
 

ABSTRACT  

LAVOIE, REBECCA ASHTON BRADLEY. Capture of Chinese Hamster Ovary Host Cell 

Proteins from Therapeutic Monoclonal Antibody Production Harvest by Mixed-Mode Synthetic 

Ligands. (Under the direction of Dr. Stefano Menegatti and Dr. Ruben G. Carbonell). 

The removal of host cell proteins (HCPs) represents a significant challenge in 

biomanufacturing, given their diversity in composition, structure, and abundance, and their 

potential structural homology with the target product. Traditional approaches to HCP clearance 

rely on affinity-based product capture in bind-and-elute mode and adsorption of HCPs in flow-

through polishing steps. This approach has been extensively utilized in the manufacturing of 

monoclonal antibodies (mAb) for decades, relying on Protein A and ion exchange or mixed-

mode chromatography for product capture and polishing, respectively. Recent studies, however, 

have highlighted the presence of ñproblematic HCPò species, which can degrade the mAb 

product, produce toxic metabolites, have high risk of immunogenicity, or co-elute with the mAb 

product from Protein A and are not efficiently removed by commercial polishing media. To 

ensure the clearance of these ñproblematic HCPsò, we have developed an ensemble of synthetic 

peptides as novel mixed-mode ligands that secure higher HCP clearance in mAb polishing, or 

alternatively enable mAb purification through a sequence of flow-through steps. The HCP-

binding lead tetrameric and hexameric peptides were grouped into two categories, (i) 

hydrophobic/positively charged sequences and (ii) multipolar sequences. They were then 

conjugated on chromatographic resins to be evaluated in terms of HCP clearance and mAb yield, 

using an industrial IgG-producing CHO harvest as model fluid in both static and dynamic 

binding mode. To gather detailed knowledge on the clearance of individual HCPs, the flow-

through fractions were subjected to proteomic analysis by mass spectrometry. In terms of global 

HCP clearance, we observed equivalent or higher binding of HCPs with minimal IgG binding, 



 

compared to commercial polishing media. Notably, the proteomic analysis showed effective 

capture of ñproblematic HCPsò, including those that are not effectively captured by commercial 

media. Collectively, these results indicate that our mixed-mode peptides show great promise 

towards developing next-generation adsorbents for safer and more cost-effective mAb 

manufacturing. 
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CHAPTER 1. INTRODUCTION  

Protein therapeutics represent a crucial class of targeted therapies with amazing benefits 

for patients that struggle with devastating disease. While the effectiveness of this class of drug is 

undeniable, significant challenges are presented in the manufacturing of these important 

molecules as a result of nuances in physical and chemical characteristics that present barriers to 

the development of highly robust ñplatformò processes, or processes that can be generally 

applied to any molecule in a subset. While platforms do exist, as demonstrated with platform 

processes for the production of the ubiquitous monoclonal antibody (mAb) therapies, 

development of the manufacturing process still generally requires significant optimization within 

the bounds of the platform to achieve the high yield and purity. For mAb production, the 

established platforms rely on an affinity product capture step for clearance of the large majority 

of impurities ï Protein A chromatography1ï6. The traditional Protein A-based purification 

platform is very costly at as much at $80/g for commercial production7,8 coupled with capital 

facility costs at ~$294M. This is coupled with low success rates for molecules entering clinical 

trials (21% of mAbs entering phase I clinical trials achieved market approval from 2000-2009, 

and 22% from 2005 - 20149), high clinical trial costs, ranging from $2M - $350M with a median 

of $12M for all therapeutic moieties10, and high regulatory burden. Purification costs to 

manufacture mAb therapeutics represent a large portion of the cost to manufacture these 

necessary treatments, with the Protein A purification step in particular representing an estimated 

77% of downstream costs in the higher mAb titer ranges obtained for current processes (1.5 ï 4.7 

g/L)11. This is in no small part a result of the high cost of the resin itself, in addition to batch 

process preparations that require large buffer volumes and hold capacity for processing.  
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In addition to high R&D and manufacturing costs that limit accessibility to patients, there 

are documented cases of lack of clearance of impurities, particularly specific host cell protein 

(HCP) species in platforms that utilize this strategy12,13. As a result of difficult clearance, heavy 

focus has been placed on identification of problematic host cell protein species and the 

mechanisms for their persistence through the platform processes14ï18.   Existing stationary phases 

for clearance of residual HCPs post-product capture rely on non-specific interactions in polishing 

steps to exploit differences in physicochemical properties between HCPs and the mAb product. 

Most frequently this includes an anion exchange (AEX) chromatography step operated in flow-

through or weak partitioning mode in order to capture acidic HCP species in addition to any 

residual host DNA that remain after Protein A purification. This strategy is often effective given 

that, as demonstrated by our characterization work in Chapter 2, the large majority of HCPs in 

these processes tend to have an isoelectric point < 7. That being said, any remaining species that 

have pIs close to or above the mAb product will see limited clearance in this type of polishing 

step. Similarly, incorporation of hydrophobic interaction chromatography steps to exploit 

differences in hydrophobicity limit HCP clearance to species that show substantially different 

behavior in hydrophobic interactions. Given these limitations, and the demonstrated persistence 

of particular HCP species when these steps are implemented, a more selective approach is 

required to ensure their clearance without significant reduction in mAb product yield. 

Furthermore, implementation of a selective HCP clearance strategy may enable a more robust 

platform for mAb purification using product capture steps such as cation exchange (CEX) 

chromatography that do not rely on expensive biological affinity resins like Protein A. A CEX-

based product capture platform was previously attempted by Tao and coworkers19, however 

when directly compared to the traditional protein A-based platform, observed clearance of HCP 
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was consistently improved in the Protein A-based platform by an order of magnitude. Given 

concerns around immunogenic response from the presence of residual HCPs in the final 

formulation, this could be potentially very problematic from the perspective of safety and 

efficacy of the final product. Improvement in clearance of all HCPs, and more specifically 

clearance of ñproblematicò HCPs, could make this type of platform more realistic, and 

substantially reduce the cost burden on purification technologies.  

In order to develop HCP-selective ligands, this work looked to identify short synthetic 

peptide species designed to target HCP subsets. As a conceptual analogy, this work aims to 

develop peptidomimetics of Ŭ-HCP polyclonal antibodies similar to those used in the 

quantification of residual HCPs in these processes by HCP enzyme-linked immunosorbent assay 

(ELISA). Slightly different criteria are required for these purification ligands compared to 

antibodies for quantification, namely that peptide ligands are selective towards HCPs over mAbs, 

but not necessarily specific towards one particular HCP species only. Additionally, given that the 

goal is the development of small, cheap-to-manufacture synthetic ligands, it is anticipated that 

dissociation constants will trend towards increased, lower affinity binding interactions compared 

to antibodies given the lack of lock-and-key based conformations for interactions that are 

inherent for antibody binding and specificity.  

In the work presented in this dissertation, Chapter 2 summarizes characterization of the 

host cell proteins that exist in typical mAb production platforms as performed by shotgun 

proteomic analysis, in addition to  qualitative and semi-quantitative analysis of the capabilities of 

selected existing commercial adsorbents to clear these host cell proteins when used to ñscrubò 

HCPs. With this work, a benchmark for HCP clearance was established, and in particular a gap 

analysis of HCP species that were difficult to remove was performed to determine specific HCP 
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species that were required to be cleared to enable replacement of Protein A with either less 

specific product capture steps, or flow-through only processes.  

Chapter 3 details the combined efforts used to identify candidate peptide ligands capable 

of binding selectively to HCPs with low affinity for mAb product from randomized 

combinatorial peptide libraries. With this work, we introduced the use of fluorescence-based 

screening for solid-phase combinatorial libraries, in contrast to previous work by our group, 

which relied primarily on detection of radioisotope-labeled target proteins20ï22. Fluorescence 

screening for solid-phase libraries is a well-established method for biorecognition applications23ï

28. This detection method was hypothesized to have distinct advantages in that the screening 

could be multiplexed to simultaneous screening for strong binding to a target and minimal 

binding to process impurities, an advantage not offered by alternative screening methods. This 

approach consisted of screening solid-phase, one-bead-one-component (OBOC) peptide libraries 

using multiplexed fluorescent screening for each of the methods developed, where the HCP 

target to be bound was tagged with one fluorescent dye and the mAb product with another, non-

overlapping dye. This allowed for selection of solid-phase, peptide carrying beads that fluoresced 

with only the HCP-associated fluorescence. Different sorting technologies were implemented 

(manual, microfluidic, and ClonePix 2-based) based on different throughput and cost 

requirements, but the fundamental selection approach was equivalent for all sorting techniques 

implemented.  

The work present in Chapter 4 details the effort to identify and test the peptides shown to 

selectively bind to HCPs. From library screening approaches described in Chapter 3, two subsets 

of interaction mechanisms were observed to be effective: (i) multipolar (MP) peptides, 

comprising both positively and negatively charged amino acid residues accompanied by 
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primarily aliphatic and aromatic species, and (ii) hydrophobic positive (HP) peptides, comprising 

primarily aromatic and positively charged amino acid residues. These two subsets of peptides 

were identified from peptide libraries of different lengths (4 and 6 combinatorial positions, or 

randomized amino acid residues), and across manual and ClonePix 2-based sorting approaches, 

resulting in four resins tested: 4HP, 6HP, 4MP, and 6HP. When compared in static binding mode 

to the most effective resin in HCP clearance (Capto Q) and the highest binding but least selective 

resin (Capto Adhere) tested in Chapter 2, the peptide resins showed equivalent or better binding 

and selectivity than Capto Q, and improved selectivity over Capto Adhere. 

Chapter 5 details more thorough evaluation of capture of individual HCPs, and in 

particular species deemed ñproblematicò due to high risk of product degradation or 

immunogenicity, or simply as a result of difficulty in clearing them using the standard Protein A-

based platform process. Qualitative and semi-quantitative comparisons of unbound fractions 

post-static binding to mAb producing cell culture harvest, and additionally comparison of each of 

the resins demonstrated superior and more robust binding of a larger number of host cell proteins 

compared to the Capto Q and Capto Adhere benchmark resins evaluated in Chapter 2 and 

Chapter 3. 

Lastly, Chapter 6 presents preliminary results of the performance of two of the four HCP-

selective resins (6HP and 4MP) and a combination of the two resins (6HP+4MP) operated in 

dynamic binding mode for application in flow-through or weak partitioning mode purification of 

monoclonal antibodies. Early indications based on clearance of high molecular weight and low 

molecular weight species determined by size exclusion chromatography show behavior 

consistent with HCP-selective capture with high yield using these resins.  
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CHAPTER 2. CHARACTERIZATION OF MAB PRODUCTION HARVEST HCP 

IMPURITIES AND EXISTING TOOLS TO REMOVE THEM  

2.1 Introduction 

Efficient purification processes for biotherapeutic production are critical for ensuring 

consistent production of safe and effective treatment options. Purification strategies for 

biotherapeutics, particularly monoclonal antibodies (mAbs), often rely on tried-and-true 

purification paradigms to minimize the length and cost of process development efforts while also 

minimizing risk. This has resulted in the gradual introduction of new and potentially paradigm-

shifting innovations in biomanufacturing. At the same time, a strong drive towards new, more 

productive and efficient purification strategies has arisen in response to (i) a better understanding 

of manufacturing processes resulting from the Quality by Design (QbD) principles promoted by 

regulatory agencies29, (ii) the considerable improvements in cell line development and upstream 

cell culture processes6, and (iii) the need to reduce drug costs.  

The major challenge purification processes lays in the separation of the mAb products 

from proteins co-expressed by the production cell line, or host cell proteins (HCPs). Capture of 

HCPs is particularly challenging in the purification of protein therapeutics owing primarily to 

their immense diversity. While often referred to as a single impurity, the comprising species vary 

drastically in size, composition, abundance, and function30,31. This variability compounds with 

the similarity of some HCP species to the mAb product or their a tendency to associate with the 

product, making them hard to resolve. This makes purification technology relying on a single 

interaction mechanism (e.g., ion exchange or hydrophobic interaction) unlikely to achieve 

effective clearance of HCPs. Traditionally, the major step of HCP clearance is accomplished by 

the ñcaptureò step. This operates via bind-and-elute mode, wherein the product binds to the 
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stationary phase while the impurities, including HCPs, flow through. Following a thorough wash 

step, the product is finally recovered in a substantially purified and concentrated form. In mAb 

purification, the established platform processes rely on Protein A for product capture2,5, as it 

binds most mAbs with high specificity, thereby affording impressive HCP clearance (logarithmic 

removal value, LRV ~2.7-3.2). On the other hand, Protein A-based adsorbents are very 

expensive, require harsh elution conditions, and can release Protein A fragments, which are toxic 

and immunogenic and must be carefully removed from the product stream. Furthermore, an 

expanding body of literature demonstrating that a subset of ñproblematicò HCPs tend to co-elute 

with the mAb product from Protein A17,32ï35. Further unit operations implemented to clear 

residual HCPs typically include anion exchange or multimodal flow-through polishing steps 

post-Protein A6,19,36. It has also been demonstrated that the use of some adsorptive depth filters 

for the clarification of cell culture harvest provide initial HCP clearance37ï41. These steps 

constitute the historic backbone of industrial mAb purification. Nonetheless, the development of 

novel platform processes that are more cost-effective, more robust in removing ñproblematicò 

HCP clearance, more productive, and operate in continuous mode is crucial to ensure safe, 

effective, and cost-accessible treatments to patients.  

Capture of HCPs in negative binding mode (i.e. flow-through or weak partitioning 

mode), allows for the direct capture of impurities, allowing the product to flow straight through 

the process without batch process hold steps or cycling of the process step when sized 

accordingly. In particular, the clearance of HCPs as early as possible in the purification pipeline 

may prove beneficial to the overall downstream process by (i) extending the lifetime of Protein 

A resin, (ii) potentially replacing Protein A altogether with less specific and less expensive 
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adsorbents, or (iii) even shifting the entire purification process to flow-through or straight  

processing, thereby reducing capital and operational costs and time to market.  

In this study, we aimed to identify correlations between the profiles of HCPs captured in 

flow-through mode and the capture mechanism of commercial adsorbents. Qualitative and semi-

quantitative determination of HCPs captured by the various adsorbents was performed using 

label-free relative quantification by liquid chromatography-tandem mass spectrometry 

(LC/MS/MS) analysis with data dependent acquisition (DDA). The semi-quantitative 

comparisons focused specifically on ñproblematicò HCPs that fall into three categories based on 

existing literature: species that co-elute with the product of interest (Group I HCPs)14,32,34,42,43, 

proteins associated with product stability concerns (Group II HCPs)14,34,44ï46, and highly 

immunogenic species (Group III HCPs)14,47,48. Specific capture of these HCPs could significantly 

improve product safety and efficacy through the targeting of hard-to-remove proteins and other 

known problematic proteins. We first evaluated two traditional depth filters used for cell culture 

clarification (3M Zeta Plus 90ZB and MilliporeSigma X0HC) with direct application of cell 

culture harvest. We then evaluated binding of individual HCP species by a panel of commercial 

chromatography resins, including cation exchange (Capto S and CM Sepharose FF), anion 

exchange (Capto Q and Capto DEAE), and multimodal resins (Capto Adhere and Capto MMC), 

to establish the profiles of bound HCPs and identify dangerous HCPs that escape capture by 

these adsorbents. 

2.2 Results and Discussion 

2.2.1 Characterization of HCP Profile in Null CHO-S Simulated Production Harvest 

In this work, a null (non-mAb expressing) CHO-S cell culture harvest was utilized as 

model fluid. Proteomic analysis of this material reported a total of 319 unique host cell proteins. 
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These are mainly hydrophilic and acidic in nature, and feature a molecular weight lower than 100 

kDa. Figure 2.1 summarizes the properties and the estimated abundance of every HCP identified 

in the harvest fluid. In particular, the isoelectric point (x-axis), GRand AVerage hYdropathy 

(GRAVY) index (y-axis), and molecular weight (data point diameter) were calculated based on 

the protein sequence identified by LC-MS/MS. Protein concentration is represented by the color 

of the data point, and was calculated by comparison of relative intensity-based absolute 

quantification (iBAQ), a quantification method based on normalized precursor peak intensity in 

label-free relative quantification from shotgun proteomics chromatograms49. For this calculation 

the estimated protein concentration as calculated by iBAQ relative to the iBAQ of the 33.3 nM 

BSA internal standard. 

 
Figure 2.1: Host cell protein profile by pI, GRAVY, MW, and estimated concentration. Each 

point represents a unique protein identified by LC-MS/MS in the clarified, concentrated cell 

culture harvest, based on the protein-sequence-derived isolelectric point and GRAVY. The color 

of each data point represents the proteinôs molecular weight with respect to other proteins in the 

HCP profile. The data point size designates the abundance of each protein species based on 

estimated protein concentration by LC-MS/MS non-labeled quantification. 
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Using these data, we sought to identify properties shared by the majority of HCP species 

to identify opportunities for flow-through capture technologies. To this end, we determined 

protein frequency over the range of every protein metric (pI, GRAVY, MW, and concentration), 

as shown in Figure 2.2. The GRAVY index (Figure 2.2 B), is a sequence-based metric for 

hydrophobicity that is based on the water-vapor transfer free energies and interior-exterior 

distribution of amino acid side chains as calculated for each individual amino acid in the 

sequence50; negative GRAVY values indicates hydrophilic character whereas positive 

 

 
Figure 2.2: Protein molar frequency by characterization metric. The histograms presented here 

show the mole fraction of HCP as a function of (a) theoretical isoelectric point, (b) grand average 

of hydropathy (GRAVY), (c) molecular weight, and (d) approximate concentration as calculated 

by iBAQ. 

indicates hydrophobicity. This calculation does not account for protein structure, and therefore is 

generally not an ideal metric; however it is useful in establishing the overall character of the 

HCP population as an ensemble of hydrophilic species, as determined by the negative GRAVY 

value for the large majority (92%) of the total protein mass. This result is reasonable given that 
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highly non-water soluble proteins are unlikely to exist in the aqueous extracellular space. 

Clarification procedures without cell lysis result in harvest material that is likely to be rich in 

extracellular protein with low abundance of membrane and intracellular proteins. With respect to 

the calculated pI (Figure 2.2 A), typical bimodal isoelectric point distribution for eukaryotic 

organisms was observed, aligning with expected distribution despite the use of theoretical rather 

than empirical values, with a majority of proteins (74%) identified as acidic species with pI < 7, 

indicating a large population of negatively charged species at neutral pH. This result is consistent 

with isoelectric focusing gels performed with the concentrated CHO-S harvest (Figure 2.3 A). 

The molecular weight distribution as seen in Figure 2.2 C is consistent with expectation that 

most HCP impurities are smaller than mAbs, and additionally was confirmed with non-reduced 

SDS-PAGE shown in Figure 2.3 B. 

The distribution of HCP abundance, as indicated in Figure 2.2 D, shows that the top 22 

most abundant HCP species (out of 302 unique species identified) account for 76% of the total 

moles of HCP. The top 22 most abundant species (Table 2.1), herein referred to as ñhighly 

abundantò species as defined by a molar fraction > 1% of the all HCPs quantified by iBAQ 

quantification. A full list of identified proteins is available in Appendix A.  
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Figure 2.3: Orthogonal analysis of CHO-S null cell culture harvest spiked with polyclonal 

human IgG. bimodal distribution of isoelectric points around pH 7 is observed, with denser 

populations of proteins in the isoelectric point range < 7 with a large unresolved band of IgG at 

~7.8 as shown in panel (A), and large population of species with molecular weights < 100 kDa 

alongside the ~150 kDa IgG band. 

  



 

13 

Table 2.1: Highly Abundant CHO-S Harvest Host Cell Proteins 

Protein 

Estimated 

Protein 

Concentration 

(nM) 

Estimated 

Protein 

Concentration 

(mg/L) 

pI  GRAVY  

Molecular 

Weight 

(kDa) 

Molar 

Fraction 

Galectin-3-binding protein 1.851379 0.114295 5.05 -0.0902 61.73522 1.04% 

Galectin-1 1.954057 0.028907 5.49 -0.2548 14.79318 1.10% 

Glyceraldehyde-3-

phosphate dehydrogenase 

1.96049 0.070039 8.49 -0.0778 35.72522 1.10% 

Lactadherin (fragment) 2.023821 0.044725 6.87 -0.2194 22.09951 1.14% 

Tissue alpha-L-fucosidase 2.193274 0.110973 5.82 -0.3539 50.59698 1.24% 

Beta-2-microglobulin 2.661562 0.036674 6.89 -0.2613 13.77901 1.50% 

Sulfated glycoprotein 1 2.935181 0.080294 5.35 0.0285 27.35563 1.65% 

Phospholipid transfer 

protein 

3.298271 0.173897 6.24 0.189 52.72359 1.86% 

Nidogen-1 3.567342 0.107275 8.41 -0.045 30.07128 2.01% 

Lactadherin 3.649553 0.058912 9.45 -0.5229 16.14215 2.06% 

Cathepsin L1 3.897673 0.138363 6.72 -0.4631 35.49892 2.20% 

Legumain 4.368258 0.206895 5.95 -0.3363 47.3632 2.46% 

C-C motif chemokine 4.696845 0.062312 9.39 -0.1601 13.26681 2.65% 

Peroxiredoxin-1 4.753097 0.105749 8.22 -0.2156 22.24836 2.68% 

Clusterin 4.9917 0.246795 5.51 -0.6371 49.44111 2.81% 

Ribonuclease T2 5.431115 0.160335 6.25 -0.3822 29.52164 3.06% 

Biglycan-like protein 5.683526 0.226674 6.93 -0.2041 39.88265 3.20% 

Cathepsin Z 5.843728 0.183995 6.68 -0.4523 31.48589 3.29% 

Metalloproteinase inhibitor 

1 

6.389858 0.128441 8.74 0.0325 20.10075 3.60% 

Cathepsin B 8.386089 0.298744 5.73 -0.3481 35.6238 4.72% 

Carboxypeptidase 10.95919 0.566561 5.61 -0.3493 51.69731 6.17% 

Osteopontin 14.84879 0.195312 5.38 -1.2111 13.1534 8.36% 

 

2.2.2 Qualitative Bound Protein Analysis of HCPs by Adsorptive Depth Filtration 

To determine the effectiveness of standard clarification depth filters in clearance of 

individual HCP species, the CHO-S null cell culture harvest was filtered using either a 3M Cuno 

Zeta Plus 90ZB depth filter or a MilliporeSigma X0HC depth filter at a flux of ~150 L/(m2·h) 

(LMH) in the manufacturerôs recommended range. Filtrate was collected as fractions in 50 L/m2 

throughput increments up to a maximum of 200 L/m2 to explore the change in HCP capture as a 

function of throughput. Though individual HCP species capture by advanced adsorptive depth 
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filters specifically designed to adsorb HCP has been previously reported41, the filters utilized in 

this study were selected to represent more commonly implemented depth filters to establish and 

report their capabilities. We first compared total protein concentration in the filtrate fractions 

compared to the cell culture harvest. Total protein for the feed and filtrate samples, as 

determined by Bradford total protein assay shown in Figure 2.4, indicated negligible clearance 

of protein by the 90ZB filter, while the X0HC filter captured ~35% of the protein loaded.  

 
Figure 2.4: Total protein concentration of CHO-S null harvest filtrate by adsorptive depth filter 

and throughput fraction as determined by Bradford total protein assay. The shaded region shows 

the harvest total protein concentration within one standard deviation. 

While this experiment was performed as N=1, and additionally the level of HCP capture 

is far from the required process HCP clearance necessary for mAb production (final residual 

concentration of ~ 1-100 ppm HCP1, or a HCP log reduction value of ~3-5), it does indicate that 

filter selection for clarification can have a strong impact on the HCP challenge introduced into 
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subsequent purification steps. This is in agreement with prior work by Yigzaw et al.39, where 

additional depth filter media MilliporeSigma A1HC and 3M Cuno Zeta Plus 90ZA were 

evaluated. 

We investigated what individual HCP species were captured by each depth filter as a 

function of throughput using shotgun proteomics via label-free relative quantification. We first 

performed a bound protein analysis, where the spectral abundance factor (SAF, see Equation 

2.1) of each identified protein in the harvest feed stream was compared to that in the throughput 

fractions. Proteins were considered ñboundò if they met one of the following criteria: (i) the 

protein was detected in the feed (sum spectral count across all three replicates Ó 4) but no 

spectral count was observed in the filtrate fraction, or (ii) the protein SAF was significantly 

lower by ANOVA (Ŭ = 0.05) in the filtrate fraction compared to the feed. The number of unique 

bound proteins that were shared (ñoverlappingò) between each filtrate fraction and between each 

filter media was qualitatively compared as shown in Figure 2.5. From this analysis, we observed 

agreement between total protein analysis and number of unique protein species captured in each 

fraction, where the lowest concentration fraction, X0HC at 50 L/m2 throughput shown in panel 

(A) was also observed to have the highest number of unique HCPs bound, at 191 bound HCPs of 

the 319 species identified in the harvest, as compared to the 90ZB 50 L/m2 fraction shown in 

panel (B) at 112 of 319 species.   

A comparison of all species bound in any of the four fractions for X0HC compared to 

90ZB, shown in Figure 2.5 C, showed a larger number of species that were uniquely captured by 

the X0HC medium. 58 species uniquely bound by X0HC, which included problematic HCPs 

heat shock cognate protein, procollagen-lysine 2-oxoglutarate 5-dioxygenase 1-like protein, 

cytoplasmic actin 1, cathepsin B, pyruvate kinase, clusterin, sulfated glycoprotein 1, cathepsin D, 
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and peroxiredoxin-1. In contrast, 90ZB uniquely bound 18 species in addition to the 138 

common species. Problematic species that uniquely bound to 90ZB included aldose reductase-

related protein 2, Glutathione S-transferase P, metalloproteinase inhibitor 1, cofilin-1, and 

peptidyl-prolyl cis-trans isomerase A. 

 
Figure 2.5: Overlapping HCPs bound by MilliporeSigma X0HC and 3M Zeta Plus 90ZB depth 

filters. Panels (A) and (B) show HCPs removed by X0HC and 90ZB filters, respectively, as a 

function of throughput at 50 L/m2 (pink), 100 L/m2 (green), 150 L/m2 (blue), and 200 L/m2 

(orange). Panel C compares bound proteins observed at any throughput for X0HC (pink) and 90ZB 

(green). Bound proteins were determined as proteins that either were identified by LC/MS/MS in 

the feed but not in the supernatant samples with wash after static binding with each resin, or 

alternatively where the resulting spectral abundance factor was significantly lower by ANOVA (Ŭ 

= 0.05) than the feed. The ñoverlapò, or number of unique species of proteins that were bound at 

more than one condition are shown in the overlapping regions of the Venn diagrams.   

2.2.3 Semi-Quantitative Analysis of ñProblematicò HCP Capture by Adsorptive Depth Filters 

Differences in capture of ñproblematicò HCPs was further investigated by semi-

quantitative comparison of spectral abundance factor (Table 2.2). Spectral abundance in each 

fraction was compared by ANOVA (N=3 technical replicates, Ŭ=0.05) for each filter to compare 

the abundance of each problematic species with increasing throughput. Additionally, the 

cumulative spectral abundance factor across all fractions was calculated to simulate the 

abundance pooled filtrate at 200 L/m2 for each filtration medium to determine whether 
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abundance was significantly different between X0HC and 90ZB media by ANOVA (N=3 

technical replicates, Ŭ=0.05).  

Table 2.2: Semi-quantitative comparison of ñProblematicò HCPs as a function of throughput 

and selected adsorptive depth filter. Mean spectral abundance factor ± one standard deviation (N=3 

technical replicates) is reported by filtrate fraction for both X0HC and 90ZB depth filters. Spectral 

abundance as a function of fraction was compared by ANOVA (Ŭ=0.05), with p-values reported 

as ñFraction Comparison p-valueò. Cumulative SAF, or the average SAF of all four fractions for 

one mediumôs filtrate to simulate the spectral abundance in the pooled sample, was calculated and 

further used to compare the simulated pooled filtrate for each filter at 200 L/m2 by ANOVA (three 

technical replicates, Ŭ=0.05). 

Protein Filter 

Mean SAF Fraction 
Comparison 

p-value 
Cumulative 

SAF 

Media 
comparison 

p-value 50 L/m2 100 L/m2 150 L/m2 200 L/m2 

60S acidic ribosomal 
protein P0 

X0HC 
<LOD <LOD <LOD 

0.056 ± 
0.096 0.4411 0.014 ± 0.024 

0.0335 90ZB 
<LOD 

0.10 ± 
0.088 

0.044 ± 
0.077 

0.11 ± 
0.038 0.1778 0.064 ± 0.013 

Actin, cytoplasmic 1 

X0HC 
0.44 ± 
0.014 

0.44 ± 
0.073 

0.35 ± 
0.069 

0.40 ± 
0.13 0.5244 0.41 ± 0.063 

0.104 90ZB 
0.500 ± 
0.024 

0.468 ± 
0.090 

0.571 ± 
0.048 

0.460 ± 
0.073 0.2095 0.50 ± 0.041 

Aldose reductase-
related protein 2 

X0HC 
0.056 ± 
0.048 

0.11 ± 
0.11 

0.028 ± 
0.048 

0.037 ± 
0.064 0.5314 0.058 ± 0.032 

0.5401 90ZB 
0.056 ± 
0.056 

<LOD 
0.083 ± 
0.083 

0.019 ± 
0.032 0.2841 0.039 ± 0.036 

Alpha-enolase 

X0HC 
0.48 ± 
0.10 

0.65 ± 
0.15 

0.57 ± 
0.11 

0.53 ± 
0.15 0.5021 0.56 ± 0.029 

0.0569 90ZB 
0.45 ± 
0.15 

0.52 ± 
0.11 

0.47 ± 
0.10 

0.37 ± 
0.14 0.555 0.45 ± 0.063 

Cathepsin B 

X0HC 
0.50 ± 
0.11 

1.6 ± 0.11 1.6 ± 0.12 1.7 ± 0.28 
<0.0001 1.4 ± 0.12 

0.3754 90ZB 1.4 ± 0.45 1.7 ± 0.53 1.6 ± 0.15 1.1 ± 0.18 0.224 1.4 ± 0.091 

Cathepsin D 

X0HC 
0.85 ± 
0.32 

1.1 ± 0.16 
0.92 ± 
0.15 

0.74 ± 
0.35 0.1691 0.91 ± 0.19 

0.9622 90ZB 
0.46 ± 
0.18 

1.0 ± 0.52 1.1 ± 0.42 1.1 ± 0.15 
0.4308 0.90 ± 0.18 

Clusterin 

X0HC 
0.28 ± 
0.029 

0.60 ± 
0.11 

0.71 ± 
0.078 

0.79 ± 
0.051 0.0001 0.59 ± 0.056 

0.0781 90ZB 
0.69 ± 
0.059 

0.71 ± 
0.069 

0.74 ± 
0.048 

0.64 ± 
0.22 0.7746 0.70 ± 0.049 

Cofilin-1 

X0HC 
0.19 ± 
0.030 

0.25 ± 
0.061 

0.25 ± 
0.061 

0.28 ± 
0.061 0.3373 0.24 ± 0.046 

0.2528 90ZB 
0.14 ± 
0.12 

0.21 ± 0.0 0.21 ± 0.0 
0.16 ± 
0.14 0.7812 0.18 ± 0.065 

Elongation Factor 1-
alpha 1 

X0HC 
0.080 ± 
0.040 

0.060 ± 
0.053 

0.160 ± 
0.053 

0.193 ± 
0.031 0.0194 0.12 ± 0.020 

0.035 90ZB 
0.17 ± 
0.023 

0.14 ± 
0.060 

0.29 ± 
0.081 

0.19 ± 
0.064 0.0668 0.20 ± 0.036 

Elongation Factor 2 

X0HC 
<LOD 

0.16 ± 
0.080 

0.29 ± 
0.064 

0.29 ± 
0.12 0.0058 0.18 ± 0.050 

0.6073 90ZB 
0.20 ± 
0.053 

0.21 ± 
0.088 

0.22 ± 
0.057 

0.18 ± 
0.053 0.8718 0.20 ± 0.036 
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Table 2.2 (continued). 

Protein Filter 

Mean SAF Fraction 
Comparison 

p-value 
Cumulative 

SAF 

Media 
comparison 

p-value 50 L/m2 100 L/m2 150 L/m2 200 L/m2 

Fructose -
bisphosphate 
aldolase 

X0HC 
0.52 ± 
0.039 

0.58 ± 
0.21 

0.46 ± 
0.18 

0.48 ± 
0.19 0.8247 0.51 ± 0.096 

0.2534 90ZB 
0.49 ± 
0.13 

0.427 ± 
0.015 

0.402 ± 
0.074 

0.38 ± 
0.10 0.5153 0.42 ± 0.061 

Glutathione S-
transferase P 

X0HC 
0.65 ± 
0.17 

0.88 ± 
0.29 

0.59 ± 
0.12 

0.63 ± 
0.12 0.2876 0.69 ± 0.12 

0.0309 90ZB 
0.52 ± 
0.17 

0.36 ± 
0.11 

0.49 ± 
0.023 

0.40 ± 
0.20 0.5102 0.44 ± 0.057 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

X0HC 
0.23 ± 
0.016 

0.37 ± 
0.20 

0.55 ± 
0.20 

0.52 ± 
0.11 0.1078 0.42 ± 0.084 

0.7145 90ZB 
0.36 ± 
0.073 

0.52 ± 
0.042 

0.41 ± 
0.042 

0.30 ± 
0.098 0.0221 0.40 ± 0.037 

Histone H2A 

X0HC <LOD <LOD <LOD <LOD 1 <LOD 

0.1161 90ZB 
<LOD <LOD 

0.13 ± 
0.12 

<LOD 
0.0519 0.033 ± 0.029 

Histone H2B 

X0HC 
<LOD 

0.044 ± 
0.077 

0.22 ± 
0.19 

0.22 ± 
0.19 0.1856 0.12 ± 0.11 

0.0114 90ZB 
<LOD 

0.58 ± 
0.15 

0.98 ± 
0.25 

0.71 ± 
0.28 0.0022 0.57 ± 0.14 

Histone H3 

X0HC 
<LOD <LOD 

0.14 ± 
0.077 

0.27 ± 
0.067 0.0005 0.10 ± 0.035 

0.0075 90ZB 
<LOD 

0.28 ± 
0.038 

0.40 ± 
6.8E-17 

0.29 ± 
0.14 0.0008 0.24 ± 0.033 

Histone H4 

X0HC 
<LOD <LOD 

0.10 ± 
0.12 

0.095 ± 
0.26 0.006 0.095 ± 0.040 

0.0011 90ZB 
<LOD 

0.50 ± 
0.16 

0.76 ± 
0.095 

0.55 ± 
0.079 0.0001 0.45 ± 0.063 

Legumain 

X0HC 
0.55 ± 
0.17 

1.1 ± 0.44 
0.95 ± 
0.22 

0.93 ± 
0.18 0.1665 0.89 ± 0.16 

0.6867 90ZB 
0.78 ± 
0.27 

0.83 ± 
0.12 

0.95 ± 
0.13 

0.76 ± 
0.28 0.7125 0.83 ± 0.16 

Lipoprotein Lipase 

X0HC 
<LOD 

0.11 ± 
0.079 

0.19 ± 
0.11 

0.32 ± 
0.038 0.0031 0.15 ± 0.045 

0.3676 90ZB 
0.18 ± 
0.066 

0.21 ± 
0.010 

0.21 ± 
0.064 

0.17 ± 
0.082 0.8134 0.19 ± 0.047 

Matrix 
metalloproteinase-
19 

X0HC 
0.090 ± 
0.010 

0.41 ± 
0.14 

0.52 ± 
0.11 

0.51 ± 
0.078 0.0021 0.38 ± 0.063 

0.4141 90ZB 
0.30 ± 
0.12 

0.47 ± 
0.084 

0.37 ± 
0.076 

0.24 ± 
0.045 0.0556 0.34 ± 0.040 

Matrix 
metalloproteinase-9 

X0HC 
<LOD 

0.10 ± 
0.044 

0.068 ± 
0.019 

0.080 ± 
0.015 0.0058 0.062 ± 0.013 

0.0288 90ZB 
0.059 ± 
0.015 

0.051 ± 
0.058 

0.0084 ± 
0.015 

0.025 ± 
0.025 0.2961 0.036 ± 0.0048 

Metalloproteinase 
inhibitor 1 

X0HC 1.4 ± 0.67 1.2 ± 0.34 1.0 ± 0.17 1.0 ± 0.10 0.5354 1.2 ± 0.082 

0.0297 90ZB 
0.88 ± 
0.31 

1.1 ± 0.25 
0.98 ± 
0.30 

0.59 ± 
0.12 0.144 0.90 ± 0.11 

Nidogen-1 

X0HC 
<LOD 

0.15 ± 
0.051 

0.23 ± 
0.14 

0.27 ± 
0.10 0.0309 0.16 ± 0.035 

0.2984 90ZB 
0.15 ± 
0.013 

0.18 ± 
0.013 

0.24 ± 
0.019 

0.17 ± 
0.039 0.0059 0.19 ± 0.012 
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Table 2.2 (continued). 

