the primary goals being to revise 

the purification process for use with the native IFN-α2b (without a K112N mutation) and 

to improve the robustness of the N-terminal variant separation on SP Sepharose HP. Ex-

periments have shown the performance of this step is sensitive to the load challenge on 

the column. This could be resolved in a variety of ways, including resizing the SP Se-

pharose HP column, defining the elution salt concentration as a function of load challenge, 

modifying the column operating conditions (likely pH), or even replacing the SP Se-

pharose HP column with an alternative step. IFN will also be used as a case study for 

expanding the in-silico process synthesis approach to molecules with a complex variant 

separation challenge.  
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9. APPENDICES 

9.1 Protocol for an Integrated hGH Purification Process 

Table 9-1: Protocol for the Capto MMC step 1 in the hGH purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 20mM sodium citrate, pH 5.0 1 10CV 

Load CCF conditioned to pH 5.0 1 Variable 

Re-Equil 20mM sodium citrate, pH 5.0 1 10CV 

Wash 500mM sodium chloride, 20mM 

sodium citrate, pH 5.0 

1 15CV 

Elute 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

1 25CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 20mM sodium citrate, pH 5.0 1 15CV 

 

Table 9-2: Protocol for the HyperCel STAR AX step 2 (flowthrough) in the hGH purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

1 10CV 

Load Capto MMC eluate 0.5 Variable 

Re-Equil 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

0.5 20CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

1 15CV 

 

Table 9-3: Protocol for the MEP HyperCel step 3 in the hGH purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 
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Equilibrate 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

1 10CV 

Load HyperCel STAR AX 

flowthrough 

0.5 Variable 

Re-Equil 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

0.5 5CV 

Wash 20mM sodium citrate, pH 5.1 1 15CV 

Elute 20mM sodium citrate, pH 3.0 1 15CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 100mM sodium chloride, 20mM 

sodium phosphate, pH 6.0 

1 15CV 

 

 

9.2 Protocol for an Integrated G-CSF Purification Process 

Table 9-4: Protocol for the Capto MMC ImpRes step 1 in the G-CSF purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 20mM sodium citrate, pH 5.0 1 10CV 

Load CCF conditioned to pH 5.0 1 Variable 

Re-Equil 20mM sodium citrate, pH 5.0 1 10CV 

Wash 150mM sodium chloride, 20mM 

sodium citrate, pH 5.8 

1 20CV 

Elute 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

1 20CV 

Base Strip 1 M sodium hydroxide 1 15CV 

Re-Equil 20mM sodium citrate, pH 5.0 1 15CV 
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Table 9-5: Protocol for the HyperCel STAR AX step 2 (flowthrough) in the G-CSF purification pro-

cess. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

1 10CV 

Load Capto MMC ImpRes eluate 0.5 Variable 

Re-Equil 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

0.5 20CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

1 15CV 

 

Table 9-6: Protocol for the MEP HyperCel step 3 in the G-CSF purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

1 10 CV 

Load HyperCel STAR AX 

flowthrough 

0.5 Variable 

Re-Equil 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

0.5 5CV 

Wash 20mM sodium citrate, pH 5.5 1 10CV 

Elute 20mM sodium citrate, pH 4.0 1 30CV 

Base Strip 1 M sodium hydroxide 1 15CV 

Re-Equil 150mM sodium chloride, 20mM 

sodium phosphate, pH 7.0 

1 15CV 
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9.3 Protocol for an Integrated Interferon-α2b Purification Process 

Table 9-7: Protocol for the Capto MMC ImpRes step 1 in the IFN purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 20mM sodium citrate, pH 5.0 1 10CV 

Load CCF conditioned to pH 5.0 1 Variable 

Re-Equil 20mM sodium citrate, pH 5.0 1 10CV 

Wash 20mM sodium phosphate, pH 6.8 1 15CV 

Elute 200mM trisodium citrate, 

100mM sodium chloride, 20mM 

sodium phosphate, pH 7.6 

0.5 25CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 20mM sodium citrate, pH 5.0 1 15CV 

 

Table 9-8: Protocol for the MEP HyperCel step 2 in the IFN purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 200mM trisodium citrate, 

100mM sodium chloride, 20mM 

sodium phosphate, pH 7.6 

1 10CV 

Load Capto MMC ImpRes eluate 0.5 Variable 

Re-Equil 200mM trisodium citrate, 

100mM sodium chloride, 20mM 

sodium phosphate, pH 7.6 

0.5 5CV 

Wash 20mM sodium citrate, pH 5.1 1 15CV 

Elute 20mM sodium citrate, pH 4.0 1 15CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 200mM trisodium citrate, 

100mM sodium chloride, 20mM 

sodium phosphate, pH 7.6 

1 15CV 
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Table 9-9: Protocol for the SP Sepharose HP step 3 in the IFN purification process. 

Step Buffer Flow Rate 

(CV/min) 

Duration 

Equilibrate 10mM sodium citrate, pH 4.3 1 10CV 

Load MEP HyperCel eluate 1 Variable 

Re-Equil 10mM sodium citrate, pH 4.3 1 5CV 

Wash 180mM sodium chloride, 10mM 

sodium citrate, pH 4.3 

1 15CV 

Elute 250mM sodium chloride, 10mM 

sodium citrate, pH 4.3 

1 25CV 

Base Strip 1M sodium hydroxide 1 15CV 

Re-Equil 10mM sodium citrate, pH 4.3 1 15CV 

 

 