Protein Filter 

Mean SAF Fraction 
Comparison 

p-value 
Cumulative 

SAF 

Media 
comparison 

p-value 50 L/m2 100 L/m2 150 L/m2 200 L/m2 

Peptidyl-prolyl cis-
trans isomerase 

X0HC 
0.028 ± 
0.048 

0.32 ± 
0.17 

0.40 ± 
0.13 

0.54 ± 
0.042 0.0031 0.32 ± 0.065 

0.0071 90ZB 
0.72 ± 
0.21 

0.75 ± 
0.11 

0.71 ± 
0.083 

0.46 ± 
0.083 0.0869 0.66 ± 0.095 

Peroxiredoxin-1 

X0HC 
0.12 ± 
0.10 

0.85 ± 
0.20 

0.98 ± 
0.026 

1.1 ± 0.11 
<0.0001 0.75 ± 0.017 

0.2082 90ZB 
0.83 ± 
0.10 

0.80 ± 
0.095 

0.864 ± 
0.157 

0.82 ± 
0.18 0.9559 0.83 ± 0.086 

Phosphoglycerate 
mutase 1 

X0HC 
0.13 ± 
0.12 

0.38 ± 
0.076 

0.400 ± 
6.8E-17 

0.28 ± 
0.029 0.0061 0.30 ± 0.045 

0.0485 90ZB 
0.13 ± 
0.13 

0.32 ± 
0.029 

0.15 ± 
0.13 

0.067 ± 
0.115 0.1047 0.17 ± 0.069 

Procollagen-lysine,2-
oxoglutarate 5-
dioxygenase 1 

X0HC 
<LOD 

0.083 ± 
0.079 

0.30 ± 
0.072 

0.29 ± 
0.042 0.0005 0.17 ± 0.041 

0.0401 90ZB 
0.24 ± 
0.020 

0.33 ± 
0.027 

0.28 ± 
0.057 

0.21 ± 
0.12 0.2333 0.27 ± 0.040 

Protein disulfide 
isomerase A6 

X0HC 
<LOD <LOD 

0.15 ± 
0.16 

0.40 ± 
0.15 0.0058 0.14 ± 0.059 

0.0116 90ZB 
0.036 ± 
0.062 

0.56 ± 
0.082 

0.44 ± 
0.082 

0.31 ± 
0.055 0.0001 0.34 ± 0.049 

Out at first protein-
like protein 

X0HC 
0.14 ± 
0.024 

0.46 ± 
0.083 

0.50 ± 
0.042 

0.57 ± 
0.064 <0.0001 0.42 ± 0.036 

0.4035 90ZB 
0.40 ± 
0.16 

0.47 ± 
0.15 

0.36 ± 
0.064 

0.31 ± 
0.048 0.3952 0.39 ± 0.045 

Phospholipase B-like 
2 

X0HC 
0.15 ± 
0.066 

0.42 ± 
0.15 

0.38 ± 
0.13 

0.27 ± 
0.053 0.0566 0.30 ± 0.055 

0.8063 90ZB 
0.27 ± 
0.095 

0.33 ± 
0.046 

0.38 ± 
0.066 

0.19 ± 
0.063 0.0531 0.29 ± 0.052 

Pyruvate kinase 

X0HC 
0.077 ± 
0.133 

0.52 ± 
0.24 

0.60 ± 
0.25 

0.60 ± 
0.038 0.0268 0.45 ± 0.11 

0.9586 90ZB 
0.46 ± 
0.15 

0.52 ± 
0.12 

0.52 ± 
0.12 

0.27 ± 
0.24 0.2679 0.44 ± 0.10 

Serine protease 
HTRA1 

X0HC 
<LOD 

0.046 ± 
0.080 

0.24 ± 
0.15 

0.30 ± 
0.053 0.0085 0.15 ± 0.067 

0.0512 90ZB 
0.22 ± 
0.053 

0.29 ± 
0.053 

0.345 ± 
0.0 

0.25 ± 
0.11 0.1792 0.28 ± 0.046 

Sialidase I 

X0HC 
0.14 ± 
0.071 

0.45 ± 
0.16 

0.47 ± 
0.059 

0.39 ± 
0.034 0.0088 0.36 ± 0.051 

0.0257 90ZB 
0.26 ± 
0.013 

0.24 ± 
0.044 

0.27 ± 
0.056 

0.19 ± 
0.051 0.1534 0.24 ± 0.032 

Sulfated 
glycoprotein 1 

X0HC 
0.25 ± 
0.043 

0.90 ± 
0.22 

1.5 ± 0.25 1.6 ± 0.13 
<0.0001 1.0 ± 0.12 

0.0231 90ZB 
1.5 ± 0.31 1.6 ± 0.13 

1.7 ± 
0.077 

1.3 ± 0.61 
0.6202 1.5 ± 0.21 

Vimentin 

X0HC 
<LOD 

0.037 ± 
0.064 

0.17 ± 
0.081 

0.35 ± 
0.028 0.0002 0.14 ± 0.019 

0.0104 90ZB 
0.19 ± 
0.028 

0.26 ± 
0.049 

0.34 ± 
0.057 

0.25 ± 
0.075 0.0605 0.26 ± 0.042 
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A much higher observed capture of HCPs as a function of throughput was observed for 

the X0HC filter as compared to the 90ZB filter, with 18 of the 35 HCP species monitored 

showing a statistically significant increase in spectral abundance (and, by extension, decrease in 

binding) with increasing throughput, suggesting saturation of available binding sites in the filter. 

The higher apparent adsorption capacity of the X0HC filter may be a result of either differences 

in materials of construction for the filter media, or a lower nominal pore size for X0HC (<0.1 µm 

nominal pore rating51 compared to ~0.1 ï 0.5 µm for 90ZB52) resulting in higher specific surface 

area for adsorption. It was also noted that X0HC filters are typically used as secondary 

clarification filters in series with MilliporeSigma D0HC filters, which may provide additional 

ability to adsorb HCPs. The 90ZB medium was observed to have a significantly significant 

response as a function of throughput for 7 of 35 monitored problematic HCPs; however, in all 

cases, a local maximum SAF was observed, suggesting saturation of binding sites within the 

90ZB medium and/or weak partitioning binding mode.  Furthermore, 11 of the 35 species 

showed statistically higher capture by X0HC as compared to 90ZB, including 60S acidic 

ribosomal protein P0, elongation factor 1-alpha 1 protein, histones (H2B, H3, and H4), peptidyl-

prolyl cis-trans isomerase, procollagen-lysine 2-oxoglutarate 5-dioxygenase 1, protein disulfide 

isomerase A6, sulfated glycoprotein 1, and vimentin. In contrast, 90ZB uniquely bound to only 5 

of the 35 monitored HCPs, comprising glyceraldehyde-3-phosphate dehydrogenase, matrix 

metalloproteinase-9, metalloproteinase inhibitor 1, phosphoglycerate mutase 1, and sialidase 1. 

2.2.4 Total Protein Binding by Commercial Resins in Static Binding Mode 

Following the evaluation of depth filters, a selection of commercial ion exchange and 

multimodal chromatographic resins were evaluated for HCP removal. Unlike the depth filters, 

which were operated under near-physiological pH to minimize instability of the proteins in the 
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harvest, all the resins were evaluated at low ionic strength, since they rely primarily or partially 

on electrostatic interactions. Accordingly, the harvest was diafiltered into 50 mM sodium 

phosphate, 20 mM sodium chloride, pH 7.0 prior to contact with the resin to reduce the salt 

concentration of the feed and ensure HCP capture by electrostatic interaction. While in practice, 

a buffer exchange step for a mAb purification process would utilize higher molecular weight 

cutoff filtration devices, 3kDa molecular weight cutoff filters were used for diafiltration and 4X 

concentration in this work to minimize HCP loss and thus challenge the commercial resins with 

the entire panel of protein impurities. The 4X concentration factor was established based on the 

maximum reported achievable concentration factor for single-pass tangential flow filtration 

steps53,54 in the attempt to implement only unit operations amenable to continuous processing. 

Concentrated and diafiltered harvest was then spiked with ~0.6 mg/mL polyclonal human IgG, 

then incubated with each of six commercial resins, namely Capto Adhere (multimodal AEX), 

Capto Q (strong AEX), Capto DEAE (weak AEX), Capto MMC (multimodal CEX), Capto S 

(strong CEX), and CM Sepharose (weak CEX), at variable protein load to determine binding 

performance in static binding mode with N=3 biological replicates (i.e. distinct samples prepared 

separately under identical conditions).  

To provide a first estimate of total protein LRV in a flow-through system under 

physiological conditions, we initially analyzed the flow-through samples by Bradford assay. As 

shown in Figure 2.6, the commercial resins tested afford a LRV in the range of 0.1 ï 1 under the 

binding conditions tested herein.  Resins with anion exchange interaction capability showed a 

higher protein absorbance, with the highest LRV observed with Capto Adhere, a multimodal 

resin featuring a combination of strong anion exchange and hydrophobic interactions, and 

hydrogen bonding. Capto Adhere was closely followed by Capto Q (strong anion exchange 
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resin), and Capto DEAE (weak cation exchange resin). This observation is consistent with 

expected performance, given that the proteomic profile in this material largely comprises 

negatively charged HCP species.  

 
Figure 2.6: Total protein log reduction value by commercial resin and load. Total protein 

concentration was determined by Bradford Total Protein Assay. 

Because Bradford assay does not distinguish between IgG and HCP binding, non-reduced 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was further employed 

to qualitatively assess the degree of IgG and HCP bound by each of the resins (Figure 2.7). As 

shown in lane 3 of each gel, the IgG band appears at ~150 kDa, with wide diversity in MW for 

the remaining bands in agreement with prior analysis. This analysis indicated considerably 

higher IgG binding by both multimodal resins Capto Adhere and Capto MMC as compared to 

the ion exchange resins, particularly at the 10 and 20 mg/mL loads (Figure 2.4, lanes 4-6).  
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Figure 2.7: SDS-PAGE analysis of CHO-S null cell culture harvest spiked with polyclonal 

human IgG (lane 2 for each gel) and incubated with commercial ion exchange and multimodal 

resins commonly used for HCP binding (Capto Adhere, Capto Q, Capto DEAE, Capto MMC, 

Capto S, and CM Sepharose) in static binding mode at 10, 20, and 50 mg HCP loaded/mL resin, 

shown in lanes 4, 5, and 6, respectively. 

In conclusion, a large percentage of the total protein LRV is attributable to IgG loss, 

rendering both multimodal resins unusable for flow-through binding of HCPs at this buffer 

condition. Notably, a HCP LRV ~ 3 is required to meet typical regulatory requirements for 

clinical and commercial drug product, corresponding to < 100 ng HCP per mg of mAb product in 

the final formulation;55 on the other hand, the starting concentration of HCPs is generally 10% of 

the product concentration. Based on these considerationand the data generated, a single 

commercially available resin is unlikely to achieve this goal alone. Though optimization of the 

isocratic mobile phase conditions was not in the scope of this work, it is unlikely that simple 

modification of buffer conditions can increase in protein adsorption to a sufficient level. 
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2.2.5 Bound Protein Analysis 

To gather a deeper insight into the binding of individual HCP species by commercial 

resins, the flow-through samples were analyzed by label-free relative quantification of proteins 

by shotgun proteomics. Qualitative analysis of bound proteins was performed as described in 

Section 2.2.2 to compare each resin at the lowest HCP load. ñOverlappingò HCP species that 

bound by the various resins are summarized in Figure 2.8. In Figure 2.8 A, all ion exchange 

resins are compared for the lowest load, showing a considerably larger number of species 

binding to AEX resins (149 unique protein species bound by Capto Q and Capto DEAE) as 

compared to cation exchange resins (30 species bound by Capto S and CM Sepharose). Figure 

2.5 B shows a substantial overlap in species bound by AEX resins (Capto Q and Capto DEAE) 

and the multimodal Capto Adhere, with 183 overlapping species between Capto Adhere and at 

least one of the AEX resins, 41 species that bind uniquely to Capto Adhere, and 38 species that 

bind to pure AEX resins.  The corresponding analysis for the CEX and CEX multimodal resins 

(Figure 2.8 C) indicates a much smaller overlap in bound species shared across these resins, 

with 72 species bound by both Capto MMC and one of the CEX resins, 74 species bound by 

Capto MMC alone, and only 30 species bound by one of the two CEX resins. The increased ratio 

of species uniquely bound to the multimodal resin in this case is likely a result of Capto MMC 

allowing binding of some of the more abundant negatively charged species by non-electrostatic 

interactions, an effect that might not be readily observed for Capto Adhere when the positively 

charge species are less abundant. 
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Figure 2.8: Overlapping HCPs bound by various ion exchange and multimodal 

chromatography resins. Panel (A) compares the four ion exchange resins in the study: cation 

exchange resins Capto S and CM Sepharose and anion exchange resins Capto Q and Capto DEAE. 

Panel (B) compares the anion exchange resins to the multimodal anion exchange resin Capto 

Adhere. Panel (C) compares the cation exchange resins to the multimodal cation exchange resin 

Capto MMC. Bound proteins were determined as proteins that either were identified by 

LC/MS/MS in the feed but not in the supernatant samples with wash after static binding with each 

resin, or alternatively where the resulting spectral abundance factor was significantly lower by 

ANOVA (Ŭ = 0.05) than the feed. The ñoverlapò, or number of unique species of proteins that 

were bound at more than one condition are shown in the overlapping regions of the Venn diagrams.   

To gather a deeper insight in the qualitative analysis of HCP capture, we sought to 

identify correlations between bound HCPs and their corresponding values of pI, MW, and 

GRAVY metrics. Rigorously, the surface charge distribution of a protein, rather than its net 

charge, is the true driver of binding to the chromatographic substrate. Nonetheless, a difference 

in the distribution of isoelectric points among bound HCPs is still expected. A correlation 

between GRAVY distribution of bound HCPs and the corresponding resin is also possible; in 

particular, an increase in the median GRAVY value is expected with multimodal resins, capable 

of binding via hydrophobic interactions, as compared to resins relying solely on ion exchange. 

For molecular weight, no correlation was expected given that all resins tested herein have 

sufficiently large pore diameter to enable efficient diffusion of all HCP species.  
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Table 2.3: Kruskal-Wallis H test for changes in physico-chemical property distribution as a 

function of resin at 10 mg/mL load 
Resin Isoelectric Point Molecular Weight Grand Average of Hydropathy 

Median 

pI  

Kruskal -

Wallis 

Score Mean 

ɉ2 p-value Median 

MW 

(kDa) 

Kruskal -

Wallis 

Score Mean 

ɉ2 p-value Median 

GRAVY  

Kr uskal-

Wallis 

Score Mean 

ɉ2 p-value 

Capto 

DEAE 
5.77 373.8 

32.8 <0.0001 

52 477.0 

7.68 0.175 

-0.321 445.0 

1.06 0.958 

Capto Q 5.79 384.2 52 474.3 -0.334 445.2 

Capto 

Adhere 
5.94 406.6 52 461.1 -0.329 442.5 

CM 

Sepharose 
6.39 502.9 40.5 404.0 -0.360 412.0 

Capto S 6.03 422.4 45 402.4 -0.302 453.0 

Capto 

MMC 
6.2 498.5 52 449.4 -0.314 440.9 

 

The relationship between the distribution of each property (pI, MW, and GRAVY) and 

HCP binding was confirmed by comparison of the non-normal property distribution of bound 

proteins for each resin by Kruskal-Wallis H test (Ŭ = 0.1), reported in Table 2.3. Qualitatively, 

HCP binding performed as expected, with a statistically significant difference (p<0.0001) in the 

median theoretical pI among the various resins, and higher median pIs of bound proteins by CEX 

or multimodal CEX resins compared to their AEX counterparts. This agrees with the isoelectric 

focusing gel electrophoresis (Figure 2.9), where a considerable decrease in intensity was 

observed for bands at pI < 7.0 with both AEX and multimodal AEX resins; this was not observed 

with the CEX and multimodal CEX resins. 
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Figure 2.9: Isoelectric focusing gel electrophoresis analysis of CHO-S null cell culture harvest 

spiked with polyclonal human IgG (lane 2 for each gel) and incubated with commercial ion 

exchange and multimodal resins commonly used for HCP binding (Capto Adhere, Capto Q, Capto 

DEAE, Capto MMC, Capto S, and CM Sepharose) in static binding mode at 10, 20, and 50 mg 

HCP loaded/mL resin, shown in lanes 4, 5, and 6, respectively. 

The effect of resin on the GRAVY distribution of bound proteins did not agree with the 

expected response of increased median GRAVY for multimodal resins, with no statistically 

significant response as a result of the resin (p = 0.958). This discrepancy can be explained by 

considering that sequence-based calculation of GRAVY values that do not account for the 

tertiary structure of HCPs. This is also true for the calculated theoretical pI, but the effect is more 

distinct for GRAVY calculations as the hydrophobic regions of proteins are often internalized 

and less available for hydrophobic interactions with the ligands on the chromatographic resins. 
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Molecular weight was shown to have no statistically significant effect (p = 0.175), meeting 

expectations 

Bound protein analysis was then performed in static binding mode for each resin as a 

function of protein load (mg of proteins per mL of resin) at constant concentration on every 

resin. The overlap analysis of bound HCPs is shown in Figure 2.10. At increasing values of load, 

the total number of bound proteins is expected to decrease as the binding sites on the resin are 

increasingly saturated, with weakly bound species being displaced by species with higher 

affinity. This trend was observed with Capto Adhere, Capto Q, Capto DEAE, and Capto MMC, 

but not with CEX resins, indicating that the CEX resins were not saturated within the range of 

HCP loads tested in this work. The amount of HCP species positively charged at pH 7, in fact, is 

insufficient to occupy enough binding sites on CEX resins to achieve the displacement 

phenomenon observed with AEX resins. The higher number of HCPs (Figure 2.8) and IgG 

(Figure 2.7) captured by Capto MMC indicates that this resin features the progressive saturation 

of binding sites at increasing protein load observed with AEX-based resins, and reaches ligand 

saturation within the tested range of protein load. 
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Figure 2.10: Overlapping HCPs bound by commercial ion exchange and multimodal 

chromatography resins at 10 mg/mL (pink), 20 mg/mL (green), and 50 mg/mL (blue) load. Bound 

proteins were determined as proteins that either were identified by LC/MS/MS in the feed but not 

in the supernatant samples with wash after static binding with each resin, or alternatively where 

the resulting spectral abundance factor was significantly lower by ANOVA (Ŭ = 0.05) than the 

feed. The ñoverlapò, or number of unique species of proteins that were bound at more than one 

load condition for the range tested (10, 20 and 50 mg/mL resin) are shown in the overlapping 

regions of the Venn diagrams.   

2.2.6 Semi-Quantitative Analysis of ñProblematicò HCPs by Traditional Ion Exchange and 

Multimodal Chromatography Resins 

Semi-quantitative analysis of ñproblematicò HCPs was performed for the 

chromatography resins as done for the depth filters in Section 2.2.3. However, in place of the 

cumulative spectral abundance factor (SAF), the values of spectral abundance of the various non-

bound supernatant samples obtained at increasing load conditions from the tested resins were 

compared. Both the tabulated ANOVA comparison of (i) the SAF post incubation among 
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different resins at constant load and (ii) the SAF for a single resin as a function of load are 

summarized in Table 2.4. 

By comparing the performance of the different resins at constant load, a number of 

problematic HCPs featured a statistically significant difference in SAF with lower abundance 

observed in the non-bound supernatant samples obtained with AEX-based resins. These included 

species known to degrade mAb product (cathepsin B, legumain, protein disulfide isomerase A6, 

and sialidase 1), species associated with high immunogenicity (procollagen-lysine 2-oxoglutarate 

5-dioygenase 1 and phospholipase B like protein), and species known to co-elute with the 

product of interest from Protein A (nidogen-1, phosphoglycerate mutase 1, sulfated glycoprotein 

1, and vimentin). Peptidyl-prolyl cis-trans isomerase was the only ñproblematicò HCP showing a 

statistically significant difference in binding where CEX-based resins afforded better capture 

than AEX-based resins. Collectively, our analysis consistently shows that, with proteins that are 

more efficiently bound bby AEX-based resins, the resulting spectral abundance factor 

significantly increases with higher loads. This further supports the conclusion that saturation of 

binding sites on AEX resins is connected to IgG displacement by HCPs, which is not the case 

with CEX-based resins.  
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Table 2.4: Semi-quantitative comparison of ñProblematicò HCPs as a function of protein load 

and selected commercial chromatography resin. Mean spectral abundance factor ± one standard 

deviation (N=3 technical replicates) is reported by load for the six chromatography resins tested 

(Capto Adhere, Capto Q, Capto DEAE, Capto MMC, Capto S, and CM Sepharose). Spectral 

abundance as a function of load was compared by ANOVA (Ŭ=0.05) for the same resin with 

variable load, and for the same load with variable resin, with p-values reported as ñLoad 

Comparison p-valueò and ñResin Comparison p-valueò, respectively.  

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

60S acidic ribosomal 
protein P0 

G3GU76 

Capto Adhere 0.112 ± 0.0192 0.0778 ± 0.0694 0.0444 ± 0.0770 0.356 

Capto Q <LOD <LOD 0.133 ± 0.00 1 

Capto DEAE <LOD <LOD 0.156 ± 0.0962 0.0212 

Capto MMC 0.0222 ± 0.0385 0.0778 ± 0.0694 <LOD 0.182 

Capto S 0.0889 ± 0.0770 <LOD 0.122 ± 0.0192 0.0409 

CM Sepharose 0.183 ± 0.0238 0.111 ± 0.0192 0.178 ± 0.0385 0.0592 

Resin Comparison p-

value 0.001 0.0149 0.0105 
  

Actin, cytoplasmic 1 ACTB_CRIGR 

Capto Adhere 0.437 ± 0.0834 0.460 ± 0.0599 0.397 ± 0.0687 0.576 

Capto Q 0.183 ± 0.0137 0.341 ± 0.0364 0.532 ± 0.0687 0.0003 

Capto DEAE 0.135 ± 0.0727 0.341 ± 0.0496 0.429 ± 0.0412 0.0018 

Capto MMC 0.349 ± 0.0275 0.484 ± 0.0496 0.540 ± 0.0727 0.0119 

Capto S 0.421 ± 0.0765 0.302 ± 0.0275 0.357 ± 0.0238 0.0654 

CM Sepharose 0.619 ± 0.0906 0.476 ± 0.0630 0.563 ± 0.0962 0.5 

Resin Comparison p-

value 0.001 0.0014 0.0097 
  

Aldose reductase-

related protein 2 
ALD2_CRIGR 

Capto Adhere 0.148 ± 0.0321 0.139 ± 0.0278 0.102 ± 0.0321 0.228 

Capto Q 0.241 ± 0.0321 0.204 ± 0.0321 0.111 ± 0.111 0.139 

Capto DEAE 0.231 ± 0.0578 0.167 ± 0.0481 0.204 ± 0.0700 0.454 

Capto MMC 0.11 ± 0.1000 0.0556 ± 0.0481 0.167 ± 0.0556 0.244 

Capto S 0.111 ± 0.0481 0.102 ± 0.0321 0.120 ± 0.0642 0.903 

CM Sepharose 0.181 ± 0.0212 0.213 ± 0.0160 0.204 ± 0.0424 0.534 

Resin Comparison p-
value 0.0603 0.0012 0.286 

  

Alpha-enolase G3IAQ0 

Capto Adhere 0.312 ± 0.105 0.553 ± 0.111 1.06 ± 0.0563 0.0002 

Capto Q 0.929 ± 0.0614 1.04 ± 0.0563 1.16 ± 0.0325 0.0043 

Capto DEAE 1.17 ± 0.0563 1.27 ± 0.0959 1.23 ± 0.0491 0.294 

Capto MMC 0.851 ± 0.118 0.844 ± 0.0810 0.908 ± 0.0123 0.612 

Capto S 0.993 ± 0.0860 1.05 ± 0.0535 0.986 ± 0.0860 0.567 

CM Sepharose 0.968 ± 0.0451 0.787 ± 0.0767 0.964 ± 0.0983 0.0756 

Resin Comparison p-

value <0.0001 <0.0001 0.0003 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Cathepsin B G3H0L9 

Capto Adhere 0.386 ± 0.0402 0.87 ± 0.1730 1.40 ± 0.106 0.0001 

Capto Q 0.105 ± 0.182 1.00 ± 0.115 1.54 ± 0.132 <0.0001 

Capto DEAE 0.158 ± 0.0263 0.772 ± 0.0846 1.32 ± 0.0949 <0.0001 

Capto MMC 1.93 ± 0.0760 1.82 ± 0.209 2.09 ± 0.159 0.187 

Capto S 1.61 ± 0.0662 1.47 ± 0.0696 1.73 ± 0.194 0.118 

CM Sepharose 1.50 ± 0.00 1.33 ± 0.119 1.55 ± 0.329 0.504 

Resin Comparison p-

value <0.0001 <0.0001 0.0037 
  

Cathepsin D G3I4W7 

Capto Adhere 0.500 ± 0.0601 0.674 ± 0.139 0.682 ± 0.0787 0.109 

Capto Q 0.636 ± 0.0455 0.682 ± 0.0680 0.530 ± 0.0473 0.0361 

Capto DEAE 0.689 ± 0.0572 0.712 ± 0.0262 0.606 ± 0.0731 0.124 

Capto MMC 0.833 ± 0.125 0.818 ± 0.118 0.917 ± 0.172 0.671 

Capto S 0.621 ± 0.0798 0.788 ± 0.0572 0.742 ± 0.189 0.236 

CM Sepharose 0.670 ± 0.112 0.705 ± 0.0787 0.530 ± 0.139 0.236 

Resin Comparison p-
value 0.0109 0.3221 0.0229 

  

Clusterin G3HNJ3 

Capto Adhere 1.12 ± 0.0728 1.41 ± 0.187 1.78 ± 0.0968 0.0022 

Capto Q 0.192 ± 0.0838 0.667 ± 0.0909 0.910 ± 0.149 0.0006 

Capto DEAE 0.288 ± 0.0999 0.942 ± 0.185 1.80 ± 0.0987 <0.0001 

Capto MMC 1.30 ± 0.221 1.19 ± 0.0693 1.62 ± 0.116 0.0292 

Capto S 1.33 ± 0.0666 1.39 ± 0.0588 1.35 ± 0.0294 0.4004 

CM Sepharose 0.952 ± 0.0408 0.872 ± 0.0111 0.788 ± 0.0385 0.0061 

Resin Comparison p-

value <0.0001 <0.0001 <0.0001 
  

Cofilin-1 G3IDM2 

Capto Adhere 0.123 ± 0.110 0.193 ± 0.0304 0.140 ± 0.132 0.6906 

Capto Q 0.298 ± 0.152 0.228 ± 0.0304 0.298 ± 0.0304 0.5823 

Capto DEAE 0.263 ± 0.241 0.316 ± 0.00 0.211 ± 0.00 0.6699 

Capto MMC 0.0526 ± 0.0912 0.0877 ± 0.152 0.105 ± 0.0912 0.8534 

Capto S 0.228 ± 0.0804 0.193 ± 0.0608 0.211 ± 0.0526 0.813 

CM Sepharose 0.316 ± 0.00 0.263 ± 0.0912 0.0702 ± 0.122 0.0679 

Resin Comparison p-
value 0.2528 0.0604 0.0655 

  

Elongation factor 1-

alpha 1 
EF1A1_CRIGR 

Capto Adhere 0.131 ± 0.0315 0.189 ± 0.0215 0.271 ± 0.0671 0.0228 

Capto Q 0.258 ± 0.0743 0.306 ± 0.0298 0.323 ± 0.0509 0.3789 

Capto DEAE 0.278 ± 0.0515 0.371 ± 0.0515 0.412 ± 0.0357 0.0321 

Capto MMC 0.182 ± 0.0417 0.179 ± 0.0331 0.337 ± 0.0655 0.0115 

Capto S 0.306 ± 0.0568 0.289 ± 0.0179 0.289 ± 0.0206 0.8063 

CM Sepharose 0.490 ± 0.0219 0.409 ± 0.0417 0.385 ± 0.0429 0.0759 

Resin Comparison p-

value <0.0001 0.333 0.1414 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Elongation factor 2 G3HSL4 

Capto Adhere 0.207 ± 0.0115 0.320 ± 0.0693 0.353 ± 0.0833 0.0644 

Capto Q 0.233 ± 0.0115 0.340 ± 0.0000 0.280 ± 0.0529 0.0165 

Capto DEAE 0.080 ± 0.0000 0.253 ± 0.0503 0.287 ± 0.0115 0.0003 

Capto MMC 0.193 ± 0.0577 0.247 ± 0.1102 0.233 ± 0.0416 0.6851 

Capto S 0.280 ± 0.0400 0.307 ± 0.0416 0.267 ± 0.0611 0.6147 

CM Sepharose 0.400 ± 0.0000 0.333 ± 0.0416 0.320 ± 0.0000 0.0468 

Resin Comparison p-

value 0.0002 <0.0001 0.0329 
  

Fructose-

bisphosphate 

aldolase 

G3I4H6 

Capto Adhere 0.838 ± 0.2181 0.855 ± 0.1412 0.590 ± 0.0513 0.1368 

Capto Q 0.667 ± 0.1026 0.632 ± 0.0824 0.624 ± 0.0783 0.8269 

Capto DEAE 0.889 ± 0.1958 0.974 ± 0.0769 0.624 ± 0.1458 0.0619 

Capto MMC 0.547 ± 0.0592 0.641 ± 0.0000 0.675 ± 0.0296 0.0154 

Capto S 0.650 ± 0.0296 0.615 ± 0.0256 0.581 ± 0.0971 0.4348 

CM Sepharose 0.654 ± 0.0181 0.607 ± 0.0296 0.624 ± 0.0783 0.654 

Resin Comparison p-
value 0.0792 0.0002 0.8211 

  

Glutathione S-

transferase P 
G3I3Y6 

Capto Adhere 1.013 ± 0.2572 1.067 ± 0.4549 0.693 ± 0.1286 0.3475 

Capto Q 0.707 ± 0.0833 0.627 ± 0.0833 0.867 ± 0.0833 0.0319 

Capto DEAE 0.947 ± 0.3055 1.440 ± 0.2623 0.827 ± 0.1222 0.046 

Capto MMC 1.227 ± 0.1665 1.533 ± 0.3495 0.960 ± 0.1442 0.0683 

Capto S 0.867 ± 0.1617 0.880 ± 0.1058 0.907 ± 0.1007 0.9253 

CM Sepharose 0.580 ± 0.0283 0.733 ± 0.0833 0.813 ± 0.0231 0.0164 

Resin Comparison p-

value 0.0418 0.0056 0.128 
  

Glyceraldehyde-3-

phosphate 

dehydrogenase 

G3P_CRIGR 

Capto Adhere 0.620 ± 0.0802 0.639 ± 0.0735 0.630 ± 0.0424 0.9455 

Capto Q 0.278 ± 0.0278 0.407 ± 0.0160 0.565 ± 0.0699 0.0007 

Capto DEAE 0.324 ± 0.0849 0.546 ± 0.0321 0.509 ± 0.0699 0.0131 

Capto MMC 0.324 ± 0.1123 0.407 ± 0.0424 0.361 ± 0.0556 0.4562 

Capto S 0.380 ± 0.0699 0.370 ± 0.0321 0.426 ± 0.0160 0.3416 

CM Sepharose 0.694 ± 0.1964 0.556 ± 0.0735 0.528 ± 0.1273 0.4003 

Resin Comparison p-
value 0.0017 0.0001 0.0079 

  

Legumain G3I1H5 

Capto Adhere 0.113 ± 0.0757 0.093 ± 0.0115 0.660 ± 0.1039 0.0001 

Capto Q 0.133 ± 0.1102 0.373 ± 0.0702 0.860 ± 0.1442 0.0006 

Capto DEAE 0.100 ± 0.0200 0.107 ± 0.0306 0.473 ± 0.0833 0.0002 

Capto MMC 0.940 ± 0.0917 0.820 ± 0.0721 0.747 ± 0.1026 0.096 

Capto S 0.807 ± 0.0115 0.840 ± 0.0917 0.920 ± 0.2117 0.5922 

CM Sepharose 0.650 ± 0.0424 0.740 ± 0.0346 0.760 ± 0.0529 0.0925 

Resin Comparison p-

value <0.0001 <0.0001 0.0137 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Lipoprotein lipase A0A061IKA1 

Capto Adhere 0.188 ± 0.0278 0.236 ± 0.0545 0.279 ± 0.0105 0.0563 

Capto Q 0.073 ± 0.0000 0.121 ± 0.0278 0.218 ± 0.0364 0.0014 

Capto DEAE 0.024 ± 0.0420 0.164 ± 0.0364 0.194 ± 0.0458 0.0053 

Capto MMC 0.091 ± 0.0793 0.145 ± 0.0481 0.145 ± 0.0481 0.4851 

Capto S 0.158 ± 0.0210 0.127 ± 0.0182 0.145 ± 0.0182 0.2295 

CM Sepharose 0.218 ± 0.0000 0.242 ± 0.0105 0.248 ± 0.0105 0.0391 

Resin Comparison p-

value 0.0014 0.0035 0.0013 
  

Matrix 
metalloproteinase-19 

G3HRK9 

Capto Adhere <LOD 0.034 ± 0.0292 0.068 ± 0.0598 0.18 

Capto Q <LOD 0.093 ± 0.0264 0.127 ± 0.0253 0.0008 

Capto DEAE <LOD <LOD 0.046 ± 0.0407 0.0821 

Capto MMC <LOD <LOD <LOD 1 

Capto S 0.042 ± 0.0387 0.021 ± 0.0365 0.025 ± 0.0219 0.7255 

CM Sepharose <LOD <LOD 0.013 ± 0.0219 0.5067 

Resin Comparison p-
value <0.0001 <0.0001 0.0417 

  

Matrix 

metalloproteinase-9 
G3H8V1 

Capto Adhere 0.226 ± 0.0098 0.215 ± 0.0518 0.220 ± 0.0000 0.9033 

Capto Q 0.040 ± 0.0353 0.062 ± 0.0595 0.328 ± 0.0545 0.0008 

Capto DEAE 0.017 ± 0.0294 0.192 ± 0.0098 0.254 ± 0.0169 <0.0001 

Capto MMC 0.130 ± 0.0353 0.113 ± 0.0196 0.266 ± 0.0595 0.0077 

Capto S 0.379 ± 0.0427 0.350 ± 0.0353 0.333 ± 0.0853 0.6554 

CM Sepharose 0.229 ± 0.0599 0.322 ± 0.0777 0.345 ± 0.0098 0.1598 

Resin Comparison p-

value 0.0486 0.0014 0.0069 
  

Metalloproteinase 
inhibitor 1 

G3IBH0 

Capto Adhere 1.682 ± 0.1203 1.697 ± 0.2503 1.500 ± 0.1203 0.3696 

Capto Q 1.197 ± 0.0946 1.152 ± 0.1892 1.197 ± 0.1461 0.9118 

Capto DEAE 1.894 ± 0.3674 2.015 ± 0.0262 1.788 ± 0.1721 0.5312 

Capto MMC 1.561 ± 0.2050 1.848 ± 0.0525 1.727 ± 0.0455 0.0782 

Capto S 1.470 ± 0.0262 1.682 ± 0.2362 1.606 ± 0.1050 0.2884 

CM Sepharose 1.159 ± 0.2250 1.076 ± 0.0694 1.045 ± 0.0787 0.6093 

Resin Comparison p-
value 0.0104 <0.0001 <0.0001 

  

Nidogen-1 G3HWE4 

Capto Adhere 0.080 ± 0.0193 0.101 ± 0.0253 0.194 ± 0.0365 0.0054 

Capto Q 0.021 ± 0.0365 0.051 ± 0.0506 0.329 ± 0.0219 0.0001 

Capto DEAE 0.025 ± 0.0253 0.127 ± 0.0335 0.291 ± 0.0253 <0.0001 

Capto MMC 0.308 ± 0.0073 0.295 ± 0.0650 0.494 ± 0.0633 0.0061 

Capto S 0.384 ± 0.0585 0.384 ± 0.0512 0.346 ± 0.1077 0.7898 

CM Sepharose 0.380 ± 0.0895 0.354 ± 0.0000 0.338 ± 0.1483 0.9043 

Resin Comparison p-

value <0.0001 <0.0001 0.0189 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Out at first protein-

like 
A0A061I2S4 

Capto Adhere 0.361 ± 0.0241 0.417 ± 0.0833 0.431 ± 0.0636 0.4064 

Capto Q 0.431 ± 0.1049 0.694 ± 0.1273 0.597 ± 0.1273 0.09 

Capto DEAE 0.403 ± 0.0241 0.361 ± 0.1049 0.486 ± 0.0636 0.178 

Capto MMC 0.292 ± 0.0417 0.333 ± 0.0000 0.306 ± 0.0241 0.2519 

Capto S 0.542 ± 0.0417 0.486 ± 0.0867 0.472 ± 0.0481 0.4064 

CM Sepharose 0.604 ± 0.0295 0.556 ± 0.0241 0.542 ± 0.1667 0.8147 

Resin Comparison p-

value 0.0004 0.0018 0.0424 
  

Peptidyl-prolyl cis-
trans isomerase 

G3H533 

Capto Adhere 1.431 ± 0.1203 1.278 ± 0.0481 1.500 ± 0.1102 0.078 

Capto Q 1.083 ± 0.0722 1.139 ± 0.0867 1.097 ± 0.1879 0.8584 

Capto DEAE 1.458 ± 0.0722 1.431 ± 0.2055 1.250 ± 0.1443 0.2623 

Capto MMC <LOD <LOD 0.097 ± 0.0867 0.087 

Capto S 0.708 ± 0.0722 0.875 ± 0.0417 0.819 ± 0.1203 0.1233 

CM Sepharose 0.417 ± 0.0000 0.556 ± 0.0481 0.542 ± 0.1102 0.1977 

Resin Comparison p-
value <0.0001 <0.0001 <0.0001 

  

Peroxiredoxin-1 PRDX1_CRIGR 

Capto Adhere 0.470 ± 0.1144 0.530 ± 0.1144 0.606 ± 0.0525 0.3059 

Capto Q 0.788 ± 0.1461 0.879 ± 0.0694 0.879 ± 0.1144 0.5637 

Capto DEAE 0.879 ± 0.1461 0.924 ± 0.1050 0.879 ± 0.0525 0.8424 

Capto MMC 0.636 ± 0.0787 0.758 ± 0.0946 0.758 ± 0.1050 0.2627 

Capto S 0.833 ± 0.1050 0.788 ± 0.0946 0.909 ± 0.0455 0.2902 

CM Sepharose 1.182 ± 0.0000 0.909 ± 0.1203 1.061 ± 0.1837 0.1858 

Resin Comparison p-

value 0.0006 0.0042 0.0039 
  

Phosphoglycerate 
mutase 1 

G3GZW8 

Capto Adhere <LOD <LOD 0.200 ± 0.0000 1 

Capto Q <LOD 0.200 ± 0.0500 0.333 ± 0.0289 <0.0001 

Capto DEAE <LOD <LOD 0.100 ± 0.1732 0.4219 

Capto MMC 0.433 ± 0.0289 0.500 ± 0.1323 0.333 ± 0.0764 0.1521 

Capto S 0.183 ± 0.1607 0.150 ± 0.0000 0.250 ± 0.0866 0.533 

CM Sepharose 0.300 ± 0.2121 0.150 ± 0.0000 0.400 ± 0.0866 0.0937 

Resin Comparison p-
value 0.0006 <0.0001 0.0207 

  

Procollagen-lysine,2-
oxoglutarate 5-

dioxygenase 1 

G3IIE7 

Capto Adhere <LOD 0.140 ± 0.0331 0.294 ± 0.0201 <0.0001 

Capto Q <LOD 0.215 ± 0.0201 0.298 ± 0.0201 <0.0001 

Capto DEAE <LOD 0.123 ± 0.0304 0.320 ± 0.0725 0.0004 

Capto MMC 0.149 ± 0.0304 0.237 ± 0.0132 0.351 ± 0.0201 0.0001 

Capto S 0.268 ± 0.0274 0.246 ± 0.0331 0.215 ± 0.0304 0.1844 

CM Sepharose 0.329 ± 0.0744 0.289 ± 0.0348 0.268 ± 0.0076 0.3281 

Resin Comparison p-

value <0.0001 <0.0001 0.0088 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Protein disulfide-

isomerase A6 
G3HB04 

Capto Adhere 0.036 ± 0.0619 <LOD 0.167 ± 0.0546 0.0118 

Capto Q <LOD <LOD 0.369 ± 0.0546 <0.0001 

Capto DEAE <LOD <LOD 0.179 ± 0.0619 0.0012 

Capto MMC <LOD <LOD 0.226 ± 0.0206 <0.0001 

Capto S 0.381 ± 0.0412 0.357 ± 0.0945 0.476 ± 0.0206 0.1116 

CM Sepharose 0.571 ± 0.0505 0.595 ± 0.0206 0.631 ± 0.0825 0.5549 

Resin Comparison p-

value <0.0001 <0.0001 <0.0001 
  

Putative 

phospholipase B-like 

2 

G3I6T1 

Capto Adhere 0.040 ± 0.0381 0.051 ± 0.0437 0.232 ± 0.0315 0.0014 

Capto Q 0.040 ± 0.0381 0.182 ± 0.0525 0.298 ± 0.0747 0.0044 

Capto DEAE 0.136 ± 0.0455 0.152 ± 0.0152 0.207 ± 0.0463 0.1376 

Capto MMC 0.374 ± 0.0700 0.354 ± 0.0631 0.359 ± 0.0437 0.9132 

Capto S 0.303 ± 0.0660 0.242 ± 0.0525 0.283 ± 0.0315 0.4045 

CM Sepharose 0.371 ± 0.1393 0.404 ± 0.0612 0.318 ± 0.0758 0.5269 

Resin Comparison p-
value 0.0001 <0.0001 0.0453 

  

Pyruvate kinase G3H3Q1 

Capto Adhere 0.583 ± 0.0618 0.692 ± 0.1201 0.583 ± 0.0949 0.3378 

Capto Q 0.692 ± 0.1201 0.814 ± 0.0444 0.769 ± 0.0838 0.3048 

Capto DEAE 0.705 ± 0.1456 0.981 ± 0.0509 0.776 ± 0.0777 0.0348 

Capto MMC 0.519 ± 0.0999 0.660 ± 0.0867 0.609 ± 0.1236 0.3173 

Capto S 0.571 ± 0.0777 0.500 ± 0.0333 0.538 ± 0.0838 0.4954 

CM Sepharose 0.904 ± 0.0544 0.763 ± 0.0618 0.814 ± 0.1059 0.2563 

Resin Comparison p-

value 0.0193 <0.0001 0.0153 
  

Serine protease 
HTRA1 

G3IBF4 

Capto Adhere 0.299 ± 0.0199 0.287 ± 0.0199 0.230 ± 0.0995 0.3783 

Capto Q 0.126 ± 0.0199 0.092 ± 0.0796 0.264 ± 0.0868 0.0481 

Capto DEAE 0.207 ± 0.0000 0.287 ± 0.0199 0.230 ± 0.0398 0.0214 

Capto MMC 0.253 ± 0.0868 0.322 ± 0.0398 0.103 ± 0.0912 0.0322 

Capto S 0.230 ± 0.0398 0.264 ± 0.0995 0.253 ± 0.0398 0.8147 

CM Sepharose 0.155 ± 0.0244 0.184 ± 0.0398 0.276 ± 0.0912 0.17 

Resin Comparison p-
value 0.0059 0.0037 0.1669 

  

Sialidase I B8Y440 

Capto Adhere 0.059 ± 0.1026 0.170 ± 0.0339 0.163 ± 0.0128 0.1294 

Capto Q <LOD 0.200 ± 0.0222 0.185 ± 0.0463 0.0003 

Capto DEAE <LOD 0.052 ± 0.0463 0.281 ± 0.0257 <0.0001 

Capto MMC 0.430 ± 0.0463 0.467 ± 0.0444 0.467 ± 0.0222 0.4577 

Capto S 0.370 ± 0.0714 0.415 ± 0.0925 0.407 ± 0.0128 0.7061 

CM Sepharose 0.344 ± 0.0471 0.281 ± 0.0257 0.259 ± 0.0128 0.0498 

Resin Comparison p-

value <0.0001 <0.0001 <0.0001 
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Table 2.4 (continued). 

Protein 
Accession 

Number 
Resin 

Mean SAF Load 

Comparison 

p-value 10 mg/mL 20 mg/mL 50 mg/mL 

Sulfated 

glycoprotein 1 
G3I1Y9 

Capto Adhere 0.543 ± 0.0932 1.000 ± 0.0980 0.914 ± 0.0932 0.0023 

Capto Q 0.407 ± 0.0741 0.716 ± 0.1191 0.840 ± 0.1827 0.0182 

Capto DEAE 0.531 ± 0.0214 0.951 ± 0.0932 1.259 ± 0.0980 <0\.0001 

Capto MMC 1.457 ± 0.1301 1.654 ± 0.0566 1.494 ± 0.1069 0.1164 

Capto S 1.185 ± 0.1335 1.309 ± 0.0566 1.198 ± 0.1864 0.5137 

CM Sepharose 1.204 ± 0.3405 1.358 ± 0.2601 0.975 ± 0.5813 0.585 

Resin Comparison p-

value <0.0001 <0.0001 0.0865 
  

Vimentin G3HHR3 

Capto Adhere 0.037 ± 0.0642 0.099 ± 0.0214 0.309 ± 0.0283 0.0005 

Capto Q 0.025 ± 0.0428 <LOD 0.463 ± 0.0668 <0.0001 

Capto DEAE <LOD <LOD 0.333 ± 0.0556 <0.0001 

Capto MMC 0.679 ± 0.1799 0.531 ± 0.1132 0.543 ± 0.0385 0.3387 

Capto S 0.654 ± 0.0835 0.525 ± 0.0107 0.457 ± 0.0566 0.0164 

CM Sepharose 0.463 ± 0.0524 0.506 ± 0.0107 0.481 ± 0.0185 0.2901 

Resin Comparison p-
value <0.0001 <0.0001 0.0004 

  

 

2.2.7 Gap Analysis of HCP Species with Minimal Removal by Tested Chromatography 

Approaches 

Following the comparison of HCPs bound by various resins, we focused on the species 

that were not bound by the commercially available adsorbents upon direct application of either 

untreated or diafiltered cell culture harvest. Non-bound proteins were defined as any species that 

do not meet either one of the two criteria for bound species, namely having a statistically lower 

in the non-bound supernatant or filtrate compared to the feed, or being identified in both the feed 

and the post-binding fraction) for any of the filters or ion exchange resins. Capto Adhere and 

Capto MMC resins were excluded from this analysis given the observed high binding of IgGs 

likely resulting in insufficient product yield. The identified non-bound species are presented in 

Table 2.5, which reports 68 identified species with no observed significant binding.  
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Table 2.5: Non-bound HCP species post-static binding to traditional ion exchange resins 

(Capto Q, Capto DEAE, Capto S, or CM Sepharose) or adsorptive depth filtration (3M Cuno Zeta 

Plus 90ZB or MilliporeSigma X0HC) 

Accession Number Protein Description 

G3H5D5_CRIGR Acyl-CoA-binding protein 

G3HAN8_CRIGR Adenosylhomocysteinase 

G3HH30_CRIGR Aldose reductase 

ALD2_CRIGR Aldose reductase-related protein 2 

G3IAQ0_CRIGR Alpha-enolase 

G3H559_CRIGR Alpha-mannosidase 

G3GZZ0_CRIGR Aspartate aminotransferase 

B2MG_CRIGR Beta-2-microglobulin 

A0A061I0W7 Brain-specific serine protease 4-like protein 

G3GYY6_CRIGR Catalase 

G3I4W7_CRIGR Cathepsin D 

G3GTT2_CRIGR C-C motif chemokine 

G3HI29_CRIGR Ceroid-lipofuscinosis neuronal protein 5 

G3INL9_CRIGR CMP-N-acetylneuraminate-beta-galactosamide-alpha-2, 3-sialyltransferase 

G3IDM2_CRIGR Cofilin-1 

G3H705_CRIGR Cystatin 

G3HCX3_CRIGR Deoxyribonuclease-2-alpha 

G3H8F4_CRIGR Dystroglycan 

G3HCK9_CRIGR Far upstream element-binding protein 2 

G3I4H6_CRIGR Fructose-bisphosphate aldolase 

G3IHH6_CRIGR Fumarylacetoacetase 

G3H7B3_CRIGR Galectin 

LEG1_CRIGR Galectin-1 

G6PI_CRIGR Glucose-6-phosphate isomerase 

G3IKN5_CRIGR Glutathione S-transferase omega-1 

G3I3Y6_CRIGR Glutathione S-transferase P 

G3HLK3_CRIGR Granulins 

G3IAI6_CRIGR Heme oxygenase 1 

A0A061IFF1 Heterogeneous nuclear ribonucleoprotein A1 

HPRT_CRIGR Hypoxanthine-guanine phosphoribosyltransferase 

G3I5N6_CRIGR Insulin-like growth factor-binding protein 4 

G3H6I5_CRIGR Interleukin-1 receptor-like 1 

G3HU51_CRIGR Isocitrate dehydrogenase [NADP] 

G3HGW6_CRIGR Laminin subunit alpha-5 

G3HEV3_CRIGR Latent-transforming growth factor beta-binding protein 1 

G3I255_CRIGR L-lactate dehydrogenase 

G3HDQ2_CRIGR Malate dehydrogenase 

G3IBH0_CRIGR Metalloproteinase inhibitor 1 

G3HGM6_CRIGR N(4)-(Beta-N-acetylglucosaminyl)-L-asparaginase 

G3GRS9_CRIGR N-acetylgalactosamine-6-sulfatase 
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Table 2.5 (continued). 

Accession Number Protein Description 

G3HBD3_CRIGR Nucleoside diphosphate kinase 

G3HBD4_CRIGR Nucleoside diphosphate kinase 

G3HKB0_CRIGR Peptidyl-prolyl cis-trans isomerase 

PPIA_CRIGR Peptidyl-prolyl cis-trans isomerase A 

PRDX1_CRIGR Peroxiredoxin-1 

A0A061I7R6 Peroxiredoxin-2 

A0A061HYZ1 Peroxiredoxin-6-like protein 

G3GU60_CRIGR Phosphatidylethanolamine-binding protein 1 

PGK1_CRIGR Phosphoglycerate kinase 1 

G3HA54_CRIGR Plasminogen activator inhibitor 1 

G3HXL1_CRIGR Poly(RC)-binding protein 1 

A0A061ICG7 Polypeptide N-acetylgalactosaminyltransferase 

A0A061IJG8 Prostaglandin reductase 1-like protein 

G3IDN7_CRIGR Protein FAM3C 

G3H3Q1_CRIGR Pyruvate kinase 

G3I4D4_CRIGR Ribonuclease T2 

G3H8C9_CRIGR Semaphorin-3B 

G3IBF4_CRIGR Serine protease HTRA1 

G3IDD4_CRIGR Serpin H1 

A0A061I0I3 SH3 domain-binding glutamic acid-rich-like protein 

G3IIB1_CRIGR Sialate O-acetylesterase 

G3GUV4_CRIGR Stromelysin-2 

G3I1Y9_CRIGR Sulfated glycoprotein 1 

G3H7I6_CRIGR Sulfhydryl oxidase 

A0A061IJP1 Triosephosphate isomerase 

G3I216_CRIGR Triosephosphate isomerase 

G3HS88_CRIGR Ubiquitin-conjugating enzyme E2 N (Fragment) 

G3GWQ1_CRIGR Vinculin 

 

Species identified as non-bound include highly abundant species in the model cell culture 

harvest, such as ribonuclease T2, C-C motif cytokine, beta-2-microglobulin, and galectin-1, 

together with a number of known ñproblematicò HCPs across all three groups. Group I HCPs 

(Protein A co-eluting) include aldose reductase-related protein 2, alpha-enolase, cofilin-1, 

fructose-bisphosphate aldolase, metalloproteinase inhibitor 1, and peptidyl-prolyl cis-trans 

isomerase. Group II (mAb-degrading) HCPs include cathepsin D, pyruvate kinase, and serine 
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protease HTRA1, and Group III (highly immunogenic) species include peroxiredoxin-1 and 

glutathione s-transferase P. This indicates that additional stationary phases are needed to more 

effectively scrub HCPs from clarified cell culture harvest prior to bind-and-elute stationary 

phases less specific than Protein A, or even when Protein A is in use but results in challenging 

residual species. More effective HCP capture technology would most certainly be required to 

enable only flow-through or continuous unit operations. 

2.3 Conclusions 

Straight-through processing and improved product polishing in the purification of 

biotherapeutics require establishing a novel purification paradigm and robust analytical 

approaches. We have established that application of clarified harvest to selected common resins 

and depth filters in flow-through mode does not provide sufficient clearance of HCPs, 

particularly problematic species, to enable a straight-through approach to IgG purification. 

Through qualitative comparison of bound and unbound HCP species monitored by a shotgun 

proteomics approach, in addition to semi-quantitative tracking of known problematic HCPs, we 

have shown that using typical commercial technologies for HCP capture, we are unlikely to be 

able to achieve the minimum 3 LRV typically for parenteral drugs. A total of 68 unique HCP 

species identified in the CHO-S cell culture harvest used as a model system for mAb production 

in mammalian cell culture were observed to have no significant decrease in spectral abundance 

after adsorption by commercial technologies with minimal IgG product binding (i.e. adsorptive 

depth filters and IEX resins). If was further shown that minimal benefit was observed in flow-

through binding with CEX resins tested, with a small number of HCPs identified as bound. Only 

modest improvement in peptidyl-prolyl cis-trans isomerase was observed from binding with the 
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CEX resins, but the difference between the spectral abundance post-static binding and that of the 

feed was not significant. Materials and Methods 

2.3.1 Materials 

Chinese hamster ovary (CHO) cell lines were selected as our model system to obtain 

typical HCP profiles found biotherapeutics processes. CHO-S cell culture harvest was donated 

by the Biomanufacturing Training and Education Center (BTEC) at North Carolina State 

University, and was cultured according to their standard procedure for expansion and production 

of the CHO-S wild-type (WT) cell line. Briefly, the CHO cell culture bulk fluid (CCBF) was 

from a null CHO-S cell line grown in CD CHO AGTÊ medium with 4 mM glutamine and 1 g/L 

pluronic F68.  The cultures were fed 5% daily with CD CHO Feed A from days 3-10.  The 

cultures are also supplemented with 0.1% Anti-Clumping Agent to prevent cell aggregation.  The 

cell line, medium, feed, glutamine, pluronic F68, and anti-clumping agent were manufactured by 

Life Technologies. Antifoam C (Sigma-Aldrich) was added at 10 ppm to prevent foaming in the 

bioreactor. CD CHO AGTÊ medium contains no proteins or peptide components of animal, 

plant, or synthetic origin, as well as no undefined lysates or hydrolysates.  The cell culture 

process was operated at a set pH of 7.0 ± 0.30, 37.0°C, and 50.0 % dissolved oxygen 

concentration. Post-production, the CHO-S harvest was clarified via centrifugation at 8,000 x g 

for 30 min. The supernatant was then 0.2µm filtered over a PES membrane using VWR Full 

Assembly Bottle-Top.  

2.3.2 Methods 

2.3.2.1 HCP Clearance by Adsorptive Depth Filtration 

Millipore Millistak+ µPod 23 cm2 depth filters were obtained from MilliporeSigma 

(Darmstadt, Germany) and Cuno Zeta Plus BC25 90ZB, 25 cm2 capsule filters were obtained 
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from 3M (Maplewood, MN). Depth filters were flushed with deionized water per the 

manufacturerôs recommendations (165 mL water at 550 LMH for the 90ZB filter, and 230 mL at 

520 LMH for the X0HC filter). CHO-S supernatant was applied to the filters at ~150-200LMH 

delivered by a MasterFlex Easy Load peristaltic pump. The void volume of water in the filter 

was discarded, then filtrate fractions were collected at constant flux at 50 L/m2 increments from 

0 ï 200 L/m2. 

2.3.2.2 Static Binding of HCP by Commercial Ion Exchange and Multimodal Ligands 

Clarified cell culture harvest was concentrated by a factor of ~4X (~1.6 mg/mL host cell 

protein), then diafiltered into 20 mM sodium phosphate, 50 mM sodium chloride, pH 7.0 using 

Macrosep Advance 3kDa MWCO Centrifugal Devices (Pall, Ann Arbor, MI). For experiments 

requiring the presence of the target molecule, the resulting diafiltered harvest was then spiked 

with 0.6 mg/mL Human IgG (Equitech Bio, Inc., Kerrville, TX). Common commercial 

chromatography resins used in protein purification were tested under equilibrium binding 

conditions at low conductivity, and included: Capto Adhere, Capto MMC, Capto Q, Capto 

DEAE, Capto S, and Capto CM, which were generously provided by GE Life Sciences 

(Marlborough, MA).  Resins were aliquoted into 6mL solid phase extraction (SPE) tubes at 50 or 

100 µL settled resin volume, and washed with 5 column volumes (CVs) 25 mM NaH2PO4, 20 

mM NaCl, pH 7.0. Resins were then incubated with the concentrated and diafiltered CHO-S 

harvest for 30 min on a rotator at HCP loads of 10, 20, and 50 mg HCP/mL resin and the 

resulting liquid flow-through was collected. 

2.3.2.3 Host Cell Protein Bulk Characterization 

Total protein concentration for samples pre- and post- treatment were measured by 

Bradford assay using a Pierce Coomassie Plus (Bradford) Assay Kit (Thermo Fisher, Rockford, 
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IL) at a dilution factor of 4. SDS-PAGE was performed using 4-20% TGX Mini-PROTEAN 

Gels run at 200V for 30-35 min and stained with Bio-Safe Coomassie Stain prior to imaging 

(Bio-Rad, Hercules, CA). Isoelectric focusing (IEF) was performed as recommended using 

Novex pH 3-10 IEF Protein Gels and Buffer Kit (Life Technologies, Carlsbad, CA). Samples 

were concentrated ~5X with Amicon Ultra-0.5 mL 3kDa spin filters (EMD Millipore, 

Darmstadt, Germany) prior to IEF for protein visualization. Post-electrophoresis, gels were fixed 

in 12% trichloroacetic acid (BDH, Sanborn, NY) and stained with Bio-Safe Coomassie Stain. 

2.3.2.4 Proteomic Analysis 

Concentrated, diafiltered CHO-S harvest and flow-through samples were prepared for 

proteomic analysis by filter-aided sample preparation with a modified trypsin digest adapted 

from the method described by WiŜniewski and coworkers.56 In brief, host cell protein was 

denatured in 5mM dithiothreitol at 56°C for 30 min. The samples were then washed twice with 8 

M urea, 0.1 M tris HCl solution in 3 kDa MWCO Amicon Ultra 0.5 mL spin filters (EMD 

Millipore, Darmstadt, Germany). Samples were then alkylated with 0.05 M iodoacetamide at 

room temperature for 20 min. After washing again with 8 M urea, 0.1 M tris HCl followed by 50 

mM ammonium bicarbonate, samples were trypsinized overnight with 15 µg/mL sequencing 

grade modified trypsin at 37°C. Finally, samples were washed again with 50mM ammonium 

bicarbonate prior to LC-MS analysis. FASP digest samples were diluted by a factor of 12 in 

0.1% formic acid and mixed with 33.3 nM trypsin-digested bovine serum albumin used as an 

internal standard for quantification. 

Chromatographic separation of the FASP digested samples was performed using an 

EASY-nLC 1000 (Thermo Fisher Scientific, San Jose, CA) with a 25 cm x 100 µm PicoTip 

emmiter column (New Objective, Woburn, MA) packed with ReproSil-Pur 120 C18-AQ, 3 µm 
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resin (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). Samples were loaded as 15 µL 

injections and proteins were separated by a 120 min linear gradient at 300 nL/min of mobile 

phase A (0.1% Formic Acid) and mobile phase B (0.1% Formic Acid in acetonitrile) from 5 ï 

40% mobile phase B. An Orbitrap Elite (Thermo Scientific, Waltham, MA) was operated as 

follows: positive ion mode, acquisition ï full scan (m/z 400 ï 2000), 60,000 resolution, MS/MS 

by top 5 data dependent acquisition mode with 35 normalized collision energy (NCE) higher-

energy collisional dissociation (HCD) acquisition.  

Raw LC-MS data was processed using Proteome Discoverer 1.4.1.14. Searching was 

performed with a 10 ppm precursor mass tolerance and 0.01 Da fragment tolerance with the 

Cricetus griseus subset of the UniProtKB/Swiss-Prot database with added sequence data for 

bovine albumin (acquisition ID P02769). The search settings were specific for trypsin digesting 

with a maximum of 1 missed cleavage. Specified modifications included dynamic methionine 

oxidation and static cysteine carbamidomethylation. Identifications were filtered to a strict 

protein false detection rate (FDR) of 1% and relaxed false detection rate of 5% using the 

Percolator node in Proteome Discoverer.  

Relative quantification was calculated by a normalized intensity-based absolute 

quantification (iBAQ) for each protein, where the total precursor intensity was normalized to the 

trypsinized BSA internal standard total precursor intensity, then divided by the theoretical 

number of tryptic peptides for the protein quantified. This method of label-free quantification has 

previously been shown to be superior to spectral counting-based methods in a head-to-head 

comparison for estimation of protein concentrations.49,57 Theoretical isoelectric point (pI) and 

grand average of hydropathy (GRAVY) were calculated based on the sequence of each identified 

protein as a model for empirical isoelectric point and hydrophobicity respectively, in addition to 



 

45 

calculation of molecular weight (MW). Theoretical pI and MW were calculated using the 

ExPASy Bioinformatics Resource Portal Compute pI/Mw tool.58 GRAVY values were 

calculated using the GRAVY Calculator59 developed by Stephan Fuchs at University of 

Greifswald. 

Proteins were considered as identified in the feed stream if the sum total of the spectral 

count reported by Proteome Discoverer across three technical replicates was greater than or 

equal to 4. For all ANOVA comparisons described below, ANOVAs were performed using JMP 

Pro 14. For qualitative bound protein analysis, proteins were considered ñboundò by a resin or 

filter if one of two criteria was met: (i) the protein species was identified in the feed stream, but 

no spectral count was detected in the feed, or (ii) the spectral abundance factor (SAF) across 

sample replicates (three biological replicates for chromatography resins and three technical 

replicates for depth filters) was statistically lower  by ANOVA analysis (Ŭ=0.05) than that of the 

feed stream. SAF was calculated as shown in Equation 2.1. Venn diagrams of overlapping 

bound proteins were created using the Venn Diagram add-in for JMP Pro 14. 

ὛὃὊ
Ὓὴὅ

ὓὡ
 

Equation 2.1: Spectral Abundance Factor (SAF), where SpC = spectral count of protein i detected 

by label-free proteomics experiment, and MW is the molecular weight of protein i. 

 

Semi-quantitative analysis of ñproblematicò HCP spectral abundance factors was 

performed by ANOVA comparison of spectral abundance of each protein species post-

adsorption as a function of load, throughput, or adsorbent. For depth filtration, ANOVA 

comparison of ñproblematicò HCPs as a function of filter was performed for cumulative SAF 
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rather than for each individual sample, to simulate the abundance of the pooled filtrate at 200 

L/m2. Cumulative SAF was calculated as shown in Equation 2.2. 

ὅόάόὰὥὸὭὺὩ ὛὃὊ
Вὠ ὛὃὊȟ
Вὠ

 

Equation 2.2: Cumulative SAF, where SAFi is the spectral abundance factor of protein i, Vt is 

the filtrate volume at throughput fraction t, and SAFi,t is the spectral abundance factor of protein i 

in throughput fraction t. 
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CHAPTER 3. DEVELOPMENT OF MULTIPLEXED FLUORESCENT SCREENING 

TOOLS TO IDENTIFY PEP TIDE LIGAN D CANDIDATES FOR HCP BINDING  

*Excerpts from: (1) Bosari, S. S.; Omary, M.; Lavoie, A.; Prodromou, R.; Day, K.; Menegatti, S.; 

San-Miguel, Adriana. Affordable Microfluidic Bead-Sorting Platform for Automated Selection of 

Porous Particles Functionalized with Bioactive Compounds. Sci. Rep. 2019, 9: 7210 60. (2) Lavoie, 

R. A.; di Fazio, A.; Dranschak, J.; Kreipke, R.; Miu, P.; Zou, B.; Carbonell, R. G.; Menegatti, S. 

Multiplexed Competitive Screening of One-Bead-One-Component Combinatorial Peptide 

Libraries by ClonePix 2 Colony Sorter. In Preparation. 61 

3.1 Introduction 

Screening of combinatorial one-bead-one-component (OBOC) solid-phase peptide 

libraries have found numerous applications in biorecognition applications, including 

identification of affinity ligands for purification of biomolecules 22ï24,62ï65, diagnostic imaging 

66,67, and drug discovery applications 68, due to compatibility with a broad set of combinatorial 

components (i.e. non-natural amino acids, peptoids, cyclic constructs, etc.) 68,69. A number of 

approaches and instrumentation have been introduced to increase throughput and decrease to 

occurrence of false positives selected from these screenings, from the development  and 

improvement of selection criteria for the COPAS Flow Pilot system 23,24,28 and the Pickoscreen 

confocal nanoscanning and bead-picking platform (CONA) 27, to bead blot approaches 70, 

improvements to reduce interference from non-specific binding 71,72, and development of low-

cost automation systems for screening of OBOP libraries by wide-field fluorescence microscopy 

25. While these efforts have demonstrated drastic improvements in throughput and effectiveness 

of solid phase screening approaches, current techniques often are intended to screen specifically 

for binding affinity without consideration of selectivity in competitive binding conditions. This 

criterion is particularly important for applications where the target molecule is at low 

concentration relative to other species in the starting material. Additionally, development of 

negative or flow-through chromatography ligands, where a molecule is enriched through direct 
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binding of the impurities, requires species that both (i) bind to the impurities and (ii) do not bind 

to the target molecule to identify ligands that allow for high yield enrichment of the target 

molecule. 

To address this need, this work sought to screen for selective ligands for flow-through 

chromatography applications using a multiplexed fluorescence screening approach to identify 

candidates from a limited OBOC library that simultaneously showed binding to a set of protein 

impurities and lack of binding to the molecule to be enriched. A suite of tools was developed to 

accomplish this goal, depending on throughput requirements. Our model system comprised host 

cell proteins (HCPs) from a null (i.e. non-producing) Chinese hamster ovary (CHO) clarified cell 

culture harvest that modelled production conditions for therapeutic monoclonal antibodies 

labeled collectively with an amine-reactive fluorescent tag, and polyclonal human IgG labeled 

with a separate fluorescent tag with minimal spectral overlap. While the use of this simultaneous 

positive/negative pick criteria increases the overall complexity of the system and results in 

inability to use multichannel approaches to minimize signal-to-noise ratio as discussed by 

Hintersteiner et al. 28, negative chromatography applications where the species to be capture are 

quiet diverse and there is a stringent criteria for lack of binding to the target molecule forced a 

more lenient approach towards the presence of false positives. For lower throughput systems, we 

thus designed a strategy for manually sorting beads into 96-well plates for subsequent 

multiplexed screening, in addition to automated image processing tools to determine key 

characteristics for each bead. We then increased throughput via development of a microfluidic 

device in collaboration with the San-Miguel lab to automate image processing and bead sorting 

in a one sorted at a time fashion. These systems allowed high flexibility and implementation of 
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this multiplexed sorting approach with existing equipment, and potential for implementation with 

a wide variety of detection methods. 

As the wide variability in autofluorescence from OBOC libraries has been well 

documented, a strategy for bead selection based on the fluorescence distribution of all beads, 

where it was hypothesized that outliers in the average fluorescent bead intensity distribution (i.e. 

beads that existed above the geometric mean) could be designated as protein-bound in an 

unbiased library screening. While approaches that image and sort one bead at a time like the 

COPAS system, manual screening, and the microfluidic device described above would not be 

suitable for this type of approach, ensemble imaging of OBOC libraries and subsequent selection 

of beads with increased fluorescent intensity compared to the remaining population has been 

successfully demonstrated by Heusermann et al. 25 This impressive, low-cost system to select 

beads using wide-field fluorescence microscopy allows for high-throughput bead selection, 

however bead picking in this system currently requires operator intervention. To further 

supplement this ñcast-image-pickò approach employed by Heusermann et al. 25, this work 

adapted a ClonePix 2 colony picker (Molecular Devices, Sunnyvale, CA) to fully automate the 

bead picking process with minimal operator intervention. The distinct separation of the beads in 

this approach further allowed for individual image characterization of beads screened with 

spatial separation to minimize interference in intensity measurements from near neighbors, 

enabling the establishment of population-based sorting criteria that can be imposed after imaging 

of the entire data set is complete. To screen the OBOC library, the beads were first incubated 

with labeled HCPs and IgG, then washed and cast into a methylcellulose-based semi-solid 

matrix, then imaged and picked based on gate criteria set up for the full population screened. 
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This enabled distribution-driven thresholding of the full ensemble of beads that accounts for the 

specific library, conditions, and fluorescent tags in use.  

3.1.1 Manual Multiplexed Fluorescence Screening 

Initial work to develop the multiplexed fluorescent screening approach was performed 

through manual sorting and imaging of OBOC peptide library beads incubated with a 

fluorescently labeled target, and a non-overlapping labeled competitor species. For this work, the 

target for binding were HCPs from CHO-based monoclonal production cultures, so to create a 

labeled population to simulate this set of proteins, non-producing CHO-S cells were cultured 

under conditions similar to a CHO mAb production culture. The resulting harvest was clarified 

by centrifugation and 0.22 µm filtration, then the resulting clarified harvest proteins were label 

with a red fluorescent label, Alexa Fluor 596 (AF596-HCP). To simulate the highly abundant 

mAb products, polyclonal human IgG was fluorescently labeled with a green fluorescent label, 

Alexa Fluor 488 (AF488-IgG), to act as the competitor species.   

To determine whether differences in bead ligands could be distinguished when 

multiplexed by fluorescence, HWRGWVGSG and a combinatorial, one-bead-one-component 

peptide library  with 4 combinatorial positions (XXXXGSG) synthesized on ChemMatrix 

HMBA as described by Lavoie et al.73 was incubated with AF596-HCP and AF488-IgG in 

phosphate buffered saline, pH 7.4, 0.1% Tween 20 (PBS-T). The spent protein solution was then 

removed, and the library beads washed thoroughly with PBS-T. Beads were then imaged by 

fluorescence microscopy at 560 nm excitation/630 nm emission intensity to image AF596-HCP, 

and 480 nm excitation/510 nm emission intensity to image AF488-IgG and results shown in 

Figure 3.1 were compared qualitatively.  

 



 

51 

 
Figure 3.1: Fluorescence imaging of HWRGWVGSG beads and OPOC peptide library beads 

synthesized on HMBA ChemMatrix resin and incubated with AF488-IgG (green) and AF596-IgG 

(red). Panels (A), (B), and (C) show the combinatorial library imaged at 480 nm Ex/510 nm Em 

(green), 560 nm Ex/630 nm Em (red), and as an compiled overlay of both images, respectively. 

Panels (D), (E), and (F) show the HWRGWVGSG single ligand imaged at 480 nm Ex/ 510 nm 

Em (green), 560 nm Ex/630 nm Em (red), and as a compiled overlay of both images, respectively. 

From this qualitative analysis, a clear difference in the distribution of fluorescence of a 

single ligand was observed compared to the library. Furthermore, in comparing library imaging 

in panels (A) and (B), beads were observed that appeared to fluoresce in one channel but not the 

other, indicating binding of the target, but not the competitor, or vice versa. 

To further test this strategy, a limited tetrameric (XXXXGSG), one-bead-one-component 

peptide library (~300 beads from a biased peptide library comprising ~11,000 possible 
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peptides73) was incubated with a 4:1 solution of AF488-IgG:AF596-HCP in phosphate buffered 

saline, pH 7.4 with 0.1% Tween 20 (PBS-T) overnight, as detailed in prior work73.  The protein 

solution was then removed, and the beads washed vigorously with PBS-T, and beads were 

deposited one bead per well in a 96-well plate and imaged individually with both 

excitation/emission channels. To compare bead fluorescence profiles, images were processed in 

MATLAB to determine the average and maximum intensity in each fluorescent channel. The 

MATLAB script used to determine these parameters is available in Appendix B. Maximum 

fluorescence for the 480 nm Ex/510 nm Em (IgG) channel compared to the 560 nm Ex/630 nm 

Em (HCP) channel, as shown in Figure 3.2. While average fluorescence was reported, maximum 

fluorescence was used as the selection criteria for beads based on prior work by Marani et al23, 

who determined that false positive results could be minimized by selection of beads with an 

intense ñhaloò appearance, rather than high average intensity. Thresholds were implemented at 

IgG max fluorescence <2500 and Max HCP Fluorescence >5000. 
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Figure 3.2: Fluorescence characteristics of XXXXGSG-HMBA ChemMatrix OBOC peptide 

library incubated with AF596-HCP and AF488-IgG. The maximum fluorescence for the 480 nm 

Ex/510 nm Em fluorescence channel (AF488-IgG) is plotted against the 560 nm Ex/630 nm Em 

(HCP) maximum fluorescence to allow for selection of beads that bind only HCP (high HCP max 

fluorescence) and not IgG (low IgG max fluorescence). Average fluorescence in each channel was 

also indicated, where the size of the bubble indicates the relative average HCP fluorescence, and 

the color indicates the average IgG fluorescence. 

To verify that the selected high maximum intensity beads were a result of a halo 

appearance and not an image artefact, images of selected beads were manually inspected, along 

with radial intensity plots as shown in Figure 3.3 to ensure that fluorescence maxima existed at 

the outer perimeter of the bead radius. 
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Figure 3.3: Example radial fluorescent intensity plot for multiplexed fluorescence screening of 

OBOC peptide library beads. A desired ñhaloò characteristic for reduction of false positives is 

shown, where a local maximum occurs at the bead perimeter. 

The resulting selected beads from this work were then sequenced by LC/MS/MS and the 

peptide candidates evaluated as described in detail in Chapter 473. Successful identification of 

HCP-selective ligands from this small subset of screened beads was obtained as shown below, 

indicating that the multiplexed fluorescent screening approach could be successfully 

implemented. This preliminary work was the basis of further development of the microfluidic 

bead-sorting platform and the ClonePix 2 multiplexed fluorescence screening approach described 

in sections 3.1.2 and 3.1.3. 
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3.1.2 Multiplexed Fluorescence Screening by Microfluidic Bead-Sorting Platform 

3.1.2.1 Results and Discussion 

3.1.2.1.1 Diverse Fluorescence Patterns for Protein Binding Detection 

In prior studies 24,62,64,74, PEG-based ChemMatrix resin has been successfully utilized as a 

substrate for the synthesis and screening of solid-phase peptide libraries against target proteins 

for the selection of peptide ligands. In this context, however, the small pore diameter of 

ChemMatrix resin has been shown to limit protein diffusion through the bead, resulting in a 

protein-rich corona, or ñhaloò whose width decreases with the molecular weight of the protein 23. 

When fluorescently labeled targets are utilized, this translates in a halo-like fluorescence pattern; 

in theory, smaller proteins produce a diffuse halo, while larger ones produced a narrow halo. To 

replicate this effect, a number of fluorescent bead classes were prepared, either by conjugating 

different amine-reactive fluorophores (i.e., Texas Red NHS and FITC) onto aminomethyl 

ChemMatrix beads or by adsorbing fluorescently labeled streptavidin or streptavidin-conjugated 

proteins of different molecular weight onto biotin-ChemMatrix beads (Figure 3.4). Specifically, 

seven classes of beads were prepared, namely: Class 1, homogeneous only-red fluorescence, 

prepared by conjugating amine-reactive Texas Red to aminomethyl ChemMatrix beads; Class 2, 

homogeneous green-only fluorescence, prepared by reacting Fluorescein isothiocyanate (FITC) 

with aminomethyl ChemMatrix beads; Class 3, homogeneous dual red-green fluorescence, 

prepared using both Texas Red and Fluorescein; Class 4, broad halo only-red fluorescence, 

prepared by adsorbing red-Streptavidin (MW ~ 56 kDa) onto biotin-ChemMatrix beads; Class 5, 

medium halo only-red fluorescence, prepared by adsorbing Texas Red-labeled Streptavidin-BSA 

conjugates (MW ~ 118 kDa) onto biotin-ChemMatrix beads; Class 6, narrow halo only-red 

fluorescence, prepared by adsorbing Texas Red-labeled Streptavidin-AD (MW ~ 202 kDa) 
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conjugates onto biotin-ChemMatrix beads; and Class 7, broad halo only-green fluorescence, 

prepared by adsorbing green-Streptavidin (MW ~ 56 kDa) onto biotin-ChemMatrix beads. 

 

Figure 3.4: Various classes of beads with different flourescence profiles. Beads in classes 1-3 

exhibit homogeneous fluorescence patterns in green, red, and green/red. Class 4 and 7 were 

prepared by adsorbing red and green Streptavidin onto biotin beads producing broad halo pattern 

in red and green channel respectively. Classes 4-5 were prepared by adsorbing red-Streptavidin-

BSA and red-Streptavidin-AD onto biotin beads producing medium and narrow halo pattern 

respectively. The scale bar is 200 µm. Contrast has bee modified in the Unlabeled class image for 

visibility. 

3.1.2.1.2 Flexible Automated Detection, Analysis, and Sorting of Beads 

To enable automated bead selection and sorting, we developed customized algorithms to 

detect the presence of a bead, to extract image-based descriptive metrics required for 

classification, and to sort the bead according to the criteria provided by the operator into a 

positive line to the collection receptacle or a negative line to be discarded. Bead selection was 

based on (i) radial distribution of fluorescence, (ii) fluorescence intensity, and (iii) difference of 

color 1 vs. color 2 intensities. Radial distribution of fluorescence depends on the diffusion of the 

target biomolecule through the bead, and thus on its hydrodynamic radius; ñhaloò-like radial 

distribution can be utilized as a criterion of choice when screening against large protein targets, 

so that beads showing a homogeneous fluorescence distribution are discarded as false positives. 
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Fluorescence intensity correlates to the ability of the peptides carried by the bead to effectively 

capture the target biomolecule; thus, selection of beads carrying high intensity promotes the 

selection of peptides with high binding strength. Finally, the difference of intensities in two 

colors, is utilized for selection of ligands with high binding selectivity. Library selection is 

performed in ñcompetitive conditionsò, that is, by co-incubating the labeled target protein with a 

myriad of other protein impurities communally labeled orthogonally to the target (e.g., using 

fluorescence dyes with non-overlapping emission wavelengths); accordingly, the selection of 

beads carrying only the desired label ensures capture specificity. To demonstrate the full 

potential of our technology, we sorted the beads from the library mimetic according to various 

fluorescence patterns and intensities, showing that the device is capable of unsupervised bead 

sorting with high accuracy in response to criteria set by the user. 

Screening the peptide library using the microfluidic platform comprises a series of tasks 

performed in a loop. Throughout the process, on/off-chip valves are utilized to trap single beads 

in the imaging zone and sort them as positive or negative based on the selection criteria. The first 

step involves loading an individual bead to the imaging zone (Figure 3.5, Top left); in this step, 

the beads are withdrawn from the suspension and flown through the device, while keeping the 

loading and positive outlets valves closed, and the negative outlet and imaging valve open. 

Importantly, the valves used in this system are only closed partially, thus trapping beads while 

allowing fluid to flow through closed valves. As the fluid flows through the imaging zone, the 

algorithm is constantly acquiring and analyzing frames from the camera to detect the presence of 

a bead. Detecting a bead triggers the second step, where the imaging, loading and positive outlet 

valves are closed, and the bead is retained in the imaging zone (Figure 3.5, Top middle). A 

second image is then acquired to ensure the presence of a bead in the imaging zone. This image 
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is fed to an image processing algorithm that segments the bead and extracts various descriptive 

metrics. The system then determines whether the bead is positive by comparing these metrics 

with the thresholds input by the operator. If the bead is assessed as negative, the loading valve 

opens and allows the bead to be expelled through negative outlet, while flow through positive 

outlet is stopped by both on and off chip valves (Figure 3.5, Top right). Off-chip pinch valves 

are used in both positive and negative outlets to ensure the flow is completely stopped. As 

mentioned earlier, collection of positive beads can be performed in two different modes, either 

by transferring individual beads to single wells in a 96 well plate or by collecting them in bulk in 

a common flask (Figure 3.5, Bottom right and left). When operating in bulk collection mode, 

once a positive bead is detected, the negative outlet valves (on and off-chip) are closed while the 

positive outlet valves and the loading valve open, allowing the bead to flow toward the flask. The 

incoming fluid from the reservoir containing the bead suspension is sufficient to direct the bead 

to the collection flask. When operating in single bead collection mode, once a positive bead is 

detected, the system is programmed to pause the operation and ask the operator for permission to 

continue. As the positive outlet tube is placed in the designated well, upon receiving permission 

to continue by the operator, the system opens the positive outlets and the loading valves, 

allowing the bead to travel to the collection well with the flow provided by the flush stream. 

With this set up, were able to perform sorting at a speed of up to 125 beads/hr (~3.5 times faster 

than a trained operator). 
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Figure 3.5: Screening process flowchart. Beads are flown through the device while the loading 

valve is closed and the imaging valve open. Once a bead is detected in the imaging zone, the 

imaging valve closes trapping the bead. If the bead is assessed to be negative, the loading valve 

will open up and allow the bead to flow through the negative outlet. If the bead is assessed to be 

positive, the negative outlet valve closes and the positive outlet valve opens while the loading 

valve opens and allows the bead to flow through the positive outlet. 

3.1.2.1.3 Sorting and Detection Validation 

Several tests were performed to evaluate the bead sorting accuracy and precision of the 

system using fluorescently labeled beads of Class 1 ï 7. Library mimetics depicting different 

screening scenarios were prepared by mixing beads of one class, considered as positive, with a 

combination of beads from other classes. In every experiment, a different library mimetic was 

suspended in PBS at a density of ~2 beads/mL and maintained under gentle agitation to prevent 

aggregation. Beads were fed at a rate of ~2.5 beads/min. The beads conforming to the set 

selection criteria were sorted as positive, and subsequently analyzed to calculate the yield and 

accuracy of the sorting process, respectively defined as ratio of positive beads collected vs. 
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positive beads fed and ratio of positive beads collected vs. total beads collected in the positive 

flask. 

3.1.2.1.3.1 Sorting Beads with Homogenous Fluorescence Patterns 

We first processed beads with uniform high-intensity fluorescence patterns in either a 

single (red-only or green-only) or dual (red and green) color (Figure 3.4). In the first test, beads 

with uniform red-only fluorescence (Class 1) were used as the positive set and mixed with 

untreated ChemMatrix beads and green-only fluorescent beads (Class 2) as negatives. We 

established the positive selection criterion based on the 90th percentile of the beadôs intensity in 

the red channel and the 90th percentile of the beadôs intensity in the green channel. Beads 

exhibiting values above 0.5 in normalized red channel 90th percentile and below 0.2 in 

normalized green channel 90th percentile were considered positive (Figure 3.6 a, b). These 

threshold values were established based on preliminary images acquired from each bead class 

and analyzed to identify distinctive features. Using these thresholds, we were able to retrieve 17 

out of the 18 positive beads initially present in the reservoir flask (~ 95% yield); while all 17 

beads were confirmed as positive, indicating 100% accuracy. 

The second test aimed to sort beads with green-only homogeneous fluorescence (Class 2) 

from a mixture of Class 2, Class 1, and unlabeled beads. For this test, beads with normalized 90th 

percentile pixel intensity higher than 0.5 in the green channel and normalized 90th percentile 

pixel intensity lower than 0.2 in red channel were considered positive (Figure 3.6 c, d). Using 

these thresholds, we retrieved 53 out of 57 initial positive beads (~ 93% yield); all 53 beads were 

confirmed as positive (100% accuracy). The third test aimed to isolate beads carrying dual red-

green fluorescence (Class 3) from a mixture of Class 3, Class 2, and unlabeled beads. Beads 

were considered positive when the 90th percentile of pixel intensity in the red and green channels 
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was above 0.5 and 0.4, respectively (Figure 3.6 e, f). As a result, 48 positive beads and 1 false 

positive were retrieved out of 51 positive beads fed to the sorting device (~ 94% yield rate and ~ 

98% accuracy). 

 

Figure 3.6: Detection and sorting of beads with homogeneous fluorescence patterns. a,c,e) Dot 

plot of samples screened with the goal of sorting class 1,2, and 3 beads respectively. The values 

for decision hyperplanes (lines) were established based on preliminary data acquired for each class. 

The purple point in figure (c) occurred due to having class 1 and class 2 beads entering the imaging 

zone together. Both beads were sorted as negative.  b,d,f) Bar plots of the platform performance 

in sorting class 1,2, and 3 beads respectively. ñPositive addedò is the known number of positive 

beads added to the flask. ñPositive Retrievedò represents the true positives collected at the outlet. 

ñFalse Positiveò and ñFalse Negativeò are the beads sorted incorrectly. 

3.1.2.1.3.2 Sorting Beads with ñHaloò-Like Fluorescence Pattern 

We then sought to evaluate the capability of this platform to sort beads with more 

complex fluorescence patterns. The homogeneous fluorescence distribution initially utilized is 

representative of library screening against small protein targets, which can easily diffuse through 
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the pores of the library beads and be captured by the ligands displayed throughout the entire 

radius of the bead. In contrast, prior work by the Camperi group 23 on screening ChemMatrix-

based peptide libraries indicates that, due to diffusion limitations, larger target proteins 

effectively penetrate only the outer corona of the beads. This translates into a ñhaloò-like 

fluorescence pattern, potentially accompanied by fluorescing spots randomly distributed 

throughout the bead (Figure 3.4). Accordingly, additional tests were designed to assess the 

sorting of beads with beads with halo-like fluorescence pattern. 

We first sought to separate Class 6 (narrow halo) beads from a mixture of Class 6, Class 

4 (broad halo), Class 7 (broad halo green-only), and unlabeled beads. To distinguish beads with 

subtler fluorescence patterns, a more complex set of parameters was defined. Specifically, to be 

accepted as positive, a bead ought to meet three criteria: 

 

Where Ŭer and Ŭeg measure the fluorescence homogeneity through the bead. Smaller Ŭer 

and Ŭeg numbers indicate homogenous distribution of fluorescence within the bead, whereas 

larger values of Ŭer and Ŭeg indicate a wider range between the maximum pixel value and the 90th 

percentile. These threshold values were chosen based on preliminary analyses conducted on 

images acquired from beads of Class 4, 5, 6, and 7.  

90

90

0.15  , 0   ,90 0.1

(M - 90 )
M

(M - 90 )

M

90  percentile pixel intensity of entire bead in green channel

90  percentile pixel intensity of entire bead in

th
eg

th
er

th
er er eg eg

th
er er

er

th
eg eg

eg

th

th

er

eg

a a a

a

a

=

> - > <

=

=

=

M

M

 red channel

Maximum pixel intensity of entire bead in green channel

Maximum pixel intensity of entire bead in red channel

eg

er

=

=



 

63 

 

Figure 3.7: Capability of platform in sorting halo fluorescence patterns. a,c) The 3D plot of 

samples screened to sort class 6 and 5 beads respectively. The values for decision hyperplanes 

(surfaces) were established based on preliminary data acquired for each class. b,d) the bar plot of 

the platform performance in sorting class 6 and 5 beads respectively. ñPositive Addedò is the 

known number of positive beads added to the flask. ñPositive Retrievedò represents the true 

positives collected at the outlet. ñFalse Positiveò and ñFalse Negativeò are the beads sorted 

incorrectly. e) Unsupervised K-mean clustering of data extracted from images taken from class 5 

and 6 beads. ~30 beads from each class were imaged and processed. f) The ground truth labels for 
points used in the unsupervised K-mean clustering. These labeled data were used to calculate 
the accuracy of unsupervised clustering of data points acquired from class 5 and 6 beads. 

As a result, 21 positive beads and 3 false positives were retrieved out of 24 positive beads 

fed to the sorting device (~ 87.5% yield). Considering that 3 beads sorted as false positive, we 

obtained a ~ 87.5% accuracy) (Figure 3.7 a, b). The presence of false positive and false negative 

beads is imputed to the variability inherent to protein-peptide binding. In some instances, beads 

of Class 6 did not exhibit a halo-like pattern, likely due to heterogeneous pore size distribution 

through the bead. False positives and false negatives can also occur if two beads enter the 
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imaging zone together, a result of aggregation or simple proximity in the flow. When two or 

more beads of different classes enter the imaging zone, the algorithm inevitably sorts them as 

either positive or negative, correspondingly resulting in false positive or false negative sorting. 

However, our data suggests the error caused by these phenomena is only a minor occurrence. 

As a final experiment, we aimed to sort Class 5 beads (medium halo red-only 

fluorescence) from a mixture of Class 5, Class 4 (broad halo red-only), Class 7 (broad halo green-

only), and unlabeled beads. Similar to the previous test, three criteria were defined to identify 

positive beads with non-uniform patterns: 

 

By applying these thresholds, we were able to retrieve 30 out of 33 positive beads fed to 

the sorting device (~ 91% yield), with 4 false positives and 2 false negatives (~ 88% accuracy) 

(Figure 3.7 c, d). 

We performed a detailed statistical analysis aiming to find metrics that would enable 

sorting of beads from Classes 5 and 6, which exhibit comparable halo and non-uniform 

fluorescence patterns. Specifically, Class 5 beads are labeled with a red Streptavidin-Albumin 

conjugate and exhibit non-uniform fluorescence pattern through the beadôs core as well as a 

partial halo on the corona; Class 6 beads are labeled with a red Streptavidin-Alcohol 

Dehydrogenase conjugate and exhibit a strong fluorescent halo and low-to-no fluorescence in the 
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beadôs core. Initially, 34 descriptive metrics were extracted from 61 images acquired from Class 

5 and 6 beads, and a K-means clustering was performed using the two metrics that showed the 

largest difference between Class 5 and 6 beads, namely the normalized 99th percentile pixel in 

the red channel and the normalized 90th percentile pixel of non-bright segment of bead in the red 

channel (Figure 3.7 e, f). To extract these metrics, the bead was segmented in regions of high 

and low brightness. To detect regions of high brightness, a local first order statistic threshold was 

used with decreased sensitivity toward the bright foreground (in comparison to that used for 

entire bead detection). Regions of low brightness were detected by subtracting the mask for 

bright segments from the mask of the whole bead. Based on results of the K-means clustering 

analysis, a hyperplane was specified to differentiate between the Class 5 and 6 beads. The 

clusters obtained from unsupervised sorting were compared with the labeled data to assess the 

accuracy (Number of beads correctly classified/Total number of beads) of the K-means-based 

clustering. This comparison indicated that these groups can be discerned with a ~ 87% accuracy, 

which accounted for the non-homogeneities associated with fluorescence patterns emerging 

within the samples prepared. There were instances where distinguishing these two classes was 

not possible even by visual inspection performed by a trained operator.  

Collectively, these tests demonstrated the flexible capabilities of this platform in 

detecting and sorting beads based in various fluorescence intensities and patterns. By discerning 

populations with either uniform or more complex fluorescence patterns, this system proved fit 

for automated, unbiased screening of peptide libraries against different protein targets for the 

identification of synthetic bioactive compounds. 
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3.1.2.2 Conclusions 

Screening combinatorial peptide libraries using fluorescence-based readouts is a powerful 

approach for the identification of protein-binding peptides. With solid-phase libraries, in 

particular, which feature peptides conjugated on porous beads, fluorescence detection of the 

beads following capture of the labeled protein target is a successful approach for high-throughput 

screening of combinatorial solid-phase libraries 23,24. Despite its success, manual screening is 

extremely labor-intensive and commercial devices for automated screening are likely 

unaffordable to academic labs. In this work, we developed a low-cost accessible platform for 

automated screening of solid-phase peptide libraries that integrates lab-scale microfluidics and 

microscopy with user-friendly software that enables unsupervised bead imaging and sorting. The 

device, which can process 100-150 beads per hour, was tested to evaluate yield and accuracy of 

automated bead sorting. This setup was successfully able to handle beads of various size (~100-

300) and flexible enough to detect and sort beads with different fluorescence pattern. To this end, 

we utilized seven classes of beads featuring different patterns of fluorescence labeling that mimic 

the appearance of library beads screened against protein targets with different size. The average 

yield and accuracy of positive beads recovered by the device from mixtures of different classes 

was found to be 92% and 94% respectively. Particularly encouraging was the recovery of beads 

with complex fluorescence patterns, which afforded ~ 88% yield and ~ 88% accuracy. Notably, 

the acquisition of the metrics needed to perform the bead sorting was unsupervised; specifically, 

two bead patterns (i.e., non-homogeneous and halo-like) were produced using labeled proteins of 

different molecular weight, automatically acquired, and successfully utilized to recover positive 

beads from both classes. This demonstrates that the device provides an unbiased, cost-efficient, 

and accessible alternative with high sensitivity and specificity to commercial equipment for 
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fluorescence-based screening. This platform achieved high accuracy and yields in sorting beads 

without the need for images to be acquired using confocal microscopy. In addition, as a 

microfluidic platform, multiple devices and setups can be assembled in a relatively short period 

of time.  

This platform can be integrated with other analytical instruments as well as systems that 

enhance the decision-making algorithms. Non-fluorescence readouts include radioactivity and 

Raman spectroscopy; the latter is particularly attractive, for it does not require labeling of the 

target, which can interfere with binding specificity. Further, image processing and pattern 

recognition can be carried out using machine-learning algorithms that would improve the 

accuracy of the decisions made during sorting. Integrating these supervised machine-learning 

algorithms would lead to detecting more subtle and complicated patterns occurring throughout 

screening a library of peptides. The throughput of this platform can also be improved by 

implementing parallel devices simultaneously or by increasing the concentration of beads in the 

suspension flown through the device.  

3.1.2.3 Methods 

3.1.2.3.1 Device Fabrication 

The microfluidic platform was fabricated by traditional photolithography followed by 

soft lithography. Negative photoresist SU-8 2150 was spun at 1460 rpm to achieve a feature 

height of 400 mm (Figure 3.8 d). Soft bake was carried out for 10 and 90 minutes at 65°C and 

95°C, respectively. The wafer was then exposed to UV light for 14 seconds using a UV-KUB 3 

mask aligner. The mold was then further baked at 65°C and 95°C for 5 and 30 minutes 

respectively to ensure complete cross-linking of exposed regions. Soft lithography was 

performed in two steps since on-chip valves require a more flexible material for proper 
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operation. First, a thin PDMS layer at a 20:1 ratio of polymer to cross-linker was poured and 

cured for 20 minutes at 80°C. A second thick PDMS layer at a 10:1 ratio of polymer to cross-

linker was then poured on the mold and cured for 2 hours at 80°C. 

 

Figure 3.8: Microfluidic device for automated screening of bioactive compounds. a) Schematic 

of experimental setup. b) Photograph of the microfluidic platform. c) Device schematic. Beads 

enter the device through the bead inlet and are trapped in the imaging zone by on-chip valves. 

Beads are then directed to positive or negative outlets depending on their fluorescence profile. d) 

The width and length of imaging zone is 350 µm while the height is 400 µm. The PDMS membrane 

separating flow and valve channels is 140 µm. The scale bar is 1 cm. 

3.1.2.3.2 Preparation of Fluorescently Labeled Beads 

Beads were prepared to feature two different fluorescence profiles, namely homogeneous 

and ñhaloò-like distributions, as described by Marani et al 23. Beads with homogeneous 

fluorescence were prepared by labeling ChemMatrix aminomethyl beads with Texas Red NHS 

ester, fluorescein isothiocyante (FITC), or both; to this end, 50 mg ChemMatrix dry resin was 

swollen in 1 ml 0.1 M sodium bicarbonate, pH 8.3, for 1 hour at room temperature and incubated 

with 50 µl of 2 mg/mL fluorescent dye solution in dimethyl sulfoxide (DMSO) in dark, for 1 

hour at room temperature under gentle agitation. After incubation, the dye solution was removed 

and the beads were washed thoroughly with 0.1% Tween 20 in phosphate buffered saline (PBS), 
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pH 7.4 (PBS-T) for storage and to remove unreacted fluorescent dye. Beads featuring halo-like 

beads were produced using proteins with a range of molecular weights. To this end, biotin was 

initially conjugated onto ChemMatrix aminomethyl beads by incubating the resin with a 1 

mg/mL solution of biotin and 2mg/mL 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

in 0.1 M MES, pH 4.6, to achieve a ratio of 1 mg biotin:2 mg EDC:100 mg resin, for 2 hours 

under gentle agitation at room temperature. Meanwhile, high purity bovine serum albumin (BSA, 

66 kDa) and alcohol dehydrogenase (AD, 150 kDa) were dissolved at 2 mg/ml in phosphate 

buffered saline and conjugated to streptavidin (53kDa) using a LYNX Rapid Streptavidin 

conjugation kit. The streptavidin-conjugated proteins were then fluorescently labeled with Texas 

Red NHS ester. Briefly, 10 µL of streptavidin-conjugated protein was dissolved at 2 mg/ml in 

0.1 M sodium bicarbonate, pH 8.3, and mixed with 1 µL of 10 mg/mL solution of Texas Red 

NHS dye in DMSO under gentle agitation for 1 hour, light-protected at room temperature. The 

unreacted dye was removed by diafiltration against PBS-T. For labeled protein-bead interactions, 

20 µL of the labeled streptavidin and protein conjugates was incubated with 2-5 µl settled 

volume of biotinylated beads for at least 1 hour at 2-8°C.  

3.1.2.3.3 Experimental Setup 

In this study, beads are sorted based on their fluorescence intensity or pattern in both red 

and green channels. Simultaneous dual color fluorescence microscopy was performed using a 

LEICA DMi8 inverted microscope connected to a Hamamatsu Orca-D2 camera equipped with 

two charge-coupled devices (CCDs) enabling simultaneous microscopy in wavelengths of 

interest. The ChemMatrix beads used in this study tend to aggregate in solution, leading to 

clogging of the microfluidic platform and sorting errors (false positives/negatives). To prevent 

aggregation, beads were maintained in a diluted suspension in PBS buffer (150 beads per 80 ml) 
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and gently stirred on an orbital shaker throughout the duration of the sorting cycle. On-chip 

valves were filled and degassed with a 50% glycerol solution with a similar refractive index as 

PDMS, which improves image quality in the vicinity of the valves. A custom-built pressure box 

equipped with pressure regulators was used to drive fluid flow in the tubing and device. Valve 

operations was controlled by a custom-developed MATLAB Graphical User Interface (GUI). 

3.1.2.3.4 Image Processing 

To automate the sorting process in an unbiased and quantitative manner, computer-vision 

algorithms were implemented to detect bead presence in the imaging zone and classify it as 

negative or positive based on the criteria provided by the operator. Bead detection was carried 

out by a custom developed MATLAB algorithm that identifies the presence of beads in the 

channel independently of bead size or fluorescence intensity. Bead detection begins by 

converting the raw grayscale image to a binarized image using a local first order statistic 

threshold. The background noise detected in the binarized image is eliminated by removing 

objects smaller than 100 pixels. The image is then dilated and filled to re-construct the bead 

structure. To further refine the mask, the image is opened, eroded, and dilated to smooth the bead 

shape. We integrated this algorithm with the live image acquisition setup where the presence of 

each incoming bead was detected. Once the bead is detected and isolated in the imaging zone, a 

second image processing algorithm extracts the image intensity profile using the mask previously 

generated. Various metrics such as mean intensity, max intensity, intensity Nth-percentile, and 

different combinations of these metrics are extracted. The values extracted using this algorithm 

are normalized by converting the 12-bit pixel value range from 0 (black)-4095(white) to 0 

(black)-1 (white). Positive beads are detected and isolated based on the values of these metrics. 

In this study, more than 20 metrics were extracted for each bead. Depending on the pattern of 
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interest, a combination of two or three metrics is used as criteria for the identification and sorting 

of positive beads.  

3.1.3 Multiplexed Fluorescence Screening by ClonePix 2 Colony Sorter 

3.1.3.1 Results and Discussion 

To demonstrate a multiplexed approach for identifying ligands with selective binding in 

competitive conditions from a combinatorial library, Chinese hamster ovary (CHO) host cell 

proteins (HCPs) were used as a model set of target proteins in the presence of a four-fold excess 

of polyclonal IgG binding competitor, as evaluated in previous work 73. This model system 

allowed for the identification species of peptides that selectively bind HCP impurities as 

compared to IgG for design of stationary phases that enable purification of therapeutic 

monoclonal antibodies by flow-through chromatography 73. Peptide candidates for HCP-binding 

ligands were screening from a nonameric combinatorial OBOP library with six combinatorial 

positions and a Glycine-Serine-Glycine C-terminal spacer (X1-X2-X3-X4-X5-X6-G-S-G), where 

X represents an equal probability of any of the following amino acids: of isoleucine (I), alanine 

(A), glycine (G), tyrosine (Y), aspartate (D), histidine (H), arginine (R), lysine (K), serine (S), 

and Glutamine (Q). A limited library (~400,000 beads with 1,000,000 possible sequences) was 

synthesized as previously described 73,74 using a split-couple-recombine approach 75 on 

ChemMatrix HMBA to enable uncoupled side-chain deprotection and peptide cleavage, allowing 

for on-bead screening as described by Marani et al. 23 After deprotection of the amino acid side-

chains and thorough washing of the library and equilibration in 50 mM sodium phosphate, 150 

mM sodium chloride, pH 7.4 with 0.1% Tween 20 to minimize non-specific binding, a mixture 

of the following was incubated with a small fraction of beads (~24000 beads, 0.1 mL settled 

volume) overnight to allow saturation:  CHO HCPs fluorescently labeled with Alexa Fluor 546 
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NHS Ester amine-reactive label and polyclonal human IgG labeled with Alexa Fluor 488 NHS 

Ester amine-reactive label in the equilibration buffer. After incubation, the beads were washed 

with the equilibration buffer to remove residual and weakly bound proteins, then the wash buffer 

was removed and the beads were gently suspended in 1X CloneMatrix semi-solid media w/ 50 

mM sodium phosphate, 150 mM sodium chloride, pH 7.4 + 0.1% Tween 20 then cast in 6-well 

polystyrene plates at a volume of ~3 mL per well for ~10 µL settled volume per plate, resulting 

in 20-25 beads deposited per well. The plates were incubated at 37°C for 3-12 hours to cure the 

semi-solid matrix, then imaged by fluorescence microscopy on the ClonePix 2 instrument using 

the FITC and Rhodamine filter lines to detect Alexa Fluor 488 and Alexa Fluor 546 respectively 

as shown in Figure 3.9. The ClonePix 2 colony picker was developed by Molecular Devices to 

facilitate high-throughput screening of mammalian cells post-transfection as a replacement for 

resource-intensive limiting dilution screening, where a population of transfected cells are diluted 

heavily such that there is reasonable assurance that when aliquoted into culture plates (96- or 

384-well), cells would be deposited one bead per well, ensuring a subsequent population of cells 

derived from a single transfection clone (i.e. clonal population). On the ClonePix 2 system, cells 

are diluted and then cast into cell culture media set into a semi-solid state through combination 

with concentrated, methylcellulose-based semi-solid matrix. The result of incubating these plates 

in growth-promoting conditions are clonal, immobilized colonies of cells that can be imaged and 

picked by ClonePix 2. The decision to adapt this instrument for OBOC screening was based on 

(i) ability to fully automate imaging and bead picking, (ii) minimal required modifications to the 

standard ClonePix 2 system, as the size of the screened beads (~100 ï 300 µm diameter) is 

within the typical size range of picked colonies, (iii) casting the beads in CloneMatrix solution is 

intended to immobilize the beads while simulating solution conditions in the storage buffer. The 
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imaging processing software for the ClonePix 2 was developed to identify key features for 

colonies of cells that form in the CloneMatrix semi-solid matrix, many of which overlap with 

features sought for identifying beads, including morphological features such as axis ratio and 

compactness to describe and gate image features based on circularity in addition to fluorescence 

features such as maximum and average fluorescent intensities. 

 To ensure the CloneMatrix did not interfere with peptide sequencing by LC/MS/MS, 

beads carrying a known sequence (HWRGWVGSG) were sequenced pre- and post-casting in 

CloneMatrix, with no substantial differences observed (see Supplemental Information). In 

addition to the library beads, a negative control sequence (GSGSGSGSG), known to our lab to 

have minimal interaction with the proteins in this work, was also synthesized on ChemMatrix 

HMBA and incubated with the fluorescent proteins as a negative control. 

 

Figure 3.9: Fluorescence imaging by ClonePix 2 of unbiased combinatorial linear peptide 

library on ChemMatrix HMBA resin after incubation with fluorescently tagged IgG and CHO-S 

HCP. In panel (A) library is imaged with ClonePix 2 FITC filter to visualize beads bound to IgG 

tagged with AlexaFluor 488, and panel (B) is the same plate imaged with ClonePix 2 Rhodamine 

filter to visualize beads bound to CHO HCP tagged with AlexaFluor 546 

To select for HCP-specific peptide species, we established gates for maximum allowable 

Alexa Fluor 488 intensity and minimum Alexa Fluor 546 intensity detected, a measure of IgG 
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and HCP bound, respectively. These pick gates were based on the distribution of interior mean 

fluorescent intensity, shown in Figure 3.10(A), using the ClonePix 2 imaging software, where 

interior mean intensity is defined as the arithmetic mean within the detected bead radius. We 

initially beads were excluded when they exceeded the interior mean intensity gate for Alexa 

Fluor 488 (i.e. were identified as IgG-binding) at the geometric mean of all beads imaged 

(geometric mean = 2417.7, rounded to 2500). ChemMatrix HMBA resin beads show intrinsic 

fluorescence in this range (arithmetic mean of GSGSGSGSG negative control beads was 

measured at 755.6 ± 380.0), leading to a higher exclusion gate criterion to distinguish IgG-bound 

beads from bare beads. Of the beads remaining after IgG-binding gating, a secondary criterion 

was set based on the bead radius to exclude visible features on the plates that were unlikely to be 

beads or included multiple but undistinguished beads. 

 
Figure 3.10: Distribution of interior mean intensities for a one-bead-one-compound 

combinatorial peptide library incubated with Alexa Fluor 488-labeled polyclonal human IgG and 

Alexa Fluor 546-labeled CHO-S host cell proteins. Panel (A) shows interior mean fluorescent 

intensity with the ClonePix 2 FITC filter at 800 ms exposure to detect the labeled IgG, while Panel 

(B) shows detected distribution from the ClonePix 2 Rhodamine filter at 500 ms exposure for HCP 

detection. Interior mean intensities were calculated from imaging data collected by the ClonePix 

2 software for all image features not excluded as irregular by the software algorithm. 

For detection of HCP-bound beads, the geometric mean for interior mean intensity from 

imaging with the ClonePix 2 Rhodamine filter (detection of Alexa Fluor 546-labeled HCPs) was 

measured at 620.1 (see Figure 3.10(B)) with an arithmetic mean of 407.9 ± 158.1 for 
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GSGSGSGSG negative control beads, however in this case the gate criteria was set loosely at 

exclusion of beads with an interior mean intensity < 100 for automated bead picking. This 

ensured prioritization of sequencing based on fluorescent intensity features with minimal loss of 

potentially valuable beads, with further gating using the geometric mean of HCP intensity from 

the library at 620 imposed post-automated bead picking. All beads selected for automated 

picking by the ClonePix 2 system were transferred one bead per well into 96-well plates pre-

loaded with phosphate buffered saline.  

Plate transfer efficiency (% occupied wells of the total number of beads deposited) was 

measured by imaging the resulting 96-well plates post-depositing with a Molecular Devices CSI-

FL fluorescent imager to determine whether each well used during bead picking was occupied, 

and additionally percentage of occupied wells that had more than one bead deposited were 

monitored. The plate transfer efficiency was calculated at 71% ± 5.9% with 14% ± 16% of 

occupied wells carrying more than one bead, however there is room for improvement in bead 

transfer through further optimization of procedures for curing the semi-solid matrix to generate a 

more rigid support during picking, or by further optimizing the bead aspiration and depositing 

parameters. 

The resulting lead candidate beads for specific binding of HCPs compared to the full 

limited library screened are shown in Figure 3.11, where the highlighted upper left quadrant 

indicate beads that met both the HCP intensity criteria (> 620) and IgG intensity criteria (< 2500) 

resulting in 79 positive beads of 1189 total bead-like features detected (6.6% positive hits). The 

lead beads from this work were subsequently sequenced and HCP specificity further 

characterized as described in prior work 73, where it was observed that groups of peptides with 

consensus characteristics (multipolar sequences and hydrophobic positive sequences) as 
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determined from sequences from these beads showed specific host cell protein capture with 

minimal capture of IgG. 

 
Figure 3.11: IgG Interior Mean Intensity vs. HCP Interior Mean Intensity of limited library of 

X1-X2-X3-X4-X5-X6-G-S-G OBOC peptide library incubated with Alexa Fluor 488-labeled 

polyclonal IgG and Alexa Fluor 546-labeled CHO-S clarified harvest host cell proteins. The pick 

gates at < 2500 FITC interior mean intensity for IgG and > 620 Rhodamine interior mean intensity 

for HCP, are represented by the green and red reference lines, respectively. The highlighted region 

in the top left quadrant represents lead HCP-specific bead candidates. 

Throughput for the ñcast-image-pickò strategy is heavily linked to the gate criteria used 

for selecting positive beads, where in this workflow, the bottleneck for throughput is total 

number of beads to pick as opposed to total number of beads in the library screened. While the 

ClonePix 2 instrument is capable of picking beads on the order of 200 positive beads picked per 

hour 76, the gate criteria applied to our system (resulting in 6.6% positive beads picked) would 

allow for > 3,000 total beads screened per hour when considering all beads imaged rather than 

individual beads picked. 

3.1.3.2 Materials and Methods 

3.1.3.2.1 Materials 

For peptide synthesis and deprotection, Toyopearl AF-Amino-650M resin for secondary 

screening synthesis, triisopropylsilane (TIPS), and 1,2-ethanedithiol (EDT) were obtained from 
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MilliporeSigma (St. Louis, MO, USA). Nô,Nô-dimethylformamide (DMF), dichloromethane 

(DCM), methanol, and N-methyl-2-pyrrolidone (NMP) were obtained from Fisher Chemical 

(Hampton, NH, USA). Fluorenylmethoxycarbonyl- (Fmoc-) protected amino acids Fmoc-Gly-

OH, Fmoc-Ser(But)-OH, Fmoc-Ile-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Tyr(But)-OH, 

Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-

Asn(Trt)-OH, and Fmoc-Glu(OtBu)-OH in addition to 7-Azabenzotriazol-1-yloxy)tripyrrolidino-

phosphonium hexafluorophosphate (HATU), diisopropylethylamine (DIPEA), piperidine, and 

trifluoroacetic acid (TFA) were obtained from Chem-Impex International (Wood Dale, IL, 

USA). 

3.1.3.2.2 Methods 

3.1.3.2.2.1 Solid Phase Peptide Synthesis and Deprotection 

Solid phase peptide synthesis was used for generation of both the solid phase peptide 

libraries and the solid phase HWRGWVGSG and GSGSGSGSG controls. The synthesis and 

sequencing procedures were performed according to a protocol from Menegatti et al. 74 and 

adapted for the construction of linear peptides. OBOP libraries for on-bead fluorescence 

screening were synthesized on ChemMatrix HMBA resin (loading = 0.6 mmol amine/g resin) for 

the peptide libraries. Synthesis for all resins was performed on a Syro II automated parallel 

peptide synthesizer (Biotage). Aliquots of 100 mg of resin were swelled for 20 min in DMF at 

40°C with intermediate vortexing. Couplings were performed at a 3- to 5-fold molar excess of 

Fmoc-protected amino acids and HATU, and a 6-fold molar excess of DIPEA solubilized in 

NMP relative to reactive sites on the resin. The coupling reaction was performed at 45°C for 20 

min with agitation by intermediate vortexing. Each coupling reaction was performed 3 to 4 times 

per cycle prior to Fmoc deprotection to maximize reaction completion. For deprotection, resins 
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were first washed four times with DMF, then incubated in 20% piperidine for 20 min at room 

temperature with agitation by intermediate vortexing, followed by an additional wash step as 

described above. All sequences were synthesized with a C-terminal glycine-serine-glycine 

(GSG) tail to act as a non-reactive spacer between the peptide sequence and the base matrix. 

Combinatorial hexameric (X1-X2-X3-X4-X5-X6-G-S-G) peptide libraries were synthesized as 

OBOC libraries using the split-couple-recombine method 77. Combinatorial positions were 

composed of equal ratios of isoleucine (I), alanine (A), glycine (G), tyrosine (Y), aspartate (D), 

histidine (H), arginine (R), lysine (K), serine (S), and glutamine (Q). Side-chain deprotection for 

both combinatorial libraries and controls was performed by washing resins five times with ~10 

mL DMF, then washing the resins with ~10 mL DCM and drying the resin with compressed 

nitrogen until the resin dried to a fine powder (3-5 times). A cocktail of 94% TFA, 1% EDT, 3% 

TIPS, and 2% deionized water was then incubated with the resin (6 ml deprotection cocktail per 

100 mg resin) on a rotator at room temperature for 2 h. Resins were washed three to five times 

first with DMF then 20% methanol and stored in 20% methanol at 2-8°C. 

3.1.3.2.2.2 Fluorescent Labeling of IgG and CHO-S HCPs 

The deprotected library and control resins were washed three times in 50 mM sodium 

phosphate, 150 mM sodium chloride, pH 7.4 (PBS) at 5X the settled resin volume to equilibrate. 

HCP-AF596 or HCP-AF546 and IgG-AF488 were diluted in 50 mM sodium phosphate, 150 mM 

sodium chloride, 0.2% Tween, pH 7.4 for a final concentration of ~1.3 mg/ml IgG-AF488, ~0.58 

mg/ml HCP-AF546 or HCP-AF596, 50 mM sodium phosphate, 150 mM sodium chloride, 0.1% 

Tween 20 and mixed with the washed, equilibrated library and incubated at 2-8°C overnight. 

After incubation, the excess protein solution was removed and the resin beads were washed with 

50 mM sodium phosphate, 150 mM sodium chloride, 0.1% Tween 20, pH 7.4 (PBS-T). 
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3.1.3.2.2.3 Fluorescence Screening of Solid Phase Peptide Libraries Against IgG and CHO-S 

HCPs 

The deprotected library and control resins were washed three times in 50 mM sodium 

phosphate, 150 mM sodium chloride, pH 7.4 (PBS) at 5X the settled resin volume to equilibrate. 

HCP-AF596 or HCP-AF546 and IgG-AF488 were diluted in 50 mM sodium phosphate, 150 mM 

sodium chloride, 0.2% Tween, pH 7.4 for a final concentration of ~1.3 mg/ml IgG-AF488, ~0.58 

mg/ml HCP-AF546 or HCP-AF596, 50 mM sodium phosphate, 150 mM sodium chloride, 0.1% 

Tween 20 and mixed with the washed, equilibrated library and incubated at 2-8°C overnight. 

After incubation, the excess protein solution was removed and the resin beads were washed with 

50 mM sodium phosphate, 150 mM sodium chloride, 0.1% Tween 20, pH 7.4 (PBS-T).  

A ClonePix 2 colony picker was used for fluorescent imaging of incubated libraries and 

controls in collaboration with Molecular Devices in Sunnyvale, CA. After library incubation 

with fluorescently tagged proteins and washed as described above, they were suspended in a 

semi-solid matrix to accommodate imaging and picking. The semi-solid matrix was prepared 

from two parts Molecular Devices CloneMatrix and three parts 83.3 mM sodium phosphate, 250 

mM NaCl, 0.17% Tween 20 to generate a matrix with buffer conditions similar to the protein 

binding condition used with 1X CloneMatrix. Approximately 5 to 10 µL settled volume of 

incubated library was gently incorporated into the matrix solution, then evenly aliquoted across a 

6-well plate. The plates were then incubated at 37°C for 2-18 hours to cure the matrix. Plates 

were imaged using the ClonePix FITC (800 ms exposure, 128 LED intensity) and Rhod (500 ms, 

128 LED intensity) laser lines to monitor the presence of Alexa Fluor 488 and Alexa Fluor 546, 

respectively. Due to slight autofluorescence of the ChemMatrix beads under the FITC filter, bead 

location (i.e. ClonePix 2 run ñPrime Configurationò) was assigned based on fluorescence 
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intensity from the FITC filter. Beads were picked for further processing based on the following 

characteristics using the ClonePix 2: FITC interior mean intensity < 2500, Rhod interior mean 

intensity > 100, 0.05 ï 0.25 mm radius. Picking was performed in suspension mode, with 20 µL 

aspiration volume to pick up the bead, and a 60 µL expel volume, where excess volume above 

the aspirated liquid was water. Picked beads were further gated at > 620 Rhod interior mean 

intensity for subsequent sequencing. 
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CHAPTER 4. TARGETED CA PTURE OF CHINESE HAMSTER OVARY HOST CELL 

PROTEINS: PEPTIDE LIGAND DISCOVERY  

*Excerpt from Lavoie, R.A.; di Fazio, A.; Blackburn, R.K.; Goshe, M.B.; Carbonell, R.G.; 

Menegatti, S. Targeted Capture of Chinese Hamster Ovary Host Cell Proteins: Peptide Ligand 

Discovery. Int. J. Mol. Sci. 2019, 20, 1729 73. 

4.1 Introduction 

The effective removal of host cell proteins (HCPs) from mammalian cell culture 

supernatants is a crucial issue in the manufacturing of biopharmaceuticals for human therapy. 

While general guidelines point to a maximum allowable HCP content in the final formulation of 

a biotherapeutic at <100 ppm 55, this measure does not fully capture the complexity of the 

residual HCP profile and its potential impact on a patientôs health. Concerns regarding HCP 

impurities stem from a variety of risk factors, including (i) an immunogenic response from 

repeated exposure to low concentration HCPs present in drugs administered over time 78, (ii) 

reduced therapeutic efficacy caused by product-bound impurities 17, and (iii) low shelf-life of the 

therapeutic product caused by low-concentration proteolytic enzymes present in the final 

formulation 79. Current biomanufacturing practice requires the removal of 3 to 5 logs of HCP for 

antibody production, where the initial HCP content in the cell culture fluid is on the order of 100 

mg HCP/g product. The wide variety in composition, abundance, structure, and function of 

HCPs, together with the variability between cell lines, processes, and production batches, makes 

their capture a critical challenge 14,80ï82. 

In the manufacturing of therapeutic monoclonal antibodies (mAbs), the majority of HCP 

impurities (>90%) 4 is removed at the product capture step, which currently relies on either 

affinity chromatography, mainly Protein A 2,5, or alternatively ion exchange 19 or multimodal 

chromatography 36. This step is performed in bind-and-elute mode, where the mAb product is 
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retained and non-binding impurities flow through, thus achieving both impurity removal and 

concentration of the target product. Process and product impurities not removed in the capture 

step are typically cleared in subsequent polishing steps, operated either in bind-and-elute or flow-

through modes. In flow-through mode, the adsorbent features a broad specificity to allow for the 

capture of not only the HCP species, but also other impurities and contaminants such as DNA, 

leached Protein A, and media components. A number of ñproblematicò HCPs have been 

identified in the context of mAb polishing, including (i) product-bound species (e.g., nidogen-1, 

secreted protein acidic and cysteine-rich (SPARC) protein, clusterin) 32,34,42; (ii) species that co-

elute with mAb from protein A (e.g., histone) 17,83; (iii) proteins that affect product stability (e.g., 

lipoprotein lipase) 44,84; and (iv) species that stimulate an immunogenic response (e.g., 

phospholipase B-like protein) 13,78,85. Demonstrated stability concerns generated by lipoprotein 

lipase 84 and observed immunogenic responses in final formulations linked to the presence of 

phospholipase B-like protein in final formulations 13 indicate that HCPs can and do fail to be 

cleared from mAb products in typical platform processes. Increasing the ability to clear these 

high-risk species will result in safer biotherapeutic products and more robust processes. 

A promising strategy to achieve these goals is to target these hard-to-remove, problematic 

HCPs using affinity or pseudo-affinity methods. This paper describes the development of an 

ensemble of ligands capable of targeted capture of HCPs in flow-through mode to be utilized as 

next-generation polishing media in mAb manufacturing. While challenging, the specific capture 

of targets as diverse as HCPs has a precedent in enzyme-linked immunosorbent assays (ELISA) 

for HCP quantification, wherein HCPs are collectively captured using a mixture of Ŭ-HCP 

polyclonal antibodies 86. While polyclonal Ŭ-HCP antibodies are not economically feasible for 

the large-scale capture of HCPs, extensive studies have shown that peptide ligands can serve as 
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suitable synthetic alternatives for affinity-like and multimodal binding interactions 22,87,88. As a 

result, ensembles of peptide ligands with varied selectivity can simulate the performance of Ŭ-

HCP polyclonal antibodies (Figure 4.1) and serve as next-generation multimodal ligands for 

mAb polishing. Single ligands may either limit overall capture due to a lack of promiscuous 

binding, or alternatively provide such a low specificity that the product also binds. As a result, it 

was decided to identify multiple ligands with varied available interaction mechanisms to balance 

between yield and breadth of HCP capture. Broad capture of diverse HCPs, particularly at low 

concentrations, with multiple peptide ligands has previously been demonstrated for the 

enrichment of extremely low concentration proteins for liquid chromatography-tandem mass 

spectrometry (LC/MS/MS) detection in proteomics applications by Guerrier et al. 89,90. These 

results provide confidence that a similar strategy to capture this diverse group of low 

concentration HCPs using multiple peptide ligands can be successful. 

 
Figure 4.1: Conceptual diagram of ñpolyclonalò synthetic HCP-binding resins. Targeted HCP 

capture is not only possible, but standard practice for HCP quantification using HCP ELISA via 

polyclonal Ŭ-HCP antibodies, as depicted on the left. We propose the generation of a set of diverse 

ligands to mimic the broad capture of varied HCP species with low binding of IgG, as shown on 

the right, to allow for targeted capture without the expense and variability introduced by antibody-

based ligands. 
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The sections that follow describe the design, construction, and screening of solid phase, 

combinatorial libraries of linear peptides to identify an ensemble of peptide ligands that bind 

specifically to Chinese hamster ovary (CHO) HCPs, while showing minimal binding to human 

IgG. The ligands were selected from a one-bead-one-component (OBOC) peptide library 

synthesized on HMBA-ChemMatrix (hydroxymethylbenzoic acid-conjugated version of 

ChemMatrix) resin using a multiplexed fluorescence-based screening method, using CHO HCPs 

and human IgG labeled respectively with a red (Alexa Fluor 594 or Alexa Fluor 546) and a green 

(Alexa Fluor 488) fluorescent dye. For primary screening, human polyclonal IgG was chosen 

over monoclonal antibodies to negatively select against a broad pool of IgGs, ensuring this 

technology would be applied as a platform for multiple mAb products. The HCPs were generated 

from a non-producing CHO culture harvest under simulated production conditions. The library 

beads displaying only red fluorescence (HCP binders) were sorted either manually or by 

selection using a ClonePix 2 colony picker. The sequencing of the peptides was performed as 

described in prior work 62,74. The identified ligands were synthesized on Toyopearl AF-Amino-

650M resin, and the resulting adsorbents challenged with clarified harvest from a CHO-K1 mAb 

production run to evaluate HCP removal in flow-through mode. The values of HCP targeted 

binding ratio (TBR), defined as the percent of host cell protein captured divided by the percent of 

IgG lost, for the various peptide adsorbents were compared to reference anion exchange (Capto 

Q) and multimodal (Capto Adhere) resins. It was found that multipolar peptide ligands have 

improved HCP targeted binding compared to reference commercial polishing resins, that the 

performance of hydrophobic/positive resins was similar to that of the tested anion exchange resin 

Capto Q, and significantly more selective to HCPs than Capto Adhere. These results indicate that 
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resins with peptide ligands may be used for HCP clearance, either in a flow-through mode or 

weak partitioning mode. 

4.2 Results 

4.2.1 Library Design, Synthesis, and Screening 

The one-bead-one-peptide (OBOP) libraries used for this work were synthesized using 

the split-couple-recombine method pioneered by Lam et al. 75 to discover synthetic ligands that 

bind target proteins. Libraries were synthesized on HMBA-ChemMatrix resin, which affords 

high peptide purity and can be used to probe protein binding. The ChemMatrix resin was 

selected to allow for fluorescent screening with a strategy adapted from the Camperi research 

group 23 to minimize false positives as a result of fluorophoreïpeptide interactions. Given that 

the majority of HCPs present in the CHO harvest material are hydrophilic and negatively 

charged under physiological conditions (see Supplemental Information Figure A1), the amino 

acid composition was limited to 12 out of the 20 natural amino acids for library construction, 

namely histidine, arginine, and lysine (positively charged); isoleucine, alanine, and glycine 

(aliphatic); phenylalanine and/or tyrosine (aromatic), aspartate (negatively charged), serine, and 

asparagine or glutamine (polar). Notably, narrowing the pool of amino acids reduces the library 

size and screening time, and aids sequencing. Two libraries were constructed, namely a 

tetrameric (X1-X2-X3-X4-G-S-G) and a hexameric (X1-X2-X3-X4-X5-X6-G-S-G), wherein Xi 

represents a combinatorial position that can be occupied by any of the chosen amino acids, and 

G-S-G is a glycine-serine-glycine C-terminal spacer. Hexamers have been previously 

demonstrated as effective small synthetic ligands for pseudo-affinity and low concentration 

applications by our group and others 22,87,88,91; in addition, shorter tetrapeptides were utilized to 

determine whether comparable capacity and targeted binding could be obtained at a lower cost-
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of-goods. Given that the majority of HCPs observed in production harvest is negatively charged, 

N-terminal amines were left uncapped to allow for ionic interactions with the free amine. The 

GSG spacer included in the library sequence was used as an inert spacer arm to promote the 

display of the combinatorial segment, and was used as a tracking sequence in LC/MS/MS 

peptide sequencing due to frequent occurrence of both the -GSG and -SG y-ion fragments 

observed. The HMBA linker allows for on-resin deprotection of the side chain functional groups 

on the amino acid residues prior to library screening; the linker is also alkaline-labile, and 

enables post-screening cleavage of the peptides from the selected ChemMatrix beads to be 

finally sequenced using LC/MS/MS. Libraries were screened via incubation with HCPs labeled 

with Alexa Fluor 594 or Alexa Fluor 546 NHS Esters and IgGs labeled with Alexa Fluor 488 

NHS Ester to enable simultaneous screening for ligands that both bind to HCPs and do not bind 

to IgG. Alexa Fluor fluorescent tags were selected for brightness and high photostability, and to 

minimize overlap in emission. A volume of å5 µL of settled ChemMatrix library resin beads was 

combined with 10 µL fluorescent protein and incubated overnight at 2ï8°C to ensure saturation 

of the resin beads. For manual screening, beads were selected by applying the following criteria: 

(i) IgG maximum fluorescence < 2500 relative fluorescence units (RFU), based on observing the 

fluorescent intensity range from negative control beads; (ii) HCP maximum fluorescence > 

10,000 RFU, to include the upper 50% of beads by HCP max intensity (one-sided upper 

tolerance interval å 13,500, Ŭ = 0.95). Inspection of the fluorescent intensity profile as a function 

of radius in addition to manual review of the fluorescent images were also implemented for 

positive beads to ensure the maximum fluorescence signal was not a result of an image artifact or 

bead defect. For the ClonePix 2 system, bead selection was based on the interior mean intensity 

parameter developed for the ClonePix system, which is approximately equivalent to the average 
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fluorescent intensity within the bounds of the beads. Beads were selected based on the following 

gates: (i) fluorescein isothiocyanate (FITC) interior mean intensity < 2,500 RFU; (ii) Rhodamine 

(red) interior mean intensity > 500 RFU, representing a similar ratio of picked beads to the total 

beads screened (å20%). While the threshold for bead selection for the HCP fluorescence in this 

instance may appear substantially lower than observed with the manual screening, differences 

were expected given that a different Alexa Fluor dye was required for this system (Alexa Fluor 

546 92, which has a lower reported initial brightness compared to Alexa Fluor 594 93), in addition 

to the differences in imaging exposure and intensity required to visualize the beads. 

4.2.2 Sequencing of HCP-Binding Ligand Candidates 

The selected beads were sequenced following the method developed in prior work 62,74. 

First, the isolated beads were copiously rinsed with a 0.2 M acetate buffer (pH 3.7) to remove all 

bound proteins. Particular care was taken with the beads selected with the ClonePix 2 device to 

remove the CloneMatrix utilized to immobilize the beads for imaging and picking. The beads 

were then individually treated with 38 mM sodium hydroxide, 10% v/v acetonitrile to cleave the 

ester bond between the GSG spacer and the HMBA linker; to prevent alkaline degradation of the 

peptide, the exposure to the alkaline solution was limited to 10 min, after which the cleavage 

solutions was neutralized with an equal volume of 100 mM citrate buffer, pH 3.0, 10% v/v 

acetonitrile. The cleaved peptides were then reconstituted in aqueous 0.1% formic acid and 

sequenced using LC/MS/MS. The peptide sequences were obtained by searching the acquired 

MS data against the corresponding tetramer and hexamer peptide FASTA databases using 

MASCOT (Matrix Science).  

The resulting sequences, listed in Table 4.1, were grouped in three classes based on 

consensus in amino acid composition, namely (i) hydrophobic/positively charged peptides (HP), 
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which comprise å25%ï35% of positively-charged residues (R, K, H) and 65%ï75% 

hydrophobic (I, A, F, Y) residues; (ii) multipolar peptides (MP), which comprise one or more 

positive (R, K, H) and one negative residue (D); and (iii) unclassified residues. Previous work on 

proteomic identification and quantification of CHO HCPs in both the null harvest and the harvest 

used herein (see Supplemental Information Figure A1) has shown that the majority of the HCPs 

have sequence-based isoelectric points < 7 and are likely negatively charged under physiological 

conditions. Thus, the persistent identification of peptides featuring positive amino acids is 

consistent with capture of these species via long-range ionic interactions. 

Table 4.1: Lead HCP-binding peptide candidates. The sequences specified here were 

determined via comparison of LC/MS/MS spectra to a FASTA sequence library of all possible 

peptide sequences in the combinatorial library from the combinatorial library beads that were 

identified as HCP-positive and IgG-negative solid phase fluorescent screening studies. 

Library  Positive/ Hydrophobic  Multipolar  Unclassified  

Hexameric  

AAHIYY -GSG  

GSRYRY-GSG  

HSKIYK -GSG  

IYRIGR-GSG  

RYYYAI-GSG 

ADRYGH -GSG  

DKQRII -GSG  

DRIYYY-GSG  

RYYDYG-GSG  

YRIDRY-GSG 

AAIIYY -GSG  

GIDQYY-GSG  

HQASSQ-GSG  

QQYIII -GSG 

Tetrameric  

AFNA -GSG  

KFFF-GSG  

AFYH -GSG  

KYGY-GSG  

FRYY-GSG  

KYFF-GSG  

HFFA-GSG  

HFIF-GSG  

RYFF-GSG  

HNFI -GSG  

YRFF-GSG  

YYFR-GSG  

HYAI -GSG  

HYFR-GSG  

HRRY-GSG 

DKSI-GSG  

DRNI -GSG  

HYFD-GSG  

YRFD-GSG 

AIYF-GSG  

NYRS-GSG  

DFNY-GSG  

GSIG-GSG  

GSSY-GSG  

GFYG-GSG  

IAFG-GSG  

IYYA -GSG  

SYIY-GSG  

YAFG-GSG 
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The distribution of the amino acids by combinatorial position, shown in Figure 4.2 

(tetrameric) and Figure 4.3 (hexameric), reveal preferential placement of hydrophobic, 

particularly aromatic, amino acids towards the C-terminus. This phenomenon, which is 

especially apparent with hexameric sequences, can be attributed to a sequence-based peptide-

HCP affinity across multiple HCP species, or to an unexpected bias in the libraries related to a 

higher synthetic yield of the observed sequences. The consensus observed within each library 

and between the two libraries, however, indicates limited bias in either bead selection or 

sequencing introduced between the two screening methods (manual sorting vs. ClonePix 2 

sorting) used for this work. 

 
Figure 4.2: Distribution of amino acid residues for lead tetrameric HCP-binding peptide 

candidates identified via manually sorted solid-phase fluorescent screening by combinatorial 

position. 
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Figure 4.3: Distribution of amino acid residues for lead hexameric HCP-binding peptide 

candidates identified by ClonePix 2 sorted solid-phase fluorescent screening by combinatorial 

position. 

4.2.3 Secondary Screening of HCP-Binding Ligand Groups by Static Binding Evaluation 

An ensemble of 18 peptides, selected from the groups listed in Table 4.1, were 

individually synthesized on Toyopearl AF-Amino-650M resin and mixed into a single 

heterogeneous adsorbent as follows: (i) 6HP, including sequences GSRYRYGSG, 

RYYYAIGSG, AAHIYYGSG, IYRIGRGSG, and HSKIYKGSG; (ii) 6MP, including sequences 

ADRYGHGSG, DRIYYYGSG, DKQRIIGSG, RYYDYGGSG, and YRIDRYGSG; (iii) 4HP, 

including HYAIGSG, FRYYGSG, HRRYGSG, and RYFFGSG; and (iv) 4MP, including 

DKSIGSG, DRNIGSG, HYFDGSG, and YRFDGSG. While the initial peptide identification was 

performed on HMBA-ChemMatrix, this resin was not suitable for subsequent confirmatory 

studies due to very low binding capacity and resin compressibility. Toyopearl AF-Amino-650M 

was selected for secondary screening due to its ability to serve as both an efficient resin for solid-

phase peptide synthesis and as a rigid, chromatography-compatible resin with reasonable 

capacity for protein adsorption applications. To ensure that the behavior of these peptide-coupled 

resins was not a result of the base matrix alone, a preliminary comparison of the peptide-coupled 

resins to uncoupled Toyopearl AF-Amino-650M and Toyopearl HW-65F (polymethacrylate 
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resin with no amine conjugation) was performed, showing statistically different binding of host 

cell protein, IgG, and total protein (data available in Appendix C). The adsorbents were 

evaluated to verify binding capacity and selectivity via equilibrium binding studies at different 

values of pH (6, 7, and 8) and salt concentration (20 mM and 150 mM) of the binding buffer, 

using a representative IgG-producing CHO-K1 clarified cell culture harvest; commercial resins 

Capto Adhere (CA) and Capto Q (CQ) were utilized as controls to establish the threshold for 

HCP and IgG binding required for flow-through purification steps. Percent protein removal for 

HCP using HCP ELISA, IgG using Easy-Titer assay, and total protein using Bradford assay are 

presented in Figure 4.4 (data tabulated in Appendix D Table D.1).  
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Figure 4.4: Protein removal (N = 3 for each condition) by hexameric hydrophobic positive 

and multipolar (6HP and 6MP, respectively) and tetrameric hydrophobic positive and multipolar 

(4HP and 4MP, respectively) lead HCP-binding peptide ligands coupled to Toyopearl Amino-

650M resin in static binding mode, as compared to commercial resins Capto Adhere and Capto 

Q. Panels A.1ïF.1 indicate total protein removal as measured using a Bradford assay. Panels 

A.2ïF.2 indicate CHO-K1 host cell protein removed as measured using a Cygnus CHO HCP 

ELISA, 3G assay kit. Panels A.3ïF.3 indicate monoclonal antibody removed as measured using 

a Thermo Fisher EasyTiter kit. Each resin was screened in multiple buffer conditions (A panels = 

pH 6, 20 mM NaCl; B = pH 7, 20 mM NaCl; C = pH 8, 20 mM NaCl; D = pH 6, 150 mM NaCl; 

E = pH 7, 150 mM NaCl; F = pH 8, 150 mM NaCl); and for two load conditions: å5 mg HCP 

loaded per mL resin, and å10 mg HCP loaded per mL resin. 
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In evaluating protein capture across the four peptide-based adsorbents, we consistently 

observed significantly higher binding (p < 0.05) of total protein for low salt conditions when 

compared to high salt conditions at pH 6 and 7 (exceptions were 6MP, pH 7 and 6 HP, pH 6, 

with p = 0.4832 and 0.7832, respectively, indicating no significant difference) for both load 

conditions, suggesting that, as with Capto Q and Capto Adhere, ionic interactions play a central 

role in the binding mechanism. The relevance of electrostatic interactions in peptide-HCP 

binding was anticipated given that the majority of HCPs have theoretical isoelectric points well 

below neutral pH (pI < 6 å46%, pI < 7 å66%, pI < 8 å71% based on proteomic analysis of the 

feed stream). Additionally, all species tested in the secondary screening included at least one 

positively charged amino acid residue and were screened in bis-tris or tris buffer, where the 

positive buffer ion would interfere minimally with any ionic interactions from positively charged 

residues. That being said, we observed an increase in total protein binding (p = 0.021, 0.077, 

0.0012, and 0.0003 for 4HP, 6HP, 4MP, and 6MP, respectively) and IgG binding (p = 0.016, 

0.010, 0.0005, and 0.088 for 4HP, 6HP, 4MP, and 6MP, respectively) for high salt conditions at 

pH 8 for peptide resins, where Capto Q maintained significantly higher binding with low salt (p 

= 0.0041 for total protein, p = 0.0257 for IgG). This suggests greater influence of other 

interaction mechanisms outside of strictly ionic interactions from the peptide resins, with the 

potential for hydrophobic interactions becoming more dominant under these conditions given 

operation closer to the isoelectric point of the highly abundant IgG. 

At the same time, the dependence of total protein (HCP + IgG) binding upon pH varied 

significantly between Capto Q and the peptide ligands, suggesting that binding on the peptide 

resins was more sequence-based in nature than for Capto Q. As might be expected, Capto Q and 

Capto Adhere showed statistically significant changes in binding of IgG as a function of pH (p = 
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0.0296 and 0.0002 for Capto Q and Capto Adhere, respectively) for low salt and low load 

conditions, where maximum binding occurred at pH 8. In contrast, we observed weaker 

correlation between pH and binding to the hydrophobic positive resins (p = 0.4922 and 0.5353 

for 4HP and 6HP, respectively) and statistically significant correlation with maximum binding at 

pH 6 for the multipolar resins (p = 0.0073 and p = 0.0819). The differences in mAb binding 

suggest a distinct binding selectivity of the peptides, under the conditions tested, compared to the 

Capto Adhere multimodal adsorbent. With both MP and HP resins, we identified binding 

conditions under which observed HCP removal was comparable to the values given by Capto Q 

and Capto Adhere resins, while the percentage of mAb loss was equal or lower than that of 

Capto Q. Moreover, Capto Adhere was found to remove substantially more mAb compared to all 

other resins, causing a loss of mAb product consistently > 70% across all binding conditions. 

This indicates that the library screening via multiplexed fluorescence directed peptide selection 

toward sequences that target HCPs with a degree of affinity higher than the mixed-mode level. 

Interestingly, HCP capture was more robust for the tetrameric ligands as compared to the 

hexameric ligands in the higher pH regime (pH 7 and pH 8), where as much as 40% more HCP 

was captured by the tetrameric ligands than the corresponding hexameric peptides. This effect 

was arguably the result of higher binding selectivity displayed by peptide ligands with longer 

sequences, which narrows the interaction range to fewer HCP species. 

As expected, a reduced percent removal was observed with increased protein load across 

all tested adsorbents. This helped to identify the range in which HCP binding is observable under 

static binding conditions. As both load conditions were incubated for sufficient time to allow 

binding equilibrium, we screened at a range of load conditions to ensure that the fraction of 

HCPs captured was measurable in the static binding supernatant.  
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4.2.4 Resin Targeted Binding 

The peptide adsorbents were ranked by HCP TBR, herein defined as ratio of host cell 

protein removed and amount of mAb lost, wherein HCP TBR < 1 indicates preferential binding 

to mAb, and HCP TBR > 1 indicates preferential binding to CHO HCPs. The values of HCP 

TBR by resin and buffer condition are summarized for the low load condition (5 mg/mL) in 

Figure 4.5. We observed preferential HCP binding by all four peptide adsorbents with most of 

the binding buffers tested, with the exception of the pH 8, 150 mM NaCl condition. Given that 

the mAb concentration in the cell culture harvest is at minimum two orders of magnitude higher 

than any single host cell protein species, as measured in the clarified harvest, the identified 

peptides exhibited a much stronger binding for HCPs compared to mAb. The preferential binding 

to IgG observed with peptide resins and Capto Q at the pH 8, under high salt (150 mM) 

conditions, in addition to the lower HCP TBR observed at pH 7, 150 mM sodium chloride, were 

likely a result of buffer pH conditions close to or above the isoelectric point of the mAb 

(measured at å7.6 using isoelectric focusing gel) coupled with higher salt concentration, which 

minimized the contribution of ionic interactions to binding. 
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Figure 4.5: Resin HCP targeted binding ratio (TBR) by resin and buffer condition (N = 3). 

Resin HCP TBR is defined as the percent of HCP removed compared to the feed stream divided 

by the percent of mAb removed compared to the feed stream in static binding mode. In this 

analysis, HCP TBR > 1 indicates preferential binding to HCP as compared to IgG, and HCP TBR 

< 1 indicates preferential binding to IgG. 

Multipolar peptides showed a superior targeted binding for HCPs compared to 

hydrophobic positive peptides, indicating that they may provide useful alternatives to current 

mixed-mode ligands for mAb polishing. In particular, the tetrameric 4MP resin offered the 

highest level of HCP targeted binding of 4.9 at pH 7, 20 mM NaCl, more than double the value 

afforded by commercial Capto Q (2.2). This result was somewhat unexpected given the lack of 

multipolar and zwitterionic adsorbents used in the context of biopharmaceutical purification to 

our knowledge. On the other hand, zwitterionic ligands are utilized in highly specific 

chromatographic applications, such as enantioselective 94,95 and stereoisomer-selective 95 

separations. We hypothesize a mechanism of binding for the multipolar ligands that is quite 

similar to the double ion pairing mechanisms proposed in enantio- and stereoisomer-selective 

zwitterionic ligands, wherein strong ionic interaction with the positively charged amino acids on 
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the ligands with negatively charged patches on the target are paired via a weaker ionic 

interaction with the negatively charged residue with the target in order for the protein target to 

remain bound. This mechanism could also apply to the hydrophobic/positive ligands and 

commercial multimodal resins such as Capto Adhere, with the exception that the double-ion 

pairing interaction mechanism is replaced by other binding mechanisms (ˊ-ˊ bonding, van der 

Waals interaction, hydrogen bonding, etc.). Should the proposed binding mechanisms proposed 

be confirmed, the combination of these ligands into a ñpolyclonalò ensemble would allow for 

capture of a more diverse set of HCPs than each set alone. 

4.3 Discussion 

Multipolar and hydrophobic positive peptides show promise as next-generation mixed-

mode ligands for CHO HCP capture in IgG purification applications. The 4MP resin in particular 

was observed to bind approximately a 5-fold higher fraction of soluble HCP impurities compared 

to mAb from a clarified, diafiltered CHO-K1 cell culture harvest. It was additionally observed 

that the hexameric multipolar (6MP) peptides and both hexameric and tetrameric hydrophobic 

positive (6HP and 4HP, respectively) peptides identified preferentially bound host cell protein 

consistently, particularly for low salt (20 mM NaCl) conditions. Taken together, these novel 

synthetic peptide ligands may offer interesting alternatives to commercial stationary phases for 

flow-through mode purification of IgG from a clarified cell culture harvest. This, in turn, could 

enable more efficient process alternatives, for example, by (i) extending the life of protein A 

resin due to reduced HCP load in the feed stream, or (ii) enabling replacement of protein A 

capture steps with a less specific, more cost-effective product capture stationary phase such as 

cation exchange, multimodal, or Protein A mimetic ligands 87,88,96,97. This work demonstrates the 

potential of a combination of peptide ligands to purify IgG under conditions that are close to 
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physiological pH, providing an option for HCP capture prior to product capture steps, allowing 

more flexibility in process applications. 

Future work aims to further characterize these HCP-specific ligands by identifying HCP 

species that are specifically targeted by each resin group. This will help identify potential 

opportunities for increasing the ability to capture the full range of HCP species, including the 

problematic HCPs. Additionally, we will search for gaps where none of the currently identified 

ligands bind particular problematic HCP species. As the work demonstrated here was performed 

under static binding conditions, and ligands were screened without optimization of the resin base 

matrix, linker composition, linker density, or ligand density, future work will focus on 

optimization of these resin conditions and range finding under dynamic binding conditions. With 

this further optimization, there is an opportunity for highly selective, scalable HCP capture for 

the purification of IgG from CHO production harvest. If successful, identifying HCP-specific 

ligands would significantly lower the manufacturing costs of mAbs by providing a superior 

technology for HCP capture before the product capture step. Alternatively, polyclonal stationary 

phases could enable fully flow-through downstream processing by substantially reducing the 

complexity of the process stream post-HCP capture. 

4.4 Materials and Methods 

4.4.1 Materials 

For synthesis and deprotection, the HMBA-ChemMatrix resin used for library synthesis 

was obtained from PCAS BioMatrix (Saint-Jean-sur-Richelieu, Canada). Toyopearl AF-Amino-

650M resin for secondary screening synthesis, Toyopearl HW-65F, Kaiser test kit, 

triisopropylsilane (TIPS), and 1,2-ethanedithiol (EDT) were obtained from MilliporeSigma (St. 

Louis, MO, USA). Nô,Nô-dimethylformamide (DMF), dichloromethane (DCM), methanol, and 
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N-methyl-2-pyrrolidone (NMP) were obtained from Fisher Chemical (Hampton, NH, USA). 

Fluorenylmethoxycarbonyl- (Fmoc-) protected amino acids Fmoc-Gly-OH, Fmoc-Ser(But)-OH, 

Fmoc-Ile-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Tyr(But)-OH, Fmoc-Asp(OtBu)-OH, 

Fmoc-His(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Asn(Trt)-OH, and Fmoc-

Glu(OtBu)-OH in addition to 7-Azabenzotriazol-1-yloxy)tripyrrolidino-phosphonium 

hexafluorophosphate (HATU), diisopropylethylamine (DIPEA), piperidine, and trifluoroacetic 

acid (TFA) were obtained from Chem-Impex International (Wood Dale, IL, USA). For peptide 

sequencing, citric acid, acetonitrile, and formic acid were obtained from Fisher Chemical (St. 

Louis, MO, USA), ReproSil-Pur 120 C18-AQ, 3-µm resin was obtained from Dr. Maisch GmbH 

(Ammerbuch-Entringen, Germany), and 25 cm × 100 µm PicoTip or IntegraFrit emmiter 

columns were obtained from New Objective (Woburn, MA, USA). 

The CHO-S cell line, CD CHO AGTÊ medium, CD CHO Feed A, glutamine, Pluronic 

F68, and Anti-Clumping Agent used to generate HCP-containing harvest for fluorescence 

tagging were provided by Life Technologies (Carlsbad, CA, USA). Antifoam C, sodium 

phosphate (monobasic), and Tween 20 were obtained from MilliporeSigma (St. Louis, MO, 

USA). Alexa Fluor 488, 594, and 546 NHS-Activated Esters were obtained from ThermoFisher, 

and sodium chloride, sodium phosphate (dibasic), sodium hydroxide, hydrochloric acid, bis-tris, 

and tris were obtained from Fisher Chemical (Hampton, NH, USA). Macrosep Advance 3-kDa 

MWCO Centrifugal Devices were supplied by Pall Corporation (Ann Arbor, MI, USA), and 

Amicon Ultra 0.5-mL Centrifugal Filter Unit with 3-kDa MWCO filters were made using EMD 

Millipore (St. Louis, MO, USA). Lyophilized polyclonal human IgG was obtained from Athens 

Research (Athens, GA, USA). CloneMatrix for ClonePix 2 screening was generously provided 

by Molecular Devices (Sunnyvale, CA, USA). The model mAb production CHO-K1 cell culture 
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harvest used for secondary screening was donated by a local biomanufacturing company. Capto 

Q and Capto Adhere chromatography resins were generously provided by GE Life Sciences 

(Marlborough, MA, USA). For protein quantification, Pierce Coomassie Plus (Bradford) Assay 

Kits and Easy-Titer human IgG (H+L) Assay kits were obtained from ThermoFisher (Rockford, 

IL, USA). CHO HCP ELISA, 3G kits were obtained from Cygnus Technologies (Southport, NC, 

USA). 

4.4.2 Methods 

4.4.2.1 Solid Phase Peptide Synthesis and Deprotection 

Solid phase peptide synthesis (SPPS) was used for the generation of both the solid phase 

peptide libraries and the identified ligands screened for this work. The synthesis and sequencing 

procedures were performed according to a protocol from Menegatti et al. 74 and adapted for the 

construction of linear peptides. OBOP libraries for on-bead fluorescence screening were 

synthesized on ChemMatrix HMBA resin (loading = 0.6 mmol amine/g resin) for the peptide 

libraries. Lead ligand candidates for chromatographic screening were synthesized on Toyopearl 

Amino-650M resin (loading = 0.1 mmol amine/mL resin). Synthesis for all resins was performed 

on a Syro II automated parallel peptide synthesizer (Biotage). Aliquots of 100 mg of 

ChemMatrix resin or 0.6 mL Toyopearl resin were swelled for 20 min in DMF at 40 °C with 

intermediate vortexing. Couplings were performed at a 3- to 5-fold molar excess of Fmoc-

protected amino acids and HATU, and a 6-fold molar excess of DIPEA solubilized in NMP 

relative to reactive sites on the resin. The coupling reaction was performed at 45 °C for 20 min 

with agitation via intermediate vortexing. Each coupling reaction was performed three to four 

times per cycle prior to Fmoc deprotection to maximize the reaction completion. For 

deprotection, resins were first washed four times with DMF, then incubated in 20% piperidine 
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for 20 min at room temperature with agitation via intermediate vortexing, followed by an 

additional wash step as described above. All sequences were synthesized with a C-terminal 

glycine-serine-glycine (GSG) tail to act as a non-reactive spacer between the peptide sequence 

and the base matrix. Combinatorial tetrameric (X1-X2-X3-X4-G-S-G) and hexameric (X1-X2-

X3-X4-X5-X6-G-S-G) peptide libraries were synthesized as OBOP libraries using the split-

couple-recombine method [30]. While coupling efficiency was not directly monitored for each 

synthesized sequence, this coupling procedure was monitored using a Kaiser test for both 

Toyopearl AF-Amino-650M and ChemMatrix HMBA for the c-terminal glycine coupling prior 

to Fmoc deprotection, resulting in negligible observed uncoupled amines on the base resin. For 

the tetrameric library, combinatorial positions were composed of equal ratios of isoleucine (I), 

alanine (A), glycine (G), phenylalanine (F), tyrosine (Y), aspartate (D), histidine (H), arginine 

(R), lysine (K), serine (S), and asparagine (N). The residues selected for the hexameric library 

were slightly modified by removal of F and N, and inclusion of glutamine (Q) for ease of 

synthesis and sequencing. Side-chain deprotection for both combinatorial libraries and single-

ligand resins was performed by washing resins five times with å10 mL DMF, then washing the 

resins with å10 mL DCM and drying the resin with compressed nitrogen until the resin dried to a 

fine powder (3ï5 times). A cocktail of 94% TFA, 1% EDT, 3% TIPS, and 2% deionized water 

was then incubated with the resin (6 mL deprotection cocktail per 100 mg resin) on a rotator at 

room temperature for 2 h. Resins were washed three to five times first with DMF then 20% 

methanol and stored in 20% methanol at 2ï8°C. 

4.4.2.2 CHO-S Culture and Harvest for Host Cell Protein Production 

CHO cell lines were selected as our model system to obtain typical HCP profiles found in 

biotherapeutics processes. CHO-S cell culture harvest was provided by the Biomanufacturing 
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Training and Education Center (BTEC) at North Carolina State University and was cultured 

according to their standard procedure for expansion and production of the CHO-S wild-type 

(WT) cell line. Briefly, the CHO cell culture bulk fluid (CCBF) was from a null CHO-S cell line 

grown in CD CHO AGTÊ medium with 4 mM glutamine and 1 g/L Pluronic F68. The cultures 

were fed 5% daily with CD CHO Feed A from days 3ï10. The cultures were also supplemented 

with 0.1% Anti-Clumping Agent to prevent cell aggregation. Antifoam C was added at 10 ppm 

to prevent foaming in the bioreactor. CD CHO AGTÊ medium contains no proteins or peptide 

components of animal, plant, or synthetic origin, as well as no undefined lysates or hydrolysates. 

The cell culture process was operated at a set pH of 7.0 ± 0.30, 37.0 °C, and 50.0% dissolved 

oxygen concentration. Post-production, the CHO-S harvest was clarified via centrifugation at 

8000× g for 30 min. The supernatant was then filtered with a 0.2 µm polyethersulfone (PES) 

membrane using VWR Full Assembly Bottle-Top vacuum filters. 

4.4.2.3 Fluorescent Labeling of IgG and CHO-S HCPs 

HCPs and IgG were fluorescently labeled with Alexa Fluor NHS esters as guided by the 

manufacturerôs recommendations 98. Briefly, wild-type CHO-S clarified harvest was 

concentrated to 2.3 g protein/l (å6-fold) and diafiltered into 50 mM sodium phosphate, 20 mM 

sodium chloride, pH 8.3 using Macrosep Advance 3-kDa MWCO Centrifugal Devices. 

Lyophilized polyclonal human IgG (Athens Research) was dissolved in 50 mM sodium 

phosphate, 20 mM NaCl, pH 8.3 at a concentration of 5 g/l. 1 mg Alexa Fluor 596 NHS Ester 

(AF596) or Alexa Fluor 546 NHS Ester (AF546) for the HCP solution (based on the instrument 

to be used for fluorescence screening) and 1 mg Alexa Fluor 488 NHS Ester (AF488) for the IgG 

solution were each dissolved in 100 µL extra dry DMF, which was immediately combined with 1 

mL of the diafiltered harvest (HCP-AF596 or HCP-AF546) or IgG (IgG-AF488) and incubated 
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at room temperature on a rotator for 1 h. After incubation, the samples were diafiltered into 50 

mM sodium phosphate, 150 mM sodium chloride, pH 7.4 using Amicon Ultra 0.5-mL 

Centrifugal Filter Unit with 3-kDa MWCO filters to remove unreacted Alexa Fluor dye. 

4.4.2.4 Fluorescent Screening of Solid Phase Peptide Libraries Against IgG and CHO-S HCPs 

The hexameric or tetrameric deprotected libraries were washed three times in 50 mM 

sodium phosphate, 150 mM sodium chloride, pH 7.4 (PBS) at 5× the settled resin volume to 

equilibrate. HCP-AF596 or HCP-AF546 and IgG-AF488 were diluted in 50 mM sodium 

phosphate, 150 mM sodium chloride, 0.2% Tween, pH 7.4 for a final concentration of å1.3 

mg/mL IgG-AF488, å0.58 mg/mL HCP-AF546 or HCP-AF596, 50 mM sodium phosphate, 150 

mM sodium chloride, 0.1% Tween 20, and mixed with the washed, equilibrated libraries and 

incubated at 2ï8°C overnight. After incubation, the excess protein solution was removed and the 

resin beads were washed with 50 mM sodium phosphate, 150 mM sodium chloride, 0.1% Tween 

20, pH 7.4 (PBS-T). For manual fluorescence screening, the resin was deposited 1 bead per well 

in a 96-well plate in 40 µL PBS-T, then imaged at 10× magnification using fluorescence 

microscopy using a Leica DMi8 inverted microscope with a Hamamatsu C13440 digital camera 

and equipped with a Lumencor spectra light engine in the San-Miguel Lab at NC State 

University. Lead candidate beads were selected based on the highest observed emission intensity 

at 630 nm with excitation at 560 nm for Alexa Fluor 594 fluorescence measurement after 

thresholding based on 510 nm emission intensity at 480 nm excitation for Alexa Fluor 488 

fluorescence measurement. 

To increase throughput, a ClonePix 2 colony picker was used for fluorescent imaging and 

higher throughput sorting of HCP positive and IgG negative beads in collaboration with 

Molecular Devices in Sunnyvale, CA, USA. The colony picker was identified as a possible 
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option to increase throughput due to (1) its ability to quickly image and quantify intensity of 

large quantities of beads, and (2) the size range of the ChemMatrix beads, which are similar to 

colonies traditionally picked using the ClonePix 2 instrument. After library incubation with 

fluorescently tagged proteins and washed as described above, they were suspended in a semi-

solid matrix to accommodate imaging and picking. The semi-solid matrix was prepared from two 

parts Molecular Devices CloneMatrix and three parts 83.3 mM sodium phosphate, 250 mM 

NaCl, 0.17% Tween 20 to generate a matrix with buffer conditions similar to the protein binding 

condition used. Approximately 5 to 10 µL settled volume of incubated library was gently 

incorporated into the matrix solution, then evenly aliquoted across a 6-well plate to obtain a 

target bead density of å100ï200 beads per well. The plates were then incubated at 37 °C for 2ï

18 h to cure the matrix. Plates were imaged using the ClonePix FITC (800 ms exposure, 128 

LED intensity) and Rhod (500 ms, 128 LED intensity) laser lines to monitor the presence of 

Alexa Fluor 488 and Alexa Fluor 546, respectively. Due to slight autofluorescence of the 

ChemMatrix beads under the FITC filter, bead location (i.e., ClonePix 2 run ñPrime 

Configurationò) was assigned based on fluorescence intensity from the FITC filter. Beads were 

picked for further processing based on the following characteristics using the ClonePix 2: FITC 

interior mean intensity < 2500, Rhod interior mean intensity > 100, and 0.05ï0.25 mm radius. 

Picking was performed in suspension mode, with 20 µL aspiration volume to pick up the bead, 

and a 60 µL expel volume, where excess volume above the aspirated liquid was water. 

4.4.2.5 Lead Peptide Sequencing by LC/MS/MS 

Beads selected based on fluorescence were sequenced using an LC/MS/MS approach to 

determine lead peptide candidates for HCP-binding. Cleavage was performed as described by 

Kish et al. 62. Briefly, beads that were positive for HCP fluorescence and negative for IgG 



 

105 

fluorescence were first treated with 20 µL 0.2 M acetate, pH 3.7, for 1 h to elute bound protein. 

Beads were then washed three times with deionized water, then incubated with 10 µL 38 mM 

sodium hydroxide, 10% v/v acetonitrile to cleave the peptide from the resin. The cleavage 

solution was then neutralized with 100 mM citrate buffer, 10% v/v acetonitrile, then filtered 

through a fritted pipette tip to remove particulate before drying the resulting solute by speed-

vacuum. The powder was then resuspended in 0.1% formic acid for injection onto LC/MS/MS. 

A Waters Q-ToF Premier equipped with a nanoAcquity UPLC system with a nanoflow 

ESI source in the Department of Molecular and Structural Biochemistry at NC State University 

was used for manually screened, tetrameric candidates, while a Thermo Orbitrap Elite with a 

Thermo EASY-nLC 1000 was used for hexameric peptide sequences from ClonePix2 screening. 

Chromatographic separation of the peptide samples was performed with a with a 25 cm × 100 

µm PicoTip or IntegraFrit emmiter column packed with ReproSil-Pur 120 C18-AQ, 3-µm resin. 

Samples were loaded as 10ï15 µL injections and separated by a 30-min linear gradient at 300 

nL/min of mobile phase A (0.1% formic acid) and mobile phase B (0.1% formic acid in 

acetonitrile) from 5ï40% mobile phase B. 

For samples sequenced by the Orbitrap Elite, MS/MS sequencing was performed as 

follows: positive ion mode, acquisitionðfull scan (m/z 350ï1250), 60,000 resolving power, 

MS/MS using a top 5 data dependent acquisition mode with two fragmentation events at settings 

of 27 and 35 normalized collision energy (NCE) for higher-energy collisional dissociation 

(HCD) acquisition for each interrogated precursor. Raw LC/MS/MS data were processed using 

Proteome Discoverer 1.4.1.14 provided through the Department of Molecular and Structural 

Biochemistry at NC State University. Database searching was performed using MASCOT with a 

50-ppm precursor mass tolerance and 50-ppm fragment tolerance against a FASTA formatted 
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database of all possible peptide species in the combinatorial library. Specified modifications 

included a dynamic modification of each amino acid residue that included a side-chain protecting 

group during synthesis to account for incomplete side-chain deprotection of the library. 

For samples sequenced using Waters Q-ToF Premier, MS/MS sequencing was performed 

as follows: positive ion mode, acquisitionðfull scan (m/z 400ï1990), MS/MS using a top 8 

acquisition with data dependent acquisition disabled. The default collision energy setting for the 

instrument based on charge state recognition was used. Raw LC/MS/MS data was processed 

using ProteinLynx Global Server 2.4. Searching was performed using MASCOT with a 50-ppm 

precursor mass tolerance and 50-ppm fragment tolerance against a FASTA formatted database of 

all possible peptide species in the combinatorial library. In cases where more than one peptide 

match was found for a particular bead, peptides were assigned based on the lowest expectation 

value. Cases where this occurred generally consisted of multiple peptides identified with 

identical composition, but a different order of amino acid residues, which was likely a result of 

the difficulty in distinguishing flipped combinatorial positions in a degenerate library, 

particularly in cases where there was a low probability of fragmentation at particular positions. 

4.4.2.6 Secondary Screening Static Binding Studies 

For secondary screening, a mAb production clarified cell culture harvest derived from a 

CHO-K1 wild-type cell line was graciously provided by Fujifilm Diosynth (RTP, NC) for use as 

feed material. Clarified cell culture harvest was concentrated by a factor of å4Ĭ (å1.2 mg/mL 

host cell protein) to model the expected HCP profile after initial concentration using single-pass 

tangential flow filtration (SPTFF). This was done using Macrosep Advance 3-kDa MWCO 

Centrifugal Devices. Concentrated harvest was then diafiltered into the appropriate Bis-Tris or 

Tris buffer as per load condition. For pH 6 and 7 conditions, 10 mM Bis-Tris buffer solutions 
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were used, and 10 mM Tris was used for pH 8 conditions, with ñlowò and ñhighò salt buffers 

composed of 20 mM NaCl and 150 mM NaCl, respectively. Lead candidate Toyopearl resins 

(6HP, 6MP, 4HP, 4MP) were tested alongside commercially available resins common in flow-

through polishing steps for mammalian IgG production, Capto Q, and Capto Adhere. Resins 

were aliquoted into 1-mL solid-phase extraction (SPE) tubes at 25 µL settled resin volume and 

washed with 3 × 500 µL of the appropriate load buffer. Resins were then incubated with the 

diafiltered CHO-S harvest for 1 h on a rotator at HCP loads of å5 and 10 mg HCP/mL resin and 

the resulting supernatant was collected. The resins were then washed with 500 µL load buffer, 

and the wash and flow-through samples were pooled for analysis. 

4.4.2.7 Quantification of Total Protein, Host Cell Protein, and IgG Removal 

Total protein concentrations for samples pre- and post-treatment were measured using a 

Bradford assay with a Pierce Coomassie Plus (Bradford) Assay Kit (Thermo Fisher, Rockford, 

IL, USA). IgG concentration for the monoclonal IgG was determined using Thermo Scientific 

Easy-Titer Human IgG (H+L) Assay Kit. Relative CHO HCP abundance was monitored using a 

Cygnus CHO HCP ELISA Kit, 3G. Absolute values for HCP concentration were not determined 

using this assay due to the use of a manufacturer-provided reference standard that did not 

account for the specific cell line or buffer condition used. To approximate HCP concentration, a 

correction factor was used per buffer condition to scale the observed concentrations based on the 

known HCP content in the feed stream. Percent removal for HCP, IgG, and total protein was 

calculated as described in Equation 4.1: 

0ÅÒÃÅÎÔ 2ÅÍÏÖÁÌ  
ὠ ὅ ὠ ὅ

ὠ ὅ
ρππϷ 

Equation 4.1: Percent removal, where C is the protein concentration and V is the volume of the 

relevant fraction. 
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Resin HCP TBR, a metric to describe relative selectivity of the stationary phases 

developed towards HCP, was calculated as described in Equation 4.2. 

ὙὩίὭὲ Ὄὅὖ ὝὄὙ  
Ϸ Ὄὅὖ ὙὩάέὺὩὨ

Ϸ άὃὦ ὙὩάέὺὩὨ
 

Equation 4.2: Resin HCP targeted binding ratio (TBR) 
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CHAPTER 5. HCP DEPLETION IN S TATIC BINDING MODE USING PEPTIDE 

RESINS BY PROTEOMIC ANALYSIS  

*Excerpt from Lavoie, R.A.; di Fazio, A.; Islam Williams, T.;Menegatti, S.; Carbonell, R.G.; 

Targeted capture of Chinese hamster ovary host cell proteins: Peptide ligand binding by proteomic 

analysis. Biotech. Bioeng. 2019, TBD (In review) 30. 

5.1 Introduction 

Recent advances in monitoring and control capabilities in biopharmaceutical 

manufacturing are reshaping our understanding of the production processes. The manufacture of 

monoclonal antibodies (mAbs) in particular, owing to its reliance on widely used platform 

processes, has enabled a more detailed understanding of the process parameters that determine 

more robust processes and safer products. The application of proteomics-based approaches at 

different stages of mAb production has revealed new challenges related to the removal of the 

host cell protein (HCP) impurities secreted by the mAb-expressing cells. In a recent review of 

HCP removal strategies, Goey, Alhuthali, and Kontoravdi14 presented a thorough overview of 

HCPs that pose a significant risk to patientôs health, and highlighted the challenges that mAb 

manufacturers face in ensuring rigorous HCP clearance. The authors recommend that upstream 

process conditions be controlled to minimize downstream bottlenecks and challenges, including 

high product titers as well as high HCP levels that accompany them. The importance of this 

approach was also highlighted by Lee and coworkers, where the HCP content can be reduced at 

the start through the development of HCP-knockout cell lines84, and the optimization of cell 

culture parameters, such as cell age and cell viability, to minimize HCP levels42,81. 

Complementary to these approaches in upstream processing is the effort towards improving the 

downstream capture of HCPs by developing robust purification processes that are tolerant to the 

inherent variability in cell culture. In this regard, much attention has recently been focused on  
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ñproblematicò HCPs, that is, proteins that (i) co-elute with mAbs at the protein A capture step 

37,43,80,99 or associate with most mAbs 17,32,34,43, (ii) cause degradation of the product of interest 

through enzymatic digestion 46 or degradation of the excipients during storage 84, or (iii) present 

high immunogenicity risk at trace concentrations 47. It is important to accurately monitor the 

residual levels of these HCPs through the various stages of upstream and downstream 

processing.  

This work seeks to enhance current HCP clearance strategies by identifying synthetic 

ligands that specifically capture HCPs commonly present in mAb-containing fluids, with 

particular focus on the targeting of problematic HCPs. In prior work 73, we described the 

identification of HCP-specific peptide ligands and the evaluation of their HCP and IgG product 

binding activities compared to benchmark commercial resins Capto Q (anion exchange) and 

Capto Adhere (mixed-mode) 73. These peptides include multipolar (MP) and 

hydrophobic/positive (HP) sequences. The former feature a combination of positively and 

negatively charged amino acids (Lys, Arg, His, and Asp) and a minor presence of aromatic 

residues (Phe and Tyr), while the later are distinctively rich in positively charged, aromatic, and 

aliphatic (Ala and Ile) residues. In this study, we present an in-depth evaluation of binding of 

specific HCPs by the peptide ligands, compared to commercial ion exchange and mixed-mode 

media. A bottom-up proteomic analysis of the feed sample and supernatant fractions from static 

binding studies described in the prior work 73 was conducted using nano liquid chromatography 

coupled to tandem mass spectrometry (nanoLC-MS/MS). This methodology allowed for 

identification and semi-quantitative measure of individual HCP capture by the peptide ligands.  

The values of bound HCPs were then be correlated with binding conditions (loading ratio and 

buffer composition and pH), and this enabled a determination of whether combinations of resins 
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may be beneficial in improving HCP removal, particularly for difficult-to-clear HCPs in current 

mAb platform processes. Previous work by Kornecki and coworkers 100 outlines the difficulty in 

clearance of HCPs with existing commercial options, and as a result this work aims to provide 

further options for more selective removal of this highly diverse and complex population. 

This work focuses on problematic HCPs in three primary categories based on risk factors 

described above: (i) HCPs co-eluting with mAbs in the capture step, herein referred to as Group I 

17,32ï34,43, including IgG-associated and protein A-binding HCPs, (ii) HCPs that cause product 

degradation, or Group II, 14,32,46,80,84, and (iii) HCPs with high immunogenicity risk, or Group III 

13,14,47,48. In typical mAb platform processes, the large majority of HCPs are removed at the 

protein A product capture step; thus, the design of the subsequent intermediate and final 

polishing steps is highly dependent on their ability to remove the species that co-elute with IgG 

from Protein A. Numerous studies in recent years have focused on identifying the mechanism 

behind co-elution, and selecting process conditions that prevent persistence of these species post-

protein A. For a number of species, co-elution is a result of direct association with the mAb 

17,32,34,43; thus, the capture of this subset of impurities without dissociation from the mAb product 

can result in decreased product yield, though the extent of mAb bound by these HCPs is, as of 

yet, debated. Novel polishing strategies that target this family of HCPs are required to lower 

product loss through diligent selection of wash steps or modifiers that induce dissociation if the 

capture of product-bound species results in substantial product loss. Outside of product-

associated HCPs, species that co-elute with mAbs may result from interaction with protein A, as 

has been determined for chromatin 43. Chromatin has also been shown to cause co-elution of 

ñhitchhikerò HCPs 17, which associates with HCPs that bind mAbs or Protein A, thus effectively 

behaving as co-eluting species. 
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Group II HCPs, or mAb-degrading HCPs, comprise enzymatically-active species that 

induce product degradation. This work focuses on species that are known to cleave or alter the 

mAb product directly, including cathepsins, metalloproteinases, serine protease HTRA1, and 

sialidases 14,32,46,80. Additionally, this group includes species that cause degradation due to 

conformational changes in the mAb, such as protein disulfide isomerase, 78 kDa glucose-

regulated protein (also known as binding immunoglobulin protein or BiP), and heat shock 

protein 14. This subset also includes species that are thought to cause product degradation 

indirectly; lipoprotein lipase, for example, is thought to degrade polysorbate excipients in final 

formulations, resulting in reduced shelf life of the drug product84.  

Group III HCPs includes species that have high risk of immunogenicity. Because any 

foreign protein can stimulate an immunogenic response, this work considered species that have 

previously been shown to stimulate an immunogenic response, such as phospholipase B-like 

protein 13 and species that are indicated to have a high risk of immunogenicity based on in silico 

modeling 14,47,48.  

The results of this work show efficient and selective capture of these three groups of 

problematic by the multipolar (MP) and hydrophobic/positive (HP) peptide ligands identified in 

prior efforts 73. Furthermore, they demonstrate improved salt-tolerance of our novel ligands, 

enabling the development of HCP ñscrubbingò applications prior to product capture or 

diafiltration steps. 

5.2 Results 

5.2.1 HCP Distribution in Load Material 

To determine the HCP composition in the CHO-K1 IgG-producing clarified harvest, 

proteomic analysis was performed on the feed material before diafiltration. The isoelectric point 
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(pI, x-axis), the grand average of hydropathy GRAVY (y-axis), and estimated protein abundance 

(data point diameter) were determined computationally based on the amino acid sequence of 

each protein identified by nanoLC-MS/MS. GRAVY is a metric for hydrophobicity determined 

as the sum of the contributions of each amino acid in the protein sequence based on the water-

vapor transfer free energies and interior-exterior distribution of amino acid side chains 50. 

Negative GRAVY value indicates hydrophilic character, whereas positive indicates 

hydrophobicity. Theoretical pI and MW were calculated using the ExPASy Bioinformatics 

Resource Portal Compute pI/Mw tool 58, while GRAVY values were calculated using the 

GRAVY Calculator 59. Being sequence-based, theoretical GRAVY and pI values do not 

rigorously represent the relative hydrophobicity and isoelectric point of large proteins, which are 

also determined by the tertiary and quaternary structures. It was decided to use this sequence-

based parameterization to offer a global picture of the HCP species diversity and gain a species-

by-species-based understanding of important considerations for identifying ligands for HCP 

capture. Calculated protein molecular weights are represented by the color of the data point. This 

analysis resulted in the identification and relative quantification of 427 unique protein species, 

the majority of which were hydrophilic (GRAVY < 0), acidic (pI < 7), and had a molecular 

weight less than 100 kDa. Figure 5.1 summarizes the properties and estimated abundance of 

each protein identified in the harvest. 
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Figure 5.1: Bubble plot distribution of CHO HCP species in mAb production harvest used as 

load material by theoretical molecular weight (MW), isoelectric point (pI), Grand Average of 

Hydropathy (GRAVY), and calculated percent molar abundance. Each data point represents a 

unique protein identified in the GRAVY values were determined using the GRAVY Calculator 

developed by Stephen Fuchs 59. All data with the exception of GRAVY values were obtained from 

Thermo Proteome Discoverer.  

It was desirable to quantitatively define the average properties of the global HCP 

population in order to better select the conditions for HCP capture. To this end, protein 

frequency was determined over the range of each protein metric (Figure 5.2). While not 

accounting for protein structure, the GRAVY values reported in Figure 5.2(B) are useful in 

establishing the overall character of a protein population as a set of predominantly hydrophilic or 

hydrophobic species. The calculations returned negative GRAVY values for the large majority 

(92%) of the CHO-S HCPs. This result is reasonable, given that hydrophobic species are less 

likely to exist among proteins secreted by CHO-S cells in the aqueous extracellular space. Thus, 

clarification procedures without cell lysis steps result in harvest material that is likely to be rich 

in extracellular proteins with low abundance of membrane and intracellular components. With 

respect to the observed pI values shown in Figure 5.2(A), a typical bimodal isoelectric point 

distribution for eukaryotic organisms was observed, aligning with expected distribution despite 
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the use of theoretical rather than empirical pI values, with a majority of proteins (74%) identified 

as acidic species (pI < 7), i.e., negatively charged at neutral pH. 

 

Figure 5.2: Distribution of CHO HCPs measured in the CHO harvest load material by protein 

characteristic: (A) theoretical molecular weight, (B) theoretical isoelectric point, (C) theoretical 

grand average of hydropathy (GRAVY), a measure of relative hydrophobicity, and (D) calculated 

relative molar abundance. 

 

5.2.2 Analysis of HCP Binding 

The CHO HCP-targeting peptide ligands discovered in prior work by screening 

tetrameric (X1X2X3X4GSG) and hexameric (X1X2X3X4X5X6GSG) peptide libraries comprise 

multipolar (MP) and hydrophobic/positive (HP) peptides 73. MP ligands include sequences with 

one positively charged (Arg, His, Lys) and one negatively charged (Asp) amino acid residue, 

with the remaining combinatorial positions filled with aliphatic or aromatic residues. HP ligands 

include sequences containing one or two positively charged residue(s), with the remainder 

primarily aromatic residues. The initial characterization of these peptide-based adsorbents led to 

the identification of buffer conditions that maximize binding specificity for CHO HCPs over the 
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IgG product. To that end, the peptide-based resins were compared to commercial resins Capto Q, 

a strong anion exchange resin featuring a quaternary amine ligand, and Capto Adhere, a mixed-

mode resin featuring a combination of strong anion exchange, hydrogen bonding, and 

hydrophobic functionalities. The binding studies were conducted in static binding mode using a 

set of different binding buffers (NaCl concentration of 20 or 150 mM; pH 6, 7, or 8). The salt 

concentration and pH of buffers were selected to evaluate the performance of the resins at 

ñharvest-likeò conditions (150 mM NaCl) and ñconventional polishingò conditions (20 mM 

NaCl). The pH range was limited to 6 ï 8 to prevent protein instability in the clarified harvest. 

The feed samples were prepared by diafiltration of the cell culture fluid against the different 

buffers, incubated for 1 hour with the equilibrated adsorbents, and the supernatants (unbound and 

wash fraction) were collected and pooled prior to analysis. The resulting performance of each 

resin as a function of buffer condition by total HCP and IgG bound as reported in Lavoie et al., 

2019 is summarized in Table 5.1.  
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Table 5.1: Percent bound mAb and HCP in addition to resin selectivity by resin and buffer 

condition at 5 mg HCP/mL resin load. This table is adapted from Lavoie et al, 2019 Table B.1. 

Resin Output  

20 mM NaCl 150 mM NaCl 

pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 

6HP 

Percent HCP 

bound 

69.5% ± 

4.8% 

79.3% ± 

2.0% 

61.8% ± 

5.1% 

86.4% ± 

5.5% 

42.9% ± 

5.0% 

9.4% ± 

5.9% 

Percent 

mAb bound 

48.4% ± 

4.4% 

48.7% ± 

1.9% 

46.2% ± 

0.5% 

48.9% ± 

6.0% 

52.8% ± 

5.5% 

61.8% ± 

3.0% 

Resin HCP 

Selectivity 

1.441 ± 

0.114 

1.630 ± 

0.034 

1.336 ± 

0.098 

1.783 ± 

0.199 

0.813 ± 

0.030 

0.151 ± 

0.093 

6MP 

Percent HCP 

bound 

71.9% ± 

6.0% 

73.5% ± 

6.5% 

59.4% ± 

2.3% 

92.8% ± 

3.8% 

53.9% ± 

7.3% 

14.0% ± 

8.8% 

Percent 

mAb bound 

51.0% ± 

5.4% 

33.4% ± 

11.9% 

40.0% ± 

3.3% 

33.0% ± 

10.0% 

50.9% ± 

10.9% 

52.3% ± 

7.5% 

Resin HCP 

Selectivity 

1.428 ± 

0.256 

2.445 ± 

1.083 

1.488 ± 

0.086 

2.961 ± 

0.742 

1.109 ± 

0.373 

0.269 ± 

0.166 

4HP 

Percent HCP 

bound 

64.4% ± 

11.1% 

75.4% ± 

4.2% 

79.2% ± 

1.8% 

87.0% ± 

1.3% 

72.0% ± 

2.3% 

48.6% ± 

3.4% 

Percent 

mAb bound 

38.6% ± 

9.4% 

46.6% ± 

9.5% 

42.7% ± 

1.0% 

47.4% ± 

8.1% 

55.3% ± 

4.3% 

62.0% ± 

4.7% 

Resin HCP 

Selectivity 

1.670 ± 

0.298 

1.620 ± 

0.212 

1.855 ± 

0.032 

1.836 ± 

0.172 

1.301 ± 

0.084 

0.784 ± 

0.103 

4MP 

Percent HCP 

bound 

58.0% ± 

7.3% 

76.9% ± 

5.1% 

76.9% ± 

3.6% 

87.7% ± 

5.1% 

67.8% ± 

1.8% 

35.3% ± 

8.4% 

Percent 

mAb bound 

31.1% ± 

3.1% 

15.8% ± 

4.1% 

23.5% ± 

4.0% 

43.2% ± 

7.8% 

55.9% ± 

3.6% 

56.6% ± 

3.0% 

Resin HCP 

Selectivity 

1.863 ± 

0.162 

4.868 ± 

0.266 

3.279 ± 

0.177 

2.029 ± 

0.190 

1.214 ± 

0.069 

0.625 ± 

0.244 

CA 

Percent HCP 

bound 

68.6% ± 

13.0% 

70.3% ± 

5.9% 

74.0% ± 

4.0% 

77.1% ± 

9.9% 

70.6% ± 

1.5% 

33.1% ± 

3.3% 

Percent 

mAb bound 

81.0% ± 

3.0% 

94.7% ± 

1.0% 

97.7% ± 

2.2% 

72.3% ± 

1.8% 

84.5% ± 

1.5% 

93.1% ± 

1.1% 

Resin HCP 

Selectivity 

0.847 ± 

0.193 

0.743 ± 

0.085 

0.758 ± 

0.058 

1.067 ± 

0.130 

0.835 ± 

0.028 

0.355 ± 

0.100 

CQ 

Percent HCP 

bound 

62.7% ± 

2.9% 

83.7% ± 

3.4% 

76.0% ± 

2.6% 

84.7% ± 

6.8% 

61.1% ± 

6.4% 

40.2% ± 

7.5% 

Percent 

mAb bound 

37.7% ± 

13.7% 

37.6% ± 

11.7% 

64.8% ± 

2.6% 

45.8% ± 

8.9% 

48.1% ± 

7.5% 

57.0% ± 

2.9% 

Resin HCP 

Selectivity 

1.664 ± 

0.365 

2.226 ± 

0.313 

1.174 ± 

0.052 

1.852 ± 

0.210 

1.270 ± 

0.187 

0.705 ± 

0.193 

 

 The majority of the resins yielded the highest selectivity (where resin HCP selectivity 

was defined as the percent of HCP bound over the percent of IgG bound) at 20 mM NaCl, pH 7; 

based on global quantification of HCPs by ELISA, it was found that MP resins had equivalent or 

increased selectivity for HCPs compared to Capto Q and Capto Adhere 73. HP resins, while 

slightly less selective than Capto Q, still exhibited preferential binding to HCPs and were found 



 

118 

to be superior to Capto Adhere under the near-neutral pH conditions tested. The peptide-based 

resins also proved more effective than commercial resins in HCP binding studies performed at 

ñharvest-likeò condition (150 mM NaCl), suggesting potential use as pre-Protein A HCP 

scrubbers. These conditions were not specifically optimized for flow-through operation of 

commercial resins; Capto Q is in fact normally operated at low salt conditions, whereas Capto 

Adhere is utilized at fairly low pH values to prevent binding of the mAb product. The scope of 

this work, however, is to directly compare peptide-based and commercial resins under equivalent 

buffer conditions to highlight the ability of peptide ligands to capture HCPs efficiently and 

selectively without requiring the level of process optimization. 

To further interrogate the observed differences in binding selectivity across the whole 

panel of resins, the present study focuses on the identification and relative quantification of 

individual HCPs. In this study, the HCPs in the supernatant samples from the static binding 

experiments were identified and quantified via bottom-up, label-free proteomics, and the 

resulting values were used to evaluate differences in binding of the various HCP groups by the 

peptide-based resins in comparison with the benchmark commercial resins. In this work, a 

ñbound HCPò was defined as a protein that (i) is detected in the feed stream by LC/MS/MS 

analysis and (ii) is either not detected in the supernatant (unbound + wash) or has a significantly 

lower SAF compared to the feed sample (p < 0.05 by ANOVA). SAF and ANOVA results are 

tabulated in Appendix E (Table E.1 ï Table E.6). 

5.2.2.1 Profile of Bound Proteins vs. pH of the Binding Buffer 

The number of unique HCPs bound by the peptide-based and the commercial benchmark 

resins at different pH conditions are presented in Figure 5.3. The analysis of overlapping bound 

HCPs for the various resins as a function of buffer condition indicates that both 4HP and 6HP 
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resins feature a higher tolerance to differences in pH compared to the benchmark and MP resins, 

at both salt concentrations (20 mM and 150 mM). As shown in Figure 5.3, of all unique bound 

HCPs across the three values of pH, 4HP and 6HP respectively bound 66.2 % (198 of 299 unique 

proteins) and 69.4% (207 of 298) at 20 mM NaCl, while 58.3% (147 of 199) and 54.1% (151 of 

279) at 150 mM NaCl. In comparison, benchmark anion exchange resin Capto Q yielded 60.7% 

(179 of 295) at 20 mM and 33.6% (71 of 211) at 150 mM. Lower HCPs binding by Capto Q at 

high salt concentration was anticipated, given that this resin relies solely on electrostatic binding; 

further, increased binding of the mAb product (isoelectric point ~ 7.6) by Capto Q at pH 8 

(64.8% ± 2.6% at 20 mM and 57.0% ± 2.9% at 150 mM) also reduces the number of binding 

sites available for HCP capture as shown in Table 1 73. The mixed-mode resin Capto Adhere 

showed a high overlap in bound HCPs (71.4%, 220 of 308) at low salt concentration; however, 

promiscuous binding of HCPs was also accompanied by significant loss of mAb product (> 80% 

for all pH conditions) 73. The analysis of protein binding at 150 mM NaCl showed a decrease in 

overlap of bound HCPs to 48.2% (133 of 276 bound proteins), indicating poor tolerance to pH 

variations. The ability of HP resins to maintain HCP binding almost constant under different pH 

conditions suggests that the peptide ligands feature a stronger affinity-like binding activity than 

commercial mixed-mode ligands, which often require extensive optimization of the process 

conditions to grant sufficient product yield and purity. Robustness in HCP capture within a 

design space of buffer conditions by peptide ligands makes them more apt towards platform 

processes for mAb purification.  
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Figure 5.3: Overlapping HCPs bound at 20 mM NaCl and 150 mM NaCl by peptide-based 

resins (4HP, 6HP, 4MP, and 6MP) and benchmark resins (Capto Q and Capto Adhere) at pH 6 

(pink), pH 7 (green), and pH 8 (blue). Bound proteins were determined as proteins that either were 

identified by LC/MS/MS in the feed but not in the supernatant samples with wash after static 

binding with each resin, or alternatively where the resulting spectral abundance factor was 

significantly lower by ANOVA (Ŭ = 0.05) than the feed. The ñoverlapò, or number of unique 

species of proteins that were bound at more than one pH condition for the range tested (pH 6, 7, 

and 8) are shown in the overlapping regions of the Venn diagrams.   

Turning to multipolar ligands, 4MP and 6MP resins showed rather conspicuous 

differences in HCP binding. The 6MP resin compared well with its HP counterparts in terms of 

robustness of HCP capture against different pH conditions, with overlaps of bound HCPs of 

61.2% (180 of 294 bound proteins) and 51.9% (122 of 235 bound proteins) at 20 mM and 150 

mM, respectively. The 4MP ligand, on the other hand, demonstrated poor tolerance to pH 
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differences at both 20mM and 150 mM NaCl, with overlaps of bound HCPs of 40.8% (111 of 

272 bound proteins) and 22.0% (41 of 186), respectively. A unique feature of the 4MP resin was 

its inverse relationship between HCP binding and buffer pH. As the net charge of the proteins in 

solution is shifted towards negative values as the pH of the binding buffer increases, the presence 

of negatively charged amino acids in the 4MP peptide ligands explains the loss of HCP binding 

at higher pH.  

A comparison of the distributions of pI values among the HCPs bound at different pH 

conditions was also performed using the Kruskal-Wallis H test to evaluate the shift in the charge 

profile of the proteins in the supernatant vs. feed samples. The Kruskal-Wallis H test, as shown 

in Table 5.1, was adopted given the non-normal distribution of the pI values. If HCP binding by 

the peptide-based resin were dominated by electrostatic interactions, the pI profiles of bound 

HCPs would differ significantly among different pH conditions; in particular, the median pI 

would increase at higher pH of binding, since HCPs with higher pI values would become 

negatively charged and be captured by the positively charged amino acid residues on the HP 

ligands. No significant shift in the isoelectric point profile of bound proteins was observed for 

the 4HP resin (p = 0.171 and p = 0.355 for 20 mM and 150 mM NaCl, respectively), whereas the 

6HP resin showed a statistically significant shift only for the 150 mM NaCl condition (p = 0.392 

and p = 0.0086 for 20 mM and 150 mM NaCl, respectively). The lack of significance in the 

distribution of pI values among the HCPs bound at different pH suggests that HCP:peptide 

interactions for 4HP and 6HP are not entirely dependent on electrostatic interaction; for 

comparison, the traditional anion exchange resin Capto Q shows a significant increase in pI as a 

function of pH at both salt conditions (p = 0.0969 and p = 0.0434 at 20 mM and 150 mM, 

respectively). Capto Adhere, whose ligand (whose 2 benzyl,2 hydroxyethyl,2methyl-
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ammonioethyl) has a strong similarity with the HP peptides, showed insignificant response in 

terms of pI distribution of bound HCPs vs. pH at low salt and (p = 0.240 at 20 mM), but 

significant at high salt (p = 0.0130 at 150 mM). With multipolar ligands, a significant correlation 

between pH of binding and pI profile of bound HCPs was observed only with the 4MP resin at 

the high salt condition (p = 0.0028).  

Table 5.1: Kruskal-Wallis H test for bound protein isoelectric point as a function of buffer pH 

using JMP Pro 14.  The distribution of isoelectric points for each unique bound protein were plotted 

by frequency of isoelectric point but are not weighted based on abundance.  

Resin pH 

20 mM NaCl 150 mM NaCl 

Mean 

Rank 

Score 

Median 

pI  ɉ2 p 

Mean 

Rank 

Score 

Median 

pI  ɉ2 p 

4HP 

6 357.7 6.28 

3.53 0.171 

300.0 6.25 

2.07 0.355 7 393.3 6.62 293.0 6.2 

8 371.7 6.47 317.5 6.52 

6HP 

6 372.6 6.37 

1.88 0.392 

302.0 6.16 

9.51 0.0086 7 398.4 6.61 301.8 6.09 

8 379.9 6.46 348.3 6.64 

4MP 

6 292.8 6.33 

0.839 0.658 

148.8 5.88 

11.8 0.0028 7 305.8 6.54 164.1 6.23 

8 306.6 6.52 196.4 6.82 

6MP 

6 348.5 6.28 

2.79 0.248 

257.4 6.16 

3.89 0.143 7 378.5 6.62 251.8 6.12 

8 356.8 6.43 282.2 6.53 

Capto 

Q 

6 335.9 6.12 

4.67 0.0969 

189.8 5.71 

6.28 0.0434 7 375.4 6.54 197.9 5.74 

8 369.7 6.54 223.4 6.13 

Capto 

Adhere 

6 386.6 6.42 

2.858 0.240 

290.2 6.18 

8.69 0.0130 7 417.5 6.67 295.8 6.23 

8 416.6 6.65 335.9 6.65 
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5.2.2.2 Profile of Bound Proteins vs. Ionic Strength of the Binding Buffer 

Overlap in bound HCPs as a function of ionic strength was additionally assessed to 

compare the tolerance of the different ligands to salt concentration. The comparison of HCP 

binding at 20 mM vs. 150 mM NaCl concentration is reported in Figure 5.4 for all resins and 

binding pH. The proteomic analysis of the supernatant samples obtained with the peptide-based 

resins showed a strong tolerance to 150 mM, a typical salt concentration in clarified cell culture 

harvests. 4HP and 6HP ligands in particular maintained the binding of significant fraction (60.1 ï 

82.7%) of the HCPs bound at 20 mM NaCl when tested at 150 mM NaCl. As anticipated for an 

ion exchange resin, Capto Q showed a significant reduction in the number of proteins bound as 

the salt concentration increased, and consequently a decrease in the number of overlapping 

bound proteins. Percent overlapping of bound HCPs by Capto Adhere was closer to the values 

obtained with HP resins (69.0% - 77.3%), but was also associated with significantly higher 

binding of the mAb product, as previously reported73 and summarized in Table 5.1. Multipolar 

resins 4MP and 6MP showed substantially different binding behavior as a function of salt 

concentration. Good salt tolerance, comparable to that of HP resins, was observed with 6MP 

resin, which provided an overlap in bound HCPs of 52.9% - 66.8%. On the contrary, 4MP resin 

showed low tolerance to salt concentration, similarly to what observed in response to pH 

conditions, corroborating the hypothesis that the binding activity of this family of ligands has a 

predominantly electrostatic character. 
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Figure 5.4: Overlapping HCPs bound at pH 6, 7, and 8 by peptide-based resins (4HP, 6HP, 4MP, and 6MP) and benchmark resins 

(Capto Q and Capto Adhere) at 20 mM (pink), 150 mM (green). Bound proteins were determined as proteins that either were identified 

by LC/MS/MS in the feed but not in the supernatant samples with wash after static binding with each resin, or alternatively where the 

resulting spectral abundance factor was significantly lower by ANOVA (Ŭ = 0.05) than the feed. The ñoverlapò, or number of unique 

species of proteins that were bound at both salt concentrations (20 mM and 150 mM) for the range tested (pH 6, 7, and 8) are shown in 

the overlapping regions of the Venn diagrams. 
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The presence of both positive and negatively charged residues on MP ligands makes their interaction with HCPs more 

complex; the softening of electrostatic repulsions at high ionic strength allows the 4MP ligands to behave more similarly to 

conventional ion exchangers. Collectively, our results indicate a stronger correlation between binding pH and pI profile of bound 

HCPs at higher ionic strength of the binding buffer (150 mM vs. 20 NaCl, Table 5.2). This result may result not only from a shift in 

HCP:peptide binding strength at different salt concentrations 101, but also from a decrease in non-specific adsorption of the highly 

abundant mAb product, which furthers the availability of binding sites for HCP capture. 

Table 5.2:  Kruskal-Wallis H test for bound protein isoelectric point as a function of buffer pH using JMP Pro 14.  The distribution 

of isoelectric points for each unique bound protein were plotted by frequency of isoelectric point but are not weighted based on 

abundance. 

Resin 
Salt 

Concentration  

pH 6 pH 7 8 

Mean 

Rank 

Score 

Median 

pI  ɉ2 p 

Mean 

Rank 

Score 

Median 

pI  ɉ2 p 

Mean 

Rank 

Score 

Median 

pI  ɉ2 p 

4HP 
20 mM 225.5 6.25 

0.0525 0.819 
216.7 6.2 

5.53 0.0187 
218.9 6.52 

0.020 0.887 
150 mM 228.3 6.28 246.5 6.62 217.2 6.47 

6HP 
20 mM 225.4 6.16 

1.43 0.232 
208.5 6.09 

5.16 0.0231 
252.9 6.64 

1.51 0.219 
150 mM 240.4 6.37 236.9 6.61 237.2 6.46 

4MP 
20 mM 174.4 5.88 

4.29 0.0383 
164.2 6.23 

1.19 0.276 
112.0 6.82 

1.79 0.181 
150 mM 198.2 6.33 176.6 6.54 100.1 6.52 

6MP 
20 mM 209.4 6.16 

0.967 0.325 
191.1 6.12 

7.10 0.0077 
200.9 6.53 

0.0875 0.767 
150 mM 221.3 6.28 223.7 6.62 197.5 6.43 

Capto Q 
20 mM 141.2 5.71 

5.16 0.0231 
168.9 5.74 

12.6 0.0004 
202.7 6.13 

2.42 0.120 
150 mM 165.8 6.12 212.1 6.54 221.7 6.54 

Capto 

Adhere 

20 mM 209.4 6.18 
1.81 0.178 

211.8 6.23 
5.50 0.0190 

269.8 6.65 
0.0007 0.979 

150 mM 225.8 6.42 241.6 6.67 270.2 6.65 

5.2.2.3  
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5.2.2.4 Profile of Bound Proteins by Peptide-based Resins vs. Commercial Resins 

A comparison of the HCP species bound by the various resins at given binding conditions 

(pH and salt concentration) was then performed to identify proteins uniquely bound by a single 

or a set of resins. Our analysis focused on the optimal binding conditions identified in prior work 

73, namely pH 7 at 20 mM NaCl and pH 6 at 150 mM NaCl, whose results of overlap of protein 

binding by the various resins are presented as Venn diagrams in Figure 5.5 and Figure 5.6. 

Analogous plots for the other binding conditions are available in Appendix F (Figure F.1 ï 

Figure F.4). 

 

Figure 5.5: Overlapping bound proteins by peptide resins at pH 7, 20 mM NaCl. Bound 

proteins were determined as proteins that either were identified by LC/MS/MS in the feed but not 

in the supernatant samples with wash after static binding with each resin, or alternatively where 

the resulting dilution-adjusted spectral count was significantly lower by ANOVA (Ŭ = 0.05) than 

the spectral count in the feed. Panel (A) compares the number of unique species bound to the novel 

peptide resins (4HP, 6HP, 4MP, and 6MP) to the Capto Q benchmark resin, and panel (B) 

compares the peptide resins to the Capto Adhere benchmark resin. 

Proteomic analysis of the fractions generated at 20 mM NaCl, pH 7 indicates substantial overlap 

in unique proteins bound between the peptide resins and the benchmark resins. Capto Q, in 
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particular, afforded significant binding of 261 unique proteins, of which only 2 were not bound by 

any of the peptide resins, namely EF-HAND 2 containing protein and fatty acid-binding protein 

(adipocyte), neither of which has been reported as a problematic HCP to our knowledge. On the 

other hand, peptide resins showed significant binding of additional 20 unique HCP species, 

including problematic HCPs from Group I (peptidyl-prolyl cis-trans isomerase, fructose-

bisphosphate aldolase, sulfated glycoprotein 1, glyceraldehyde 3-phosphate dehydrogenase, and 

biglycan). From the perspective of overall product purity, Group I Protein A co-eluting HCPs are 

the most challenging to address, as a large majority of these proteins are indicated to co-elute as a 

result of association to the product 32,34 or association to histones that can in turn non-specifically 

bind to multiple entities 17. The efficient capture of product-bound species in this group may 

explain to some degree the loss of IgG observed in prior work 73, as some IgG molecules may 

associate with the HCPs retained by the HP ligand. 6HP showed significant binding of 15 of the 

20 additional species, but failed to bind fructose-bisphosphate aldolase, which was captured only 

by 4MP, in addition to one form of peptidyl-prolyl cis-trans isomerase. It was further noted that 

in addition to the nearly 80% HCP bound by 4MP by HCP ELISA and high number of unique 

proteins bound, the 4MP ligand had the lowest observed percent mAb bound from the entire study 

at 15.8% ± 4.1% as shown in Table 5.1 73. 

In comparison to the benchmark multimodal resin, the peptide resins bound 280 of the 

285 unique species bound by Capto Adhere, while also showing a significantly lower binding (> 

2-fold) of the mAb product73 as shown in Table 5.1. Four HCP species, including problematic 

HCP sulfated glycoprotein 1, in addition to tenascin-X, copper transport protein ATOX1, and 

procollagen C-endopeptidase enhancer 1, were captured by one or more peptide-based resins, but 

did not show binding to Capto Adhere under these conditions. A large majority of the species 
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bound by Capto Adhere (270 of 285) was also captured by the 6HP resin; this was expected, 

given similarities in the potential binding interactions between the two resins, despite significant 

differences in mAb product binding. 

  
Figure 5.6: Overlapping bound proteins by peptide resins at pH 6, 150 mM NaCl. Bound 

proteins were determined as proteins that either were identified by LC/MS/MS in the feed but 

not in the supernatant samples with wash after static binding with each resin, or alternatively 

where the resulting dilution-adjusted spectral count was significantly lower by ANOVA (Ŭ = 

0.05) than the spectral count in the feed. Panel (A) compares the number of unique species bound 

to the novel peptide resins (4HP, 6HP, 4MP, and 6MP) to the Capto Q benchmark resin, and 

panel (B) compares the peptide resins to the Capto Adhere benchmark resin. 

A parallel analysis of the fractions generated at 150 mM NaCl, pH 6, summarized in 

Figure 5.6, indicates considerable differences in the capture of host cell proteins by the peptide 

resins vs. the benchmark resins. As shown in Figure 5.6 (A), the peptide resins bound 128 

unique proteins in addition to 100 of the 106 proteins bound by Capto Q, including problematic 

HCPs from all three problematic HCP groups. Problematic species bound by peptide resins, but 

not Capto Q are summarized in Table 5.3.  

A large majority (117 of 128) of the species that do not bind to Capto Q but do bind to at 

least one peptide resin showed binding to the 6HP resin. Notable exceptions include peptidyl-
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prolyl cis-trans isomerase, which was bound by 4HP and both MP resins, as well as biglycan, 

glutathione s-transferase P, alpha-enolase, and glyceraldehyde-3-phosphate dehydrogenase, 

which were only bound by 4HP. In comparison, of the 6 HCPs bound exclusively by Capto Q, 

only one has been reported as a problematic, namely 60S acidic ribosomal protein P2. The 

overlap of bound HCPs shown in Figure 5.6 (B) indicates a broader binding by Capto Adhere 

compared to Capto Q, as well as a larger group of shared bound proteins between the peptide 

resins and Capto Adhere. Nonetheless, the peptide resins bound 40 more unique species than 

Capto Adhere while showing significantly lower mAb product binding as shown in Table 5.1. 
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Table 5.3: Problematic HCPs at pH 6, 150 mM by bound novel peptide resins that do not bind 

Capto Q 

Problematic HCP Group HCP Species 

Group I (Protein A co-

eluting) 

Heat shock cognate protein 

Pyruvate kinase 

60S acidic ribosomal protein P0  

Elongation factor 2 

Nidogen-1 

Elongation factor 1-alpha 

Cofilin-1 

Out-at-first protein-like protein 

Aldose reductase-related protein 2 

Peroxiredoxin-1 

Biglycan 

Glutathione s-transferase 

Alpha-enolase 

Glyceraldehyde-3-phosphate dehydrogenase 

Cathepsin B 

Matrix metalloproteinase-9 

Matrix metalloproteinase-19 

Protein disulfide-isomerase 

Serine protease HTRA1 

Glutathione s-transferase 

Group II (product 

degradation-associated) 

Cathepsin B 

Matrix metalloproteinase-9 

Matrix metalloproteinase-19 

Protein disulfide-isomerase 

Serine protease HTRA1 

Group III (highly 

immunogenic) 

Glutathione s-transferase 

Phospholipase B-like protein 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 

Peroxiredoxin-1 

 

5.2.3 Semi-Quantitative Evaluation of the Binding of ñProblematicò HCPs by Peptide Resins 

vs. Benchmark Resins 

To gather a quantitative measure of the differences in HCP-binding activities of the 

peptide-based resins, label-free relative quantification based on proteomics analysis of the 

collected fractions was conducted by LC/MS/MS. Specifically, data dependent acquisition 

(DDA) methods were adopted to compare the relative SAF of every HCPs species in the 
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supernatant samples obtained from static binding tests using the peptide-based resins and 

benchmark resins Capto Q and Capto Adhere.  

This study was limited to the supernatant samples obtained at the conditions that proved 

most effective for HCP binding, namely 20 mM NaCl at pH 7, and 150 mM NaCl at pH 6 73. The 

resulting values of SAF for problematic HCP species identified in the supernatants produced at 

20 mM NaCl at pH 7 are listed in Table 5.4. These values of SAF were compared by an 

ANOVA (N=3) between the peptide-based resins and both benchmark resins to evaluate the 

advantage of using peptide ligands for HCP removal. Significantly higher binding was observed 

for several problematic HCP species by the peptide-based resins compared to Capto Q: cathepsin 

B, serine protease HTRA1, peptidyl-prolyl cis-trans isomerase, peroxiredoxin-1. 6HP resin was 

particularly effective compared to Capto Q in binding Group I/II HCP serine protease HTRA1 

and Group I/III HCP peroxiredoxin-1, and outperformed Capto Adhere, its small molecule 

cognate, in binding serine protease HTRA1. 4HP showed improved binding of Group I/II HCP 

cathepsin B compared to both Capto Adhere and Capto Q. Notably, the binding of peptidyl-

prolyl cis-trans isomerase by both MP resins was significantly higher compared to Capto Q and 

on par with Capto Adhere; it should be noted, however, that the capture of this hard-to-clear 

species by Capto Adhere comes with a much higher cost in terms of mAb loss compared to MP 

resins. it was also observed that fructose-bisphosphate aldolase was depleted to levels below the 

limit of detection by 4MP alone amongst the peptide resins, although the difference in mean 

spectral counts was not statistically significant, matched only by the higher product binding 

Capto Adhere.  

The development of salt-tolerant stationary phases for mAb purification is much sought 

after, as they provide flexibility in process implementation. As a result, the binding of HCP 
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species in 150 mM NaCl at pH 6, was analyzed. The values of total HCP clearance and HCP vs. 

IgG binding determined by ELISA tests indicated that, at this condition, all four peptide-based 

resins performed equivalently or better than Capto Q 73. 
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Table 5.4: Tabulated spectral abundance factor and ANOVA of CHO problematic HCPs by Capto Q, Capto Adhere, and HCP-

binding peptide resins at pH 7, 20 mM sodium chloride. Mean and standard deviation of spectral abundance factor (N=3) are reported 

for each species. Calculated p-values for ANOVA comparisons of each peptide resin compared to both benchmark resins (Capto Q and 

Capto Adhere) are provided. Species identified by shotgun proteomics in this work identified as ñproblematicò based on prior art 
13,14,17,32ï34,43,47,48,84. 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison ANOVA p-

value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Biglycan 
X   <LOD <LOD <LOD <LOD 

0.0085 ± 
0.015 

<LOD 
0.3739 0.3739 0.3739 0.3739 1 1 1 1 

Heat shock 

cognate protein 
X   <LOD <LOD 

0.048 ± 

0.0082 

0.0093 ± 

0.016 
<LOD <LOD 

1 1 0.0006* 0.3739 1 1 0.0006* 0.3739 

Fructose-
bisphosphate 

aldolase 

X   
0.0081 ± 

0.014 

0.0084 ± 

0.014 
<LOD 

0.015 ± 

0.013 

0.016 ± 

0.014 
<LOD 

0.5314 0.5484 0.1163 0.9114 0.3739 0.3739 1 0.1196 

Heat shock 
protein 

X X  <LOD 
0.028 ± 
0.049 

0.027 ± 
0.047 

<LOD <LOD <LOD 
1 0.3739 0.3739 1 1 0.3739 0.3739 1 

Lipoprotein lipase X X  <LOD <LOD <LOD <LOD <LOD <LOD 1 1 1 1 1 1 1 1 

Pyruvate kinase 
X   <LOD <LOD 

0.0086 ± 

0.015 
<LOD <LOD 

0.0086 ± 

0.0075 1 1 0.3739 1 0.1163 0.1163 0.9973 0.1163 

Sialidase I  X  <LOD <LOD <LOD <LOD <LOD <LOD 1 1 1 1 1 1 1 1 

Actin, 

cytoplasmic 1 
X   <LOD <LOD <LOD 

0.017 ± 

0.029 
<LOD 

0.017 ± 

0.015 1 1 1 0.3739 0.1163 0.1163 0.1163 0.9873 

Phosphoglycerate 
mutase 1 

X   <LOD <LOD <LOD <LOD <LOD <LOD 
1 1 1 1 1 1 1 1 

Cathepsin B 
X X  <LOD 

0.010 ± 

0.017 

0.0093 ± 

0.016 

0.019 ± 

0.016 

0.098 ± 

0.060 

0.14 ± 

0.054 0.0476* 0.0707 0.0692 0.0928 0.0112* 0.0167* 0.0163* 0.0210* 

Peptidyl-prolyl 
cis-trans 

isomerase 

X   
0.37 ± 

0.085 

0.40 ± 

0.046 

0.059 ± 

0.023 
0.17 ± 0.052 

0.44 ± 

0.094 

0.16 ± 

0.070 
0.4219 0.6407 0.0025* 0.0130* 0.0321* 0.0076* 0.07 0.8867 

Actin, alpha 

cardiac muscle 1 
X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Matrix 

metalloproteinase-

9 

X X  <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Protein disulfide-
isomerase A6 

X X  <LOD <LOD <LOD <LOD <LOD <LOD 
1 1 1 1 1 1 1 1 

Vimentin X   <LOD <LOD <LOD <LOD <LOD <LOD 1 1 1 1 1 1 1 1 
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Table 5.4 (continued). 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison ANOVA p-

value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Thrombospondin-
1 

X   <LOD <LOD 
0.012 ± 
0.020 

<LOD 
0.0059 ± 

0.010 
<LOD 

0.3739 0.3739 0.6816 0.3739 1 1 0.3739 1 

60S acidic 

ribosomal protein 

P0 

X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Clusterin 
X   

0.021 ± 

0.00028 

0.014 ± 

0.024 
0.10 ± 0.093 

0.032 ± 

0.030 

0.092 ± 

0.062 

0.061 ± 

0.021 0.1159 0.1095 0.9006 0.2003 0.0314* 0.0639 0.5109 0.2378 

Matrix 
metalloproteinase-

19 

X X  <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Elongation factor 

2 
X   <LOD <LOD 

0.0036 ± 

0.0063 

0.0036 ± 

0.0062 
<LOD 

0.0073 ± 

0.0063 1 1 0.3739 0.3739 0.1163 0.1163 0.5163 0.5076 

Nidogen-1 
X   <LOD 

0.010 ± 

0.017 

0.0044 ± 

0.0077 

0.0044 ± 

0.0076 
<LOD 

0.0091 ± 

0.016 1 0.3739 0.3739 0.3739 0.3739 0.9712 0.669 0.6639 

Legumain 
 X  <LOD <LOD 

0.035 ± 

0.061 
<LOD <LOD <LOD 

1 1 0.3739 1 1 1 0.3739 1 

Glyceraldehyde-

3-phosphate 

dehydrogenase 

X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Sulfated 
glycoprotein 1 

X   <LOD <LOD 0.24 ± 0.055 
0.024 ± 
0.021 

0.11 ± 
0.079 

0.10 ± 
0.060 0.0815 0.0815 0.0689 0.1564 0.0415* 0.0415* 0.0407* 0.0968 

Glutathione S-

transferase P 
X  X <LOD <LOD <LOD 

0.014 ± 

0.024 
<LOD <LOD 

1 1 1 0.3739 1 1 1 0.3739 

Cathepsin D 
X X  <LOD <LOD 

0.055 ± 
0.036 

0.022 ± 
0.021 

<LOD <LOD 
1 1 0.056 0.1399 1 1 0.056 0.1399 

Phospholipase B-
like protein 

  X <LOD <LOD 
0.0051 ± 

0.0089 
<LOD <LOD <LOD 

1 1 0.3739 1 1 1 0.3739 1 

Endoplasmic 

reticulum BiP 
 X  <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Alpha-enolase 
X   

0.023 ± 
0.00031 

0.0081 ± 
0.014 

0.075 ± 
0.010 

0.037 ± 
0.015 

0.015 ± 
0.026 

0.015 ± 
0.013 0.618 0.7033 0.0209* 0.2846 0.3337 0.565 0.0032* 0.1333 

Serine protease 

HTRA1 
X X  

0.013 ± 

0.022 
<LOD 

0.013 ± 

0.022 

0.022 ± 

0.020 

0.038 ± 

0.0014 

0.037 ± 

0.0008 0.1179 <.0001* 0.1197 0.2334 0.1374 <.0001* 0.1395 0.2791 

Metalloproteinase 
inhibitor 1 

X   
0.23 ± 
0.030 

0.28 ± 
0.080 

0.33 ± 0.054 0.23 ± 0.021 0.28 ± 0.11 
0.14 ± 
0.0030 0.4688 0.9954 0.5224 0.4459 0.0078* 0.0395* 0.0037* 0.0025* 

Cofilin-1 
X   

0.098 ± 

0.034 

0.080 ± 

0.069 
0.46 ± 0.12 0.12 ± 0.11 0.24 ± 0.16 

0.094 ± 

0.031 0.2033 0.1831 0.1238 0.3422 0.8924 0.7579 0.0073* 0.6978 
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Table 5.4 (continued). 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison ANOVA p-

value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Out at first 
protein-like 

X   <LOD <LOD <LOD <LOD <LOD <LOD 
1 1 1 1 1 1 1 1 

Procollagen-

lysine,2-

oxoglutarate 5-
dioxygenase 1 

  X <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Aldose reductase-

related protein 2 
X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Elongation factor 

1-alpha 
X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 0.7522 1 1 

Peroxiredoxin-1 
X  X 

0.016 ± 

0.028 

0.016 ± 

0.028 
0.14 ± 0.17 

0.043 ± 

0.041 
0.26 ± 0.11 <LOD 

0.0227* 0.0226* 0.3746 0.0355* 0.3739 0.3739 0.2165 0.1444 
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Calculated SAF for HCP species at 150 mM NaCl by both peptide-based and benchmark 

resins are reported in Table 5.5. While increasing salt concentration resulted in an overall 

reduction in HCP binding, a marked improvement in capture by the peptide ligands was also 

observed compared to Capto Q. The HP resins were the most versatile in HCP capture, showing 

significantly higher binding for a large majority of the species in this subset compared to other 

resins. In particular, 4HP showed significantly lower spectral abundance (higher binding) for 21 

of the 37 problematic HCPs, including 19 Group I HCPs and 6 Group II HCPs, 2 Group III 

HCPs (note that some HCPs are described by more than one group) compared to Capto Q. 

Furthermore, 5 of the 37 species tracked were more effectively bound to 4HP compared to Capto 

Adhere (pyruvate kinase, vimentin, clusterin, sulfated glycoprotein 1, and serine protease 

HTRA1). The remaining species in both cases showed no significant difference in spectral 

abundance, and, as a result, no problematic HCPs were found to be captured more effectively by 

Capto Q than 4HP. The 6HP resin was also successful in binding these HCPs compared to Capto 

Q, showing significantly lower spectral abundance for 22 of the 37 investigated species, 

including  19 Group I HCPs, 8 Group II, and 3 Group III HCPs.  
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Table 5.5: Tabulated spectral abundance factor and ANOVA of CHO problematic HCPs by Capto Q, Capto Adhere, and HCP-

binding peptide resins at pH 6, 150 mM sodium chloride. Mean and standard deviation of spectral abundance factor (N=3) are reported 

for each species. Calculated p-values for ANOVA comparisons of each peptide resin compared to both benchmark resins (Capto Q and 

Capto Adhere) are provided. Species identified by shotgun proteomics in this work identified as ñproblematicò based on prior art 
13,14,17,32ï34,43,47,48,84. 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison  

ANOVA p -value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Biglycan 
X   <LOD 

0.018 ± 

0.016 

0.018 ± 

0.015 

0.018 ± 

0.016 

0.017 ± 

0.029 

0.019 ± 

0.016 0.374 0.9463 0.9721 0.9623 0.1163 0.9781 0.9387 0.9538 

Heat shock 

cognate protein 
X   

0.074 ± 

0.024 

0.047 ± 

0.015 

0.38 ± 

0.080 

0.11 ± 

0.027 

0.49 ± 

0.066 

0.12 ± 

0.022 0.0005* 0.0003* 0.1366 0.0008* 0.0697 0.0092* 0.0058* 0.7251 

Fructose-

bisphosphate 

aldolase 

X   
0.057 ± 
0.012 

0.060 ± 
0.016 

0.074 ± 
0.026 

0.066 ± 
0.036 

0.065 ± 
0.015 

0.060 ± 
0.017 

0.5008 0.7037 0.6246 0.9747 0.8078 1 0.467 0.8087 

Heat shock protein 
X X  

0.14 ± 
0.050 

0.15 ± 
0.050 

0.23 ± 
0.047 

0.11 ± 
0.13 

0.26 ± 
0.088 

0.12 ± 
0.10 0.1197 0.1362 0.6596 0.1819 0.7513 0.6868 0.1699 0.9484 

Lipoprotein lipase 
X X  

0.054 ± 

0.030 

0.014 ± 

0.012 

0.089 ± 

0.025 

0.075 ± 

0.039 

0.094 ± 

0.013 

0.036 ± 

0.026 0.0993 0.0015* 0.7506 0.4613 0.4773 0.2581 0.0625 0.2235 

Pyruvate kinase 
X   

0.036 ± 
0.015 

0.028 ± 
0.014 

0.073 ± 
0.0077 

0.060 ± 
0.029 

0.13 ± 
0.035 

0.10 ± 
0.031 0.0115* 0.0087* 0.0457* 0.0517 0.0332* 0.0230* 0.2254 0.183 

Sialidase I 
 X  <LOD <LOD <LOD <LOD 

0.12 ± 

0.016 
<LOD 

0.0002* 0.0002* 0.0002* 0.0002* 1 1 1 1 

Actin, 

cytoplasmic 1 
X   <LOD <LOD 

0.17 ± 

0.15 
<LOD 

0.37 ± 

0.079 

0.14 ± 

0.14 0.0012* 0.0012* 0.1049 0.0012* 0.1632 0.1632 0.823 0.1632 

Phosphoglycerate 

mutase 1 
X   <LOD <LOD 

0.13 ± 

0.12 
<LOD 

0.220 ± 

0.065 

0.059 ± 

0.10 0.0042* 0.0042* 0.3049 0.0042* 0.3739 0.3739 0.4766 0.3739 

Cathepsin B 
X X  

0.039 ± 

0.034 

0.051 ± 

0.034 

0.32 ± 

0.019 

0.090 ± 

0.0037 

0.99 ± 

0.059 

0.092 ± 

0.031 <.0001* <.0001* <.0001* <.0001* 0.1151 0.1934 0.0004* 0.9137 

Peptidyl-prolyl 

cis-trans 
isomerase 

X   
1.3 ± 

0.20 

1.5 ± 

0.062 

1.30 ± 

0.085 
1.5 ± 0.43 1.30 ± 0.24 1.0 ± 0.28 

0.8166 0.1933 0.9509 0.6013 0.1779 0.0378* 0.1589 0.2079 

Actin, alpha 

cardiac muscle 1 
X   <LOD <LOD <LOD <LOD <LOD <LOD 

1 1 1 1 1 1 1 1 

Matrix 

metalloproteinase-

9 

X X  <LOD <LOD 
0.019 ± 

0.022 
<LOD 

0.028 ± 

0.013 
<LOD 

0.0234* 0.0234* 0.5983 0.0234* 1 1 0.2081 1 

Protein disulfide-
isomerase A6 

X X  <LOD <LOD 
0.026 ± 
0.023 

<LOD 
0.053 ± 
0.046 

<LOD 
0.1165 0.1165 0.4227 0.1165 1 1 0.1162 1 

Vimentin 
X   <LOD <LOD 

0.028 ± 

0.031 

0.021 ± 

0.020 

0.11 ± 

0.025 

0.028 ± 

0.012 0.0017* 0.0017* 0.0246* 0.0087* 0.0134* 0.0134* 0.9709 0.584 
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Table 5.5 (continued). 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison  

ANOVA p -value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Thrombospondin-
1 

X   
0.043 ± 
0.021 

0.058 ± 
0.038 

0.037 ± 
0.018 

0.037 ± 
0.017 

0.024 ± 
0.010 

0.020 ± 
0.020 0.2465 0.2227 0.3539 0.3327 0.2383 0.2038 0.3261 0.3122 

60S acidic 

ribosomal protein 

P0 

X   <LOD <LOD <LOD <LOD 
0.012 ± 
0.021 

<LOD 

0.3739 0.3739 0.3739 0.3739 1 1 1 1 

Clusterin 
X   

0.092 ± 

0.046 

0.089 ± 

0.0020 

0.37 ± 

0.049 

0.17 ± 

0.050 
0.73 ± 0.15 

0.28 ± 

0.074 0.0021* 0.0018* 0.0169* 0.0035* 0.0189* 0.0105* 0.1544 0.0845 

Matrix 
metalloproteinase-

19 

X X  <LOD <LOD 
0.019 ± 

0.019 
<LOD 

0.025 ± 

0.012 
<LOD 

0.0227* 0.0227* 0.6687 0.0227* 1 1 0.161 1 

Elongation factor 

2 
X   

0.0039 ± 

0.0068 

0.0080 ± 

0.0069 

0.019 ± 

0.018 

0.012 ± 

0.012 

0.095 ± 

0.018 

0.016 ± 

0.014 0.0012* 0.0015* 0.0065* 0.0026* 0.2445 0.4161 0.8165 0.6962 

Nidogen-1 
X   

0.0045 ± 

0.0078 

0.010 ± 

0.0085 

0.0093 ± 

0.0081 

0.0045 ± 

0.0079 

0.14 ± 

0.0052 

0.010 ± 

0.0085 <.0001* <.0001* <.0001* <.0001* 0.4737 0.991 0.946 0.4758 

Legumain 
 X  

0.66 ± 

0.060 

0.90 ± 

0.18 

0.73 ± 

0.15 

0.58 ± 

0.070 

0.73 ± 

0.059 

0.67 ± 

0.078 0.2518 0.1904 0.9327 0.053 0.9014 0.1133 0.5393 0.2295 

Glyceraldehyde-

3-phosphate 

dehydrogenase 

X   <LOD <LOD <LOD <LOD 
0.051 ± 
0.089 

<LOD 

0.3739 0.3739 0.3739 0.3739 1 1 1 1 

Sulfated 
glycoprotein 1 

X   
0.20 ± 
0.043 

0.30 ± 
0.11 

0.69 ± 
0.069 

0.41 ± 
0.047 

1.0 ± 0.054 
0.45 ± 
0.10 <.0001* 0.0005* 0.0030* 0.0001* 0.0179* 0.1518 0.0274* 0.5946 

Glutathione S-

transferase P 
X  X <LOD 

0.031 ± 

0.027 

0.074 ± 

0.026 

0.029 ± 

0.050 

0.074 ± 

0.026 

0.030 ± 

0.026 0.0083* 0.1234 0.9723 0.239 0.1161 0.9666 0.1072 0.9643 

Cathepsin D 
X X  

0.25 ± 
0.064 

0.27 ± 
0.026 

0.28 ± 
0.024 

0.23 ± 
0.063 

0.22 ± 
0.028 

0.21 ± 
0.052 0.4527 0.0695 0.0441* 0.7554 0.4552 0.1491 0.1122 0.7057 

Phospholipase B-

like protein 
  X 

0.0056 ± 

0.010 
<LOD 

0.10 ± 

0.016 

0.029 ± 

0.010 

0.28 ± 

0.093 

0.018 ± 

0.00055 0.0068* 0.0062* 0.0295* 0.0092* 0.101 <.0001* 0.0009* 0.1194 

Endoplasmic 
reticulum BiP 

 X  <LOD 
0.011 ± 
0.019 

0.098 ± 
0.025 

<LOD 
0.17 ± 
0.030 

<LOD 
0.0006* 0.0014* 0.0302* 0.0006* 1 0.3739 0.0026* 1 

Alpha-enolase 
X   

0.079 ± 

0.038 

0.17 ± 

0.021 

0.29 ± 

0.053 

0.17 ± 

0.018 

0.28 ± 

0.098 

0.22 ± 

0.12 0.0275* 0.125 0.8895 0.1135 0.1086 0.4912 0.3966 0.4572 

Serine protease 
HTRA1 

X X  
0.026 ± 
0.023 

0.040 ± 
0.0009 

0.039 ± 
0.00076 

0.038 ± 
0.038 

0.19 ± 
0.036 

0.12 ± 
0.044 0.0025* 0.0019* 0.0018* 0.0069* 0.0282* 0.0324* 0.0306* 0.0671 

Metalloproteinase 

inhibitor 1 
X   

0.80 ± 

0.048 

0.91 ± 

0.11 

0.83 ± 

0.25 

0.84 ± 

0.20 
0.84 ± 0.11 

0.72 ± 

0.060 0.6755 0.4588 0.9611 0.9899 0.1325 0.0549 0.5022 0.3958 
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Table 5.5 (continued). 

Protein 

G
ro

u
p
 I

 

G
ro

u
p
 I

I
 

G
ro

u
p
 I

II
 

Mean Spectral Abundance Factor 

Capto Q Comparison  

ANOVA p -value 

Capto Adhere Comparison 

ANOVA p -value 

4HP 6HP 4MP 6MP Capto Q 

Capto 

Adhere 4HP 6HP 4MP 6MP 4HP 6HP  4MP 6MP 

Cofilin-1 
X   

0.62 ± 
0.13 

0.48 ± 
0.086 

1.2 ± 0.24 
0.59 ± 
0.19 

1.7 ± 0.19 
0.88 ± 
0.14 0.0012* 0.0005* 0.0517 0.0021* 0.0754 0.0129* 0.0926 0.1023 

Out at first 

protein-like 
X   <LOD <LOD 

0.086 ± 

0.15 
<LOD 0.11 ± 0.19 <LOD 

0.3739 0.3739 0.8756 0.3739 1 1 0.3739 1 

Procollagen-
lysine,2-

oxoglutarate 5-

dioxygenase 1 

  X <LOD <LOD <LOD <LOD 
0.049 ± 

0.011 
1.0 ± 1.0 

0.0014* 0.0014* 0.0014* 0.0014* 1 1 1 1 

Aldose reductase-

related protein 2 
X   <LOD 

0.011 ± 

0.018 

0.061 ± 

0.030 
<LOD 

0.08 ± 

0.032 

0.011 ± 

0.019 0.0119* 0.0304* 0.4879 0.0119* 0.3739 0.9842 0.0694 0.3739 

Elongation factor 

1-alpha 
X   

0.053 ± 

0.091 
<LOD <LOD <LOD 

0.24 ± 

0.043 

0.064 ± 

0.11 0.0352* 0.0007* 0.0007* 0.0007* 0.9015 0.3739 0.3739 0.3739 

Peroxiredoxin-1 
X  X 

0.99 ± 

0.182 

0.92 ± 

0.16 

0.95 ± 

0.26 

0.98 ± 

0.057 
1.1 ± 0.14 

0.89 ± 

0.26 0.4817 0.0098* 0.5542 0.0210* 0.5982 0.8649 0.1423 0.5654 
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In comparison to Capto Adhere, 7 of the 37 species were bound more effectively by 6HP.  

Only 1 HCP, Group I HCP peptidyl-prolyl cis-trans isomerase, showed statistically higher 

binding to Capto Adhere. Species more effectively captured by 4HP and 6HP compared to 

benchmark resins showed good agreement, as expected given similarities in peptide functional 

groups. 

Among the peptide-based resins, 4MP showed the lowest improvement in HCP binding 

compared to Capto Q and Capto Adhere; nonetheless, improved problematic HCP capture was 

observed, and was noted to be associated with the lowest mAb product binding as detailed in 

prior work 73. 13 of the 37 considered species showed significantly lower spectral abundance 

(higher binding) compared to Capto Q, including 9 Group I HCPs f4 Group II HCPs, and 2 

Group III HCPs. One HCP, Group I/II HCP Cathepsin D, was bound more effectively by Capto 

Q than 4MP, but overall, improved binding performance was observed. Capto Adhere binding of 

problematic HCPs outperformed 4MP only for 5 species, namely heat shock cognate protein, 

cathepsin B, sulfated glycoprotein 1, phospholipase B-like protein, and endoplasmic reticulum 

BiP; however, the high mAb product binding observed with this resin (see Table 5.1) would 

reduce the likelihood of its implementation. 4MP outperformed Capto Adhere with a single 

protein, Group I/II HCP serine protease HTRA1. While 4MP resin returned the lowest HCP 

binding performance, it should be noted that by both quantitative and qualitative measures, it 

outperforms quaternary amine ligands (Capto Q), which are currently employed on depth 

filtration media for clearing HCPs in harvest fluids that feature comparable salt concentration to 

that considered here 41,102. 

Finally, 6MP behaved similarly to 6HP in improving the clearance of HCP species 

compared to Capto Q, with the only exceptions of pyruvate kinase and lipoprotein lipase. 
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Compared to Capto Adhere, no statistically significant difference was observed in the binding of 

the 37 species of problematic HCPs; however, a significantly lower binding of the mAb product 

was reported, confirming previous findings of enhanced selectivity compared to Capto Adhere 73. 

5.3 Conclusions 

After identifying lead peptide ligand candidates for selective overall CHO HCP capture 

73, qualitative evaluation of total number of HCPs bound by each resin was performed, and 

problematic HCP species were identified that were more effectively bound by these novel 

ligands based on semi-quantitative comparison of spectral abundance in static binding 

supernatants. The capture of these HCPs coupled with improved specificity for HCP over 

product IgG indicate that incorporation of these ligands in stationary phases for mAb purification 

could improve HCP clearance and robustness in mAb purification processes. The ability of these 

ligands to bind low percentages of IgG indicate that they are good candidates for weak 

partitioning mode chromatography to achieve the high HCP clearance needed for 

biotherapeutics. Additionally, when used for capture in high salt conditions, the peptide resins, 

particularly hydrophobic positive resins, were observed to be more tolerant of physiological salt 

conditions, as tested at 150 mM NaCl. Improved binding of lipoprotein lipase, cathepsin B, 

matrix metalloproteinase-9, matrix metalloproteinase-19, endoplasmic reticulum BiP, serine 

protease HTRA1 and sialidase-1 at high salt were particularly promising, as this shows evidence 

that use of these ligands early in the purification process may help to limit product degradation 

by proteolytic cleavage. Additionally, the maintained HCP capture despite increase salt 

concentration expands the possibilities for these ligands above and beyond what is possible with 

traditional anion exchange ligands by allowing for HCP ñscrubbingò prior to product capture 

either through traditional FT chromatography immediately post-clarification, or by modification 
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of depth filters with these ligands to enable enhanced capture of HCPs during clarification.  

Further work will focus on characterizing species removal when operated in flow-through or 

weak partitioning mode in dynamic binding applications to determine achievable HCP log 

reduction values possible with these novel stationary phases. 

5.4 Materials and Methods 

5.4.1 Materials 

For peptide synthesis and deprotection, Toyopearl AF-Amino-650M resin for secondary 

screening synthesis, triisopropylsilane (TIPS), and 1,2-ethanedithiol (EDT) were obtained from 

MilliporeSigma (St. Louis, MO, USA). Nô,Nô-dimethylformamide (DMF), dichloromethane 

(DCM), methanol, and N-methyl-2-pyrrolidone (NMP) were obtained from Fisher Chemical 

(Hampton, NH, USA). Fluorenylmethoxycarbonyl- (Fmoc-) protected amino acids Fmoc-Gly-

OH, Fmoc-Ser(But)-OH, Fmoc-Ile-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Tyr(But)-OH, 

Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-

Asn(Trt)-OH, and Fmoc-Glu(OtBu)-OH in addition to 7-Azabenzotriazol-1-yloxy)tripyrrolidino-

phosphonium hexafluorophosphate (HATU), diisopropylethylamine (DIPEA), piperidine, and 

trifluoroacetic acid (TFA) were obtained from Chem-Impex International (Wood Dale, IL, 

USA). 

For proteomic analysis, acetonitrile, urea, tris, iodoacetamine, and formic acid were 

obtained from Fisher Chemical (St. Louis, MO, USA), ReproSil-Pur 120Å C18-AQ, 3 µm resin 

was obtained from Dr. Maisch GmbH (Ammerbuch-Entringen, Germany), and a 25 cm x 75 µm 

PicoFrit analytical column was obtained from New Objective (Woburn, MA, USA). The 

analytical nanoLC column was pressure-packed in-house with C18 stationary phase. Sequencing 

grade modified trypsin was obtained from Promega Corporation. Amicon 10kD MWCO 
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centrifugal filters were obtained from MilliporeSigma. Biotechnology grade dithiothreitol was 

obtained from VWR. 

For static binding studies, sodium chloride, sodium phosphate (dibasic), sodium 

hydroxide, hydrochloric acid, bis-tris, and tris were obtained from Fisher Chemical (Hampton, 

NH, USA). Macrosep Advance 3kDa MWCO Centrifugal Devices were supplied by the Pall 

Corporation (Ann Arbor, MI, USA). The model mAb production CHO-K1 cell culture harvest 

used for secondary screening was provided by Fujifilm Diosynth (RTP, NC). Capto Q and Capto 

Adhere chromatography resins were generously provided by GE Life Sciences (Marlborough, 

MA, USA). 

5.4.2 Toyopearl Peptide Resin Synthesis and Deprotection 

The synthesis procedure was performed according to a protocol adapted from Menegatti 

et al. 103 and is described in detail in prior work 73. Individual ligand candidates previously 

identified were synthesized and pooled as described in previous work 73. Briefly, the peptides 

were individually synthesized directly on Toyopearl AF-Amino-650M resin, and the resulting 

adsorbents were pooled as follows: (i) hexameric hydrophobic positive (6HP) resin, comprising 

of the peptide sequences GSRYRYGSG, RYYYAIGSG, AAHIYYGSG, IYRIGRGSG, 

HSKIYKGSG; (ii) hexameric multipolar (6MP) resin, comprising ADRYGHGSG, 

DRIYYYGSG, DKQRIIGSG, RYYDYGGSG, YRIDRYGSG; (iii) tetrameric hydrophobic 

positive (4HP) resin, comprising HYAIGSG, FRYYGSG, HRRYGSG, RYFFGSG; and (iv) 

tetrameric multipolar (4MP) resin, comprising DKSIGSG, DRNIGSG, HYFDGSG, and 

YRFDGSG. All ligands were synthesized using standard Fmoc-amino acid coupling chemistry 

and deprotection procedures as described in prior work 73. Resins were washed three to five 

times first with DMF then 20% methanol and stored in 20% methanol at 2-8°C. 
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5.4.3 Static Binding of HCPs to Peptide and Control Resins 

The procedure for the static binding study performed to evaluate the peptide and 

commercially available control resins (Capto Q and Capto Adhere) is described in detail in prior 

work 73. Briefly, a mAb production clarified cell culture harvest derived from a CHO-K1 wild-

type cell line was obtained for use as feed material. Clarified cell culture harvest was 

concentrated by a factor of ~4X (~1.2 mg/mL host cell protein) and diafiltered to the appropriate 

buffer condition using Macrosep Advance 3kDa MWCO Centrifugal Devices. For pH 6 and 7 

conditions, 10 mM Bis-Tris buffer solutions were used, and 10mM Tris was used for pH 8 

conditions, with ñlowò and ñhighò salt buffers composed of 20 mM NaCl and 150 mM NaCl, 

respectively. The Toyopearl-based peptide resins (6HP, 6MP, 4HP, 4MP) were tested alongside 

commercially available resins common in mAb purification with interaction capabilities similar 

to those of the peptide resins, Capto Q and Capto Adhere. Fresh resins were aliquoted into 1 mL 

solid phase extraction (SPE) tubes at 25 µL settled resin volume and equilibrated with 3 x 500 

µL of the appropriate load buffer. Resins were then incubated with the diafiltered CHO-S harvest 

for 1 hour on a rotator at HCP loads of ~5 mg HCP/mL resin and the resulting supernatant was 

collected. The resins were then washed with 500 µL load buffer, and the supernatant samples 

(combination of the unbound fraction from static binding and the following wash) were pooled 

for analysis. No elution was performed for this work, as the resins were used as a single-use 

system. 

5.4.4 Proteomic Analysis 

Unbound fraction samples were prepared for proteomic analysis by filter-aided sample 

preparation (FASP) with a modified trypsin digest adapted from the method described by 

WiŜniewski and coworkers 56. Briefly, 30 µL load sample or 160 µL pooled static binding 
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supernatant and wash samples were denatured in 5mM dithiothreitol at 56°C for 30 min. The 

samples were then washed twice with 8 M urea, 0.1 M Tris HCl solution in 3 kDa MWCO 

Amicon Ultra 0.5 mL spin filters (EMD Millipore, Darmstadt, Germany). Samples were then 

alkylated with 0.05 M iodoacetamide at room temperature for 20 min. After washing again with 

8 M urea, 0.1 M tris HCl followed by 50 mM ammonium bicarbonate, samples were trypsinized 

overnight at 37°C with 15 µg/mL sequencing grade modified trypsin for a targeted 

trypsin:protein ratio of  ~1:100. Finally, samples were washed again with 50mM ammonium 

bicarbonate prior to nanoLC-MS/MS analysis. Samples were then evaporated to dryness by 

speed-vac, reconstituted in 1000 µL aqueous 2% acetonitrile, 0.1% formic acid (mobile phase 

A), and then further diluted 1:5 in mobile phase A prior to injection. 

 For nanoLC-MS/MS-based proteomic analysis, all measurements were made in 

the Molecular Education, Technology, and Research Innovation Center (METRIC) at NC State 

University. Samples were loaded as 2 µL injections and proteins were separated by a 60 min 

linear gradient at 300 nL/min of mobile phase A and mobile phase B (0.1% formic acid in 

acetonitrile) from 0 ï 40% mobile phase B. The orbitrap was operated as follows: positive ion 

mode, acquisition ï full scan (m/z 400 ï 1400) with 120,000 resolving power in MS mode, 

MS/MS acquisition using top 20 data dependent acquisition implementing higher-energy 

collisional dissociation (HCD) with a normalized collision energy (NCE) setting of 27%.  

Dynamic exclusion was utilized to maximize depth of proteome coverage by minimizing re-

interrogation of previously sampled precursor ions.  

Raw nanoLC-MS/MS data were processed using Proteome Discoverer 2.2 (Thermo 

Fisher, San Jose, CA). Searching was performed with a 5 ppm precursor mass tolerance and 0.02 

Da fragment tolerance with the Cricetulus griseus (Chinese hamster) subset of the 
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UniProtKB/Swiss-Prot database. The database search settings were specific for trypsin digestion. 

Specified modifications included dynamic Met oxidation and static Cys carbamidomethylation. 

Identifications were filtered to a strict protein false discovery rate (FDR) of 1% and relaxed FDR 

of 5% using the Percolator node in Proteome Discoverer. 

5.4.5 Relative Quantification of Individual HCPs and Bound Protein Analysis 

Relative quantity of each protein across samples was calculated based on the spectral 

count (SpC) for each protein 104 in individual samples multiplied by the sample volume. The 

spectral abundance factor (SAF) of individual proteins in the collected supernatant samples 

(combination of the unbound fraction from the static binding and the following wash) was 

calculated as shown in Equation 5.1.  

ὛὃὊȟ
Ὓὴὅȟ ὈὊ

ὒ
 

Equation 5.1: Calculated Spectral Abundance Factor, where SAFi,j  = spectral abundance factor 

for protein i in sample j (kDa-1), SpCi = spectral count of protein i in sample j, DFj = Dilution factor 

for sample j, and L i = length of protein i (kDa). 

The relative abundance of every HCP in the feed sample was calculated based on 

normalized spectral abundance factor (NSAF) 105 for each identified protein as shown in 

Equation 5.2.  
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Equation 5.2: Normalized Spectral Abundance Factor 

A comparison of the relative quantities of individual HCPs in the supernatant vs. feed 

samples was conducted by Analysis of Variance (ANOVA) of the SAF for every protein in the 

corresponding samples using JMP Pro 14. For the analysis of bound HCPs, the protein SAF 

values were used to compare the supernatants obtained by static binding of their corresponding 

feed samples. ñBound HCPsò are herein defined as the proteins that (i) were identified in the 
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majority of feed samples (i.e., had a sum of spectral count greater than 4 across all replicates, 

N=3) and (ii)  were either not found in the supernatant samples or showed significantly lower 

spectral count (p < 0.05 by ANOVA) compared to the feed sample. Venn diagrams of bound 

proteins across peptide-based and benchmark resins were constructed using the Venn Diagram 

add-in for JMP Pro 14. The non-normal distributions for isoelectric points of depleted proteins 

were compared by Kruskal-Wallis H test with a 90% confidence interval using JMP Pro 14. 
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CHAPTER 6. RESIN PERFORMANCE IN DYNAMIC BINDING MODE  

6.1 Introduction 

Monoclonal antibodies (mAbs) are the core of current cancer therapy106. Since the 

commercialization of the first therapeutic mAb in 1986, this family has grown to nearly 50 

products approved in the U.S. and Europe, producing ~ $125 billion in combined sales by 

2020107 The current manufacturing processes supplying monoclonal antibodies (mAbs) to clinics 

for human therapy rely on the established platform train of product capture, and intermediate and 

final polishing. Product capture relies on Protein A affinity chromatography, while product 

polishing comprises a combination of ion exchange and hydrophobic interaction, or mixed-mode 

chromatography5,6,108ï110.  While having proven effective for decades in supplying clinical-grade 

mAbs, this platform may not to be up to the challenges that next-generation biomanufacturing 

faces. First, the high cost of these processes, particularly due to Protein A-based adsorbents3,111, 

limits substantially the access of patients worldwide to therapy. Further, the large footprint and 

complexity associated to the inherently batch nature of the capture and polishing steps, makes 

process validation burdensome, reduces the number of products that can be processed at every 

manufacturing site, and increases time to market. Further, a growing body of literature is 

focusing on the identity and properties of ñproblematicò host cell proteins (HCPs)13,14,17,18,34,41,112, 

namely species secreted by the production cells together with the mAb product, that pose a threat 

to product safety and patient health. 

In traditional bioprocessing, the validation of a batch of therapeutic mAb required the 

certification of residual impurities (HCP and DNA) to be below the FDA-imposed limits. Today, 

with the growing use of advanced analytical techniques for protein identification and 

quantification at the biomanufacturing sites, confidence that individual ñproblematicò HCPs are 
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effectively removed is crucial. Unfortunately, a number of problematic HCPs have been shown 

to resist clearance by Protein A and polishing adsorbents37,82,112,113. Problematic HCPs have been 

reported to cause delays in FDA clinical trials and regulatory approval of mAbs12,13,114, with 

severe financial impact on manufacturers. 

To overcome these issues, in prior work we have developed an ensemble of peptide 

ligands (multipolar peptide ligand mixtures 4MP and 6MP, and hydrophobic positive peptide 

ligand mixtures 4HP and 6HP) and demonstrated their applicability as next-generation 

multimodal ligands for the clearance of HCPs in flow through mode30,73. These peptides have 

been identified by screening combinatorial solid-phase libraries of linear peptides using a dual 

fluorescence selection method that enabled the isolation of selective HCP-binding sequences60,61. 

The buffer conditions tested in prior work showed optimal performance for the peptide ligands in 

low salt concentrations (i.e. 20 mM NaCl), but direct application of harvest without required 

buffer exchange would allow for immense benefit through pre-scrubbing of HCPs. This reduces 

burden on the product capture step, enabling longer lifetime for Protein A resin, or alternatively 

implementation of less specific product capture resins such as cation exchange or HWRGWV 

peptide resins115ï118.  

Initial characterization of these peptides in static binding mode with a model CHO 

harvest containing a therapeutic mAb indicated that the partitioning coefficient (Kp, defined as 

the ratio of the concentration of bound vs. the concentration of non-bound protein) was shown to 

be an order of magnitude higher for HCPs compared to mAb. Such a difference in Kp for HCPs 

vs. mAb demonstrates the potential of these peptides to clear HCPs from cell culture harvest by 

weak partitioning mode chromatography (WPC)119. WPC relies on the higher affinity of the 

ligands for one component - herein HCP impurities - compared to another ï herein the mAb 



 

150 

product. As the harvest fluid is contacted with the adsorbent, together with HCP binding, a 

fraction of mAb is initially captured; however, as the loading progresses, the bounds mAbs are 

displaced by the higher affinity HCPs. WPC, when successfully applied in AEX polishing steps, 

is often associated with higher purity as compared to strictly flow-through mode operation, and 

is particularly effective in high yield and purity polishing for mAbs with a high pI120.  WPC with 

commercial ion exchange and mixed-mode adsorbents, however, is typically affected by a lack 

of robustness to variations in impurity profiles, and has been shown to provide insufficient purity 

or yield with mAbs with lower than typical isoelectric point120. On the other hand, our HCP-

targeting peptides, with their high binding selectivity resulting from the design of the library 

screening method73, show great potential to improve HCP capture by WPC compared to 

benchmark commercial resins (e.g., Capto Q).  

In this study, the performance of selected peptide resins (4MP-Toyopearl, 6HP-

Toyopearl, and an equi-volume mixture of the nine peptides) was evaluated in dynamic binding 

conditions to determine the ability of these resins to clear HCPs by WPC upon direct application 

of the harvest fluid. Resins 4MP and 6HP were selected due to the diversity in their ability to 

capture of HCPs from prior work30. Prior work has shown that the clearance of HCPs at salt 

conditions close to the values of typical harvest fluids (150 mM NaCl) is improved when binding 

is performed under slightly acidic (pH 6.0) conditions. In particular, 4MP ligands afforded a 

Kp,mAb = 0.75 at pH 6, 150 mM.  and overall possessing the highest HCP binding selectivity 

among all tested peptide resins73. Resin 6HP, while retaining a higher amount of mAb product 

(Kp,mAb = 0.96 for the pH 6, 150 mM condition)73, featured the broadest binding of HCPs, 

namely 215 of 304 species identified in the feed, compared to 211 by 4HP, 193 by 6MP, and 145 

by 4MP30. Accordingly, the clarified cell culture harvest was titrated to pH 6.0 and fed to 
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columns pack with the above-listed peptides at different values of residence time (0.5, 1, 2, and 5 

min) and up to ~170 mg protein/mL resin.  The column effluent was continuously collected and 

apportioned in fractions at increasing load in 1 mL increments (~17 mg/mL loaded at each 

consecutive fraction). The resulting fractions were analyzed by size exclusion chromatography 

(SEC) to evaluate the profile of residual HCP impurities, and by analytical Protein A 

chromatography (PrAC) to determine the mAb yield. The analysis of residual HCPs in the 

effluent indicates that both 6HP and 4MP ligands are useful to secure excellent dynamic capture 

of impurities. 4MP was shown to capture more selectively high molecular weight impurities, 

while 6HP was more effective in binding low molecular weight impurities; furthermore, the 

combined 6HP-4MP-Workbeads resin was as effective in clearing both high and low molecular 

weight impurities as the individual resins. 

6.2 Results and Discussion 

6.2.1 HCP-Selective Peptide Resins in Dynamic Binding Mode 

The HCP-targeting peptides 6HP (GSRYRYGSG, HSKIYKGSG, IYRIGRGSG, 

AAHIYYGSG, and RYYYAIGSG) and 4MP (YRFDGSG, DKSIGSG, DRNIGSG, and 

RYFDGSG) were individually synthesized on Toyopearl AF-Amino-650M resin as previously 

described73. The resulting resins were mixed in equal volumes to generate the adsorbents (i) 

6HP-Toyopearl resin, comprising the five 6HP peptides, (ii)  4MP-Toyopearl resin, comprising 

the four 4MP peptides, and (iii)  6HP+4MP-Toyopearl resins, comprising all nine peptides. The 

three adsorbents were packed in 0.1 mL columns, and equilibrated with 10 mM Bis-Tris, 150 

mM sodium chloride, pH 6.0. A volume of 10 mL of clarified CHO-K1 IgG1 production harvest 

(~ 1.7 g total protein /L with ~1.4 mg/mL mAb, resulting in a total protein load of ~ 170 mg of 
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protein per mL resin) was loaded onto the columns at different residence times (0.5, 1, 2, and 5 

min), and the effluent was constantly monitored at 280 nm. 

As anticipated, the resulting chromatograms (Figure 6.1) did not show any conspicuous 

difference; given the low abundance of the HCP species relative to the mAb product (~20% 

HCPs), the mAb is in fact responsible for the UV signal at 280 nm. Nonetheless, a slight shift in 

the shoulder was observed at the early stage of loading, with the shoulder becoming more 

pronounced when increasing the residence time. The cause of this shoulder and its associated 

shift with increasing residence time is, as of yet, unknown.
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Figure 6.1: Mean chromatogram (N=3) for 4MP, 6HP, and 6HP+4MP resin flow-through binding at 280 nm absorbance as a function 

of residence time.
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6.2.1 Binding of mAb and mAb Product Yield 

The capture of the mAb product by the peptide resins was monitored to evaluate the 

extent of product loss. To this end, the mAb concentration in each fraction and in the feed was 

measured by analytical Protein A chromatography (Figure 6.2). The profiles of effluent mAb 

concentration as a function of column volume (mL loaded per mL of resin) show a higher 

concentration of mAb relative to the feed concentration (red line) within the range of load 

beginning at ~30 CV for most resins. This effect is particularly pronounced with the 6HP and 

6HP+4MP resins, where the peaks in the mAb concentration profiles become more pronounced 

at higher residence time. This indicates that mAb separation from HCPs is achieved by weak 

partitioning, wherein mAb molecules weakly bound by 6HP peptides during the initial stage of 

loading are later displaced by incoming HCPs. During the later stage of loading, in fact, HCPs 

outcompete mAb molecules for the peptide binding sites. The combination of mAb displacement 

and continuous feeding results in the observed profile of mAb concentration in the effluent above 

the feed level at higher values of loading. 

This conclusion is supported by the previous characterization of the peptide-based 

adsorbents in static binding mode. First, the mAb Kp on 6HP (Kp,mAb = 0.96) was found to be 

higher than that on 4MP73 (Kp,mAb = 0.75) at pH 6 and 150 mM sodium chloride; the higher 

affinity of 6HP ligands for the mAb product implies that a larger fraction of mAb is bound 6HP-

Toyopearl resins as compared to 4MP-Toyopearl resins at the early stage of loading. 

Furthermore, the peptide ligands have a stronger affinity for HCPs (Kp,HCP  = 7.3 and 6.1 for 

4MP and 6HP, respectively), which drives the displacement of the bound mAbs by the incoming 

HCPs as additional harvest is loaded.  
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Figure 6.2: Concentration of mAb in flow-through fractions (N=3) by residence time and HCP-

binding resin. The shaded red region indicates the mean mAb concentration ± 1 standard deviation 

in the titrated cell culture harvest feed. 

To assess the recovery of mAb product, the values of pooled yield as a function of CV 

were calculated using Equation 6.1 The results are reported in Figure 6.3 for different resins 

and residence times.  
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Equation 6.1: Calculated pooled yield, where Cf,mAb is the mAb concentration in flow-through 

fraction f, Vf is the volume of flow-through fraction f, CL,mAb is the mAb concentration in the titrated 

cell culture harvest loaded, and VL is the cumulative feed volume loaded. 
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Figure 6.3: Cumulative yield of mAb product (N=3) from flow-through binding with HCP 

selective resins as a function of resin and residence time. Note: the calculated pooled yield does 

not incorporate any washing of the column. 

Under the binding conditions adopted in this work (150 mM NaCl, pH 6), all resins 

afforded values of yield > 80% for levels of load above 60 CV loaded, at which point the mAb 

concentration in the effluent approximates the corresponding value in the feed; this corresponds 

to the end of the displacement by HCPs and approaches the complete saturation of the peptide 

ligands by HCPs. At 1, 2, and 5 min residence times, in particular pooled yield from all resins 

exceeded 90% at the highest load tested (~170 mg/mL, 10 CV). Tabulated yield as a function of 

load CV and resin along with mAb concentration and SEC results are available in Appendix H, 

Table H.1 through Table H.3. 

6.2.2 Clearance of High and Low Molecular Weight Impurities by HCP-Selective Peptide Resins 

The titrated feed and flow-through fractions were then analyzed by size exclusion 

chromatography (SEC) to derive qualitative correlations between the clearance of high molecular 
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weight (HMW, retention time < 11.8 min) and low molecular weight (LMW, retention time > 

13.6 min) HCPs and the ligand type, protein load, and residence time. With this, we sought to 

obtain a preliminary understanding of the conditions that optimize clearance of high and low 

molecular weight HCP impurities. To this end, the chromatograms were divided in three regions, 

namely (i) high molecular weight (HMW, residence time < 12.8 min) HCPs, (ii)  main peak 

(mAbs product and components with similar hydrodynamic radius), and (iii)  low molecular 

weight (LMW, residence time > 13.6 minutes) HCPs, whose value of area were calculated by 

integration of the chromatogram (Figure 6.4). From these values the ratios of HMW:main peak 

area, or ñHMW%ò, and LMW:main peak area, or ñLMW%ò, were calculated and compared 

among different fractions, residence times, loads, and resins.  

  
Figure 6.4: Example of SEC chromatogram for percent main peak, HMW %, and LMW % 

analysis. 

Figure 6.5 and 6.6 report the values of HMW% and LMW% as a function of CV loaded 

(solid blue curves) obtained at different residence times using 4MP-Toyopearl, 6HP-Toyopearl, 

and 4MP+6HP-Toyopearl resins. The plots also report the cumulative HMW% and LMW% of 

main peak (dashed green curves), respectively calculated using Equation 6.2 and Equation 6.3, 

and representing the simulated HMW% and LMW% if all fractions were pooled.  
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Equation 6.2: Cumulative HMW% at fraction f, where AHMW  is the HMW peak area and AmAb is 

the main peak area. 
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Equation 6.3: Cumulative LMW% of main peak at fraction f, where ALMW  is the LMW peak area 

and AmAb is the main peak area. 

 
Figure 6.5: High molecular weight percent (HMW %) of main peak from flow-through binding 

with HCP-selective resins as a function of resin and residence time. The solid blue trend shows 

the measured HMW% in each fraction, while the green trend shows the calculated cumulative 

HMW% to simulate the HMW% of a pool of all fractions. The shaded red region indicates the 

HMW% to main peak ± 1 standard deviation in the titrated cell culture harvest feed. 
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The relatively slow increase in flow-through HMW% as the loading of the harvest on the 

resin progresses across all residence times indicates that the peptide-based resins possess high 

binding strength and capacity for HMW HCPs. In particular, 4MP-Toyopearl resin showed 

provided a better capture of HMW HCPs, reaching a cumulative HMW% of 5.8% at the cut-off 

value of load (60 CV or ~102 mg protein/mL resin, corresponding to 84% mAb yield) for the 5 

min residence time, a 70% decrease in fraction of HMW species as compared to the feed. At 

maximum load, a 9.6% HMW% was observed (10 CV or 170 mg/mL, corresponding to a mAb 

yield of 91%), or a 51% decrease in HMW% compared to the feed; in contrast, 6HP-Toyopearl 

resin afforded a HMW% of only 8.0% (59% lower than the feed) at the 60 CV cut-off load and 

11.8%  (39% lower than the feed) at the maximum load, when operated at 5 min residence time. 

Notably, the combined 4MP+6HP-Toyopearl resin afforded a remarkable 2-to-4-fold reduction 

in HMW species during the early stages of loading (10 ï 30 CV), while at the cut-off load a 

HMW% of 6.5% (67% lower than the feed), 10.9% at 44% lower than the feed for maximum 

load  (N=1, replicate data in progress). At 1 min residence time, representing a reasonable range 

for processing time (N=3 replicates for all conditions), HMW% was ~10% for 4MP and 

6HP+4MP (49% lower than the feed) compared to 12.4% for 6HP (36.4% lower than the feed ) 

at the cut-off load. At maximum load, the HMW% increased to 12.5% and 13.2% (36% and 32% 

lower than the feed) for 4MP and 6HP+4MP, respectively, compared to 14.7% (25% lower than 

the feed) for 6HP alone. Higher HCP binding by the combined ligands compared to 4MP alone 

suggests cooperative binding by 4MP and 6HP peptides. Prior characterization of the ligands30, 

in fact, showed that the populations of HCPs captured by the different peptides overlap to some 

extent, they also comprise a number of species that are uniquely captured by 4MP and 6HP.   
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The corresponding analysis of the low molecular weight integrated area is shown in 

Figure 6.6, which reports both fractional (blue) and pooled (green) values of LMW% of main 

peak. The capture of low MW HCPs showed an inverse trend compared to high-MW HCPs, 

where 6HP and 6HP+4MP ligands showed higher binding strength and capacity compared to 

4MP ligands. Low clearance (> than 16% LMW%, or <25% lower than the feed) was obtained 

with 4MP ligands at loads above 60 CV, where the values of mAb yield would be industrially 

viable (>80%), across all residence times. On the other hand, 6HP-Toyopearl and 6HP+4MP-

Toyopearl resin both afforded cumulative LMW% at 13% (37% below the feed) at the cut-off 

value of load (60 CV, corresponding to >80% mAb yield), and ~16% LMW% (25% lower than 

the feed) at the maximum load (100 CV, corresponding to a mAb yield of >90%) at 5 min 

residence time. At the 1 min residence time, LMW% was 15% and 14%  (29% and 34% lower 

than the feed) for 6HP and 6HP+4MP, respectively, compared to 17% for 4MP (18% lower than 

the feed) at the cut-off load.  Improved clearance of low-MW species was observed when 

operating at higher residence time, particularly for the 6HP and 6HP+4MP resins. As mentioned 

above, prior characterization of these resins in static binding mode30 indicated substantial 

differences in the binding of individual HCPs by the different resins, which corroborates the 

differences observed in both %HMW and %LMW to main peak trends between the two ligand 

sets. 

Proteomic analysis of the cell culture harvest30,73 has shown that species with MW < 100 

kDa account for the majority of the HCP population, suggesting that the clearance of total HCPs 

will heavily rely on resins with high binding strength and capacity for LMW species. Under this 

premise, the results presented above are consistent with prior data produced in static binding 

mode30, where a statistically significant clearance of a larger number of unique HCPs was 
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observed for 6HP resin as compared to 4MP. On the other hand, SEC methods separate proteins 

based on their hydrodynamic radius in native conditions. LMW species that aggregate or 

associate with larger proteins, including the mAb product, may appear in the HMW region, and 

thus this hypothesis must be supported empirically. 

 
Figure 6.6: Low molecular weight percent (LMW %) of main peak from flow-through binding 

with HCP-selective resins as a function of resin and residence time. The solid blue trend shows 

the measured LMW% in each fraction, while the green trend shows the calculated cumulative 

LMW% to simulate the LMW% of a pool of all fractions. The shaded red region indicates the 

LMW% to main peak ± 1 standard deviation in the titrated cell culture harvest feed. 

Cumulative percent protein purity for the mAb (Figure 6.7) was then calculated as shown 

in Equation 6.4. A summary chart comparing cumulative purity and yield by condition is shown 

in Figure 6.8. 
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Equation 6.4: Cumulative purity at fraction f, where ALMW  is the LMW peak area, AHMW is the 

HMW peak area, and AmAb is the main peak area. 

 
Figure 6.7: Cumulative percent purity (N=3) from flow-through binding with HCP-selective 

resins as a function of resin and residence time. The shaded red region indicates the purity ± 1 

standard deviation in the titrated cell culture harvest feed. 

The maximum protein purity observed from this work was observed from 6HP+4MP at 5 

min residence time and 20 CV load at an observed purity of 91.8%. While high purity was 

observed at this condition, it came at a cost of extremely low product yield (47.1% mAb yield). 

On the other hand, purity was higher than the control range for the majority of flow-through 

fractions for all resins tested (excluding the 10 CV fraction, where low concentration of the 

sample likely resulted in poor sensitivity in the SEC assay). In line with the inverse relationship 

between residence time and output HMW% and LMW%, increased residence time appeared to 

correlate with increased purity for all resins tested. While higher purities may be achieved with 

increased residence times, extremely long loading steps may be infeasible for process scale-up. 
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At the 5 minute residence time, purity post-binding ranged from 82 ï 84% at the 60 CV cut-off 

load (>80% yield), a >10% increase in total purity compared to the feed (38 ï 44% decrease in 

impurities observed by SEC) for all three resins. At 1 and 2 min residence times, cumulative 

purity decreased slightly to 78 ï 81%, but clear binding of harvest impurities was still observed. 

 
Figure 6.8: Summary contour plot of peptide ligand dynamic binding studies, showing yield 

and cumulative mAb purity as a function of resin, residence time, and volume loaded in CVs 

6.3 Conclusions and Future Work 

The results in this study demonstrate that the proposed peptide-based resins enable 

antibody purification in flow-through mode by combining selective capture of high and low 

molecular weight HCP impurities and high product yield. When utilized individually, 6HP and 

4MP ligands feature preferential capture of HCP species in the LMW and HMW regions, 

respectively. When combined, the ensemble of peptide ligands afforded a significant reduction in 
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the HCP level of the cell culture harvest, while providing good product yield. In particular, at the 

60 CV cut-off load (~102 mg/mL), a ~36% reduction in LMW% and a ~50% reduction in 

HMW%, combined with ~85% mAb yield, were obtained when operating at residence times of 1 

min. A longer residence time (5 min), while providing higher yield and HCP capture, may not be 

feasible for a scalable process with direct application of harvest, especially when coupled with 

the high loading needed to achieve high yield. Further characterization of selected flow-through 

fractions by HCP ELISA and proteomic analysis will be performed to obtain rigorous values of 

total HCP capture and removal of ñproblematicò HCPs and finalize the value of load and 

residence time that improve the removal of protein impurities. Proteomic analysis will also 

indicate whether the high-MW species captured by the peptide ligands (Chapter 430), in 

particular by 4MP, comprise large HCPs only or include mAb aggregates and/or complexes of 

mAb and low-MW HCPs as well. The future identification and quantification of the individual 

species present in the high and low molecular weight regions will indicate whether valuable 

flow-through capture of mAb aggregates with the 4MP resin is possible. Additionally, while the 

condition tested here may be particularly useful for pre-scrubbing of HCPs with direct 

application of cell culture harvest, the high salt/low pH feed condition does not represent the 

highest total HCP binding condition from prior work in static binding mode30,73. Further work is 

required to show ability of these ligands to bind HCPs with more favorable solvent conditions 

for HCP capture, particularly at the 20 mM NaCl, pH 7 condition. 

6.4 Materials and Methods 

6.4.1 Materials 

For preparation of peptide resins, Toyopearl AF-Amino-650M resin was obtained from 

Tosoh Corporation (Tokyo, Japan). Fluorenylmethoxycarbonyl- (Fmoc-) protected amino acids 
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Fmoc-Gly-OH, Fmoc-Ser(But)-OH, Fmoc-Ile-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-

Tyr(But)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-

OH, Fmoc-Asn(Trt)-OH, and Fmoc-Glu(OtBu)-OH in addition to 7-Azabenzotriazol-1-

yloxy)tripyrrolidino-phosphonium hexafluorophosphate (HATU), diisopropylethylamine 

(DIPEA), piperidine, and trifluoroacetic acid (TFA) were obtained from Chem-Impex 

International (Wood Dale, IL, USA). Kaiser test kits, triisopropylsilane (TIPS), and 1,2-

ethanedithiol (EDT) were obtained from MilliporeSigma (St. Louis, MO, USA). Nô,Nô-

dimethylformamide (DMF), dichloromethane (DCM), methanol, and N-methyl-2-pyrrolidone 

(NMP) were obtained from Fisher Chemical (Hampton, NH, USA). 

For dynamic binding studies, CHO-K1 mAb-producing clarified cell culture harvest was 

generously provided by Fujifilm Diosynth Biotechnologies (Durham, NC, USA). Sodium 

phosphate (monobasic), sodium phosphate (dibasic), hydrochloric acid, sodium hydroxide, bis-

tris, ethanol, and sodium chloride were obtained from Fisher Scientific. Vici Jour PEEK 2.1 mm 

ID, 30 mm empty chromatography columns and 10 µm polyethylene frits were obtained from 

VWR International. The Yarra 3 µm SEC-2000 300 x 7.8 mm size exclusion chromatography 

column was obtained from Phenomenex Inc. (Torrance, CA, USA). Repligen CaptivA Protein A 

chromatography resin was generously provided by LigaTrap Technologies (Raleigh, NC, USA). 

6.4.2 Methods 

6.4.2.1 Solid Phase Peptide Synthesis and Side Chain Deprotection 

The following peptides were synthesized in place on Toyopearl AF-Amino-650M (~0.1 

mmol amine/mL resin loading, 0.6 mL settled volume per reaction vial): RYYYAIGSG, 

HSKIYKGSG, GSRYRYGSG, IYRIGRGSG, and AAHIYYGSG for 6HP resin preparation, and 

DKSIGSG, DRNIGSG, HYFDGSG, and YRFDGSG for 4MP. Peptide synthesis proceeded 
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using a Biotage Syro II automated parallel synthesizer with standard Fmoc chemistry as 

previously described73. Briefly, Toyopearl resin was swelled for 20 min at 40°C for 20 min in 

DMF prior to amino acid coupling. For each amino acid coupling, resin was incubated with a 

1:1:4 ratio of Fmoc-protected amino acid:HATU:DIPEA at a molar excess of 3-5 compared to 

number of free amines on the resin either under ñlow temperatureò conditions at 45°C for 20 min 

or ñhigh temperatureò at 65ÁC for 20 min. For each cycle, presence of free amines was monitored 

by Kaiser test, and additional cycles were performed until the Kaiser test appeared clear or light 

blue, or until the Kaiser test color stopped changing (4 ï 8 couplings). After washing four times 

(4X) with 2 mL DMF, Fmoc deprotection was performed by incubation with 20% piperidine at 

room temperature for 10 minutes followed by a wash with 2 mL DMF 4X. For the longer 6HP 

sequences, a second deprotection step at 40% piperidine for 3 min at room temperature was 

added to ensure the deprotection went to completion for the final two cycles, followed by a wash 

step with 2 mL DMF 4X. The resins were then washed 4X with ~5 mL DCM with intermittent 

sparging of compressed air, then dried to a fine powder with a compressed air overlay. Side 

chain deprotection of the peptides was then performed via incubation with 6 mL 95% TFA, 3% 

TIPS, 2% EDT, and 1% deionized water per 0.6 mL resin for 2 hours on a rotator. The spent 

deprotection solution was removed, and the resins wash sequentially with DMF, 100% methanol, 

and 20% methanol for storage. Post-deprotection, the peptides were sequenced by Edman 

sequencing to verify that the synthesis performed as expected. Individual peptide resins for each 

group were then pooled with equal settled volume of each peptide for 6HP, 4MP, and an equal 

mixture of all 9 peptides (6HP+4MP), which were well mixed to evenly distribute. 
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6.4.2.2 Peptide Resin Binding in Dynamic Binding Mode 

Dynamic binding experiments were performed using an AKTA Pure 25 L FPLC (GE 

Healthcare Life Sciences, Chicago, IL, USA). 0.1 mL of 6HP, 4MP, and 6HP+4MP resins 

suspended in 20% ethanol were syringe packed in Vici Jour PEEK 2.1 mm ID, 30 mm column, 

then washed with 20% ethanol at 1.0 mL/min for 10 min (~100 CV). Prepared columns were 

used as single use columns, and no elution or regeneration was performed. Columns were then 

washed with deionized water for at least 3 CVs, then equilibrated in 10 mM Bis-Tris, 150 mM 

sodium chloride, pH 6.0 for 10 CVs (1 mL) at the flowrate proscribed by the experimental 

condition as described in Table 6.1. Clarified CHO-K1 mAb production harvest was titrated to 

pH 6.0 with 1 M hydrochloric acid, then 10 mL was loaded at the proscribed flowrate by 

experimental condition in triplicate unless otherwise indicated as described in Table 6.1. Flow-

through fractions were collected at 1 mL increments for further analysis. Following load, the 

column was washed with 20 CV equilibration buffer at the proscribed flowrate, and a pooled 

wash fraction was collected until 280 nm absorbance dropped below 50 mAU. 
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Table 6.1: Dynamic binding experimental matrix for evaluation of HCP-selective peptide 

resins 4MP, 6HP, and 6HP+4MP 

Resin 

Residence Time (min)/ 

Flowrate (mL/min)  Replicates 

4MP 

0.5 min (0.2 mL/min) 3 

1 min (0.1 mL/min) 3 

2 min (0.05 mL/min) 3 

5 min (0.02 mL/min) 3 

6HP 

0.5 min (0.2 mL/min) 3 

1 min (0.1 mL/min) 3 

2 min (0.05 mL/min) 3 

5 min (0.02 mL/min) 3 

6HP+4MP 

0.5 min (0.2 mL/min) 3 

1 min (0.1 mL/min) 3 

2 min (0.05 mL/min) 3 

5 min (0.02 mL/min) 2 

 

6.4.2.3 Quantification of mAb by Analytical Protein A Chromatography 

Concentration of mAb product in titrated harvest and flow-through fractions was 

determined by analytical Protein A chromatography using a Waters Alliance 2690 separations 

module system with a Waters 2487 dual absorbance detector (Waters Corporation, Milford, MA, 

USA). Repligen CaptivA Protein A resin packed in a Vici Jour PEEK 2.1 mm ID, 30 mm 

column was equilibrated with 20 mM sodium phosphate, 150 mM NaCl, pH 7.4 until 280 nm 

absorbance and system pressure was stable. 10 µL for each sample or standard was injected, and 

liquid chromatography proceeded as outlined in Table 6.2. 280 nm absorbance (A280) was 

monitored, and concentration was determined based on the peak area of the A280 elution peak. 

Purified mAb at 0.1, 0.5, 1.0, 2.5, and 5.0 mg/mL were injected onto the column to create a 

standard curve, as shown in Figure 6.9. 
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Table 6.2: HPLC Gradient for mAb Quantification by Analytical Protein A Chromatography 
Time 

(min) 

Flowrate 

(mL/min)  % Buffer A  % Buffer B  

0.00 0.5 100% 0% 

2.00 0.5 100% 0% 

2.01 0.5 0% 100% 

6.00 0.5 0% 100% 

6.01 0.5 100% 0% 

10.00 0.5 100% 0% 

 

 
Figure 6.9: Calibration curve for mAb quantification by analytical Protein A chromatography 

6.4.2.4 Analysis of Bulk Protein Impurity Capture by Size Exclusion Chromatography 

Percent protein impurities relative to the main mAb product were determined by 

analytical SEC. Analytical SEC was performed using a Yarra 3 µm SEC-2000 300 x 7.8 mm 

column with an isocratic method operated at 0.5 mL/min 20 mM sodium phosphate, 150 mM 

sodium chloride, pH 7.4 for 40 min per sample. 50 µL was injected per feed and flow-through 

sample, which was monitored at 280 nm absorbance (A280) for analysis. To determine percent 

main peak, HMW percent of main peak, and LMW percent of main peak, the sum total 

integrated area between all peaks and the baseline were integrated. The integrated peak area was 

then separated into three sections manually based on retention time relative to the main product 
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peak appearing at ~150 kDa (see Figure 6.2) as determined by injection of a molecular weight 

ladder, where the HMW peak area is the integrated area of all A280 signal at retention times less 

than that of the main peak main peak, and LMW at retention times greater than the main peak 

with termination of peak area integration at the retention time corresponding to ~10 kDa. Due to 

the nature of the harvest samples, a large population of small molecular weight impurities that 

absorb strongly at 280 nm and are very unlikely to be proteinaceous appear at MW <10 kDa, and 

thus were not included in this analysis. 

Output integration data was then reported as HMW % of main peak and LMW % of main 

peak, calculated as shown in Equation 6.4 and Equation 6.5, respectively. 
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Equation 6.4: High molecular weight percent of main peak as calculated from SEC analysis, 

where AMain and AHMW are the integrated A280 main (mAb) and high molecular weight peak areas, 

respectively. 
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Equation 6.5: Low molecular weight percent of main peak as calculated from SEC analysis, 

where AMain and ALMW are the integrated A280 main (mAb) and low molecular weight peak areas, 

respectively. 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDED FUTURE WORK  

7.1 Conclusions 

This body of work shows the successful design of HCP-selective ligands for scrubbing of 

HCP impurities from mAb cell culture production systems. A strategy for selecting target-

selective peptide ligands from a solid phase, one-bead-one-component peptide library was 

developed, incorporating simultaneous positive and negative screening using multiplexed 

fluorescence screening. This multiplexed approach was implemented successfully via manual 

fluorescent imaging and selection, sorting based on pre-established fluorescence thresholds using 

an automated microfluidic device, and selection of library beads by thresholding based on the 

geometric fluorescence mean of the whole population by ClonePix 2 ensemble imaging. 

Implementation of the microfluidic device reduced the time to screen library beads from days to 

hours, while ClonePix 2 selection enabled statistically based thresholding criteria that allows for 

more rigorous screening of larger populations of library beads. 

Using these multiplexed library screening techniques, multipolar and hydrophobic 

positive peptides were identified as potential ligands for selective HCP capture. Mixtures of 

these peptides (4MP and 6MP, or multipolar ligands with 4 and 6 combinatorial positions, 

respectively, and 4HP and 6HP, or hydrophobic positive ligands with 4 and 6 combinatorial 

positions, respectively) were evaluated compared to commercial adsorbents in static binding 

mode, showing that total HCP capture and selectivity was equivalent or better that the 

benchmark anion exchange resin, Capto Q. Additionally, despite the multimodal interaction 

capabilities these ligands allow for given the diversity of amino acid residues, drastically 

improved selectivity was observed compared to the multimodal benchmark, Capto Adhere, 

across all experimental conditions tested. In evaluating the effectiveness of these peptide resins 
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in binding individual species of protein, an increase in the number of unique HCP species bound 

was observed for the peptide resins compared to Capto Q, most notably at salt concentrations 

close to conditions in clarified cell culture harvest. Two of the four peptide groups, 6HP and 

4MP, were of particular interest given (i) the high number of unique species captured by 6HP 

compared to the remaining peptide resins, and (ii) the unique characteristics of the 4MP resin, 

where decreasing pH appeared to increase the number of species bound while maintained low 

binding of the mAb product. 

Preliminary evaluation of the performance for the 4MP and 6HP resins in dynamic 

binding conditions by size exclusion chromatography further supported (i) that the developed 

peptide resins bound non-mAb impurities as expected based on the static binding results, and (ii) 

that differences in interactions for the two resins resulted in clearance of different impurities. 

Notably, 4MP resin was observed to be particularly effective in clearing species where apparent 

MW was greater than that of the mAb, while 6HP was more effective in clearing species with 

apparent MW less than the mAb. Furthermore, mixed 6HP+4MP resin was shown to combine 

the HMW performance of 4MP and the LMW performance of 6HP without substantial decrease 

in protein load.  

7.2 Recommended Future Work 

7.2.1 HCP-Selective Peptide Ligands 

From this body of work, it is clear that the developed peptide ligands are effective for 

HCP-selective capture. However, optimization of the base matrix, linker, and ligand density was 

not within the scope of this work. The polymethacrylate-based Toyopearl AF-Amino-650M resin 

was selected specifically to enable on-bead peptide synthesis and screening with a 

chromatographic resin. Early attempts to graft purified HCP-binding peptide candidates to a 
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previously developed linker system used with HWRGWVC (Workbeads 40 TREN)88,121 showed 

poor binding and selectivity for HCPs. Nonetheless, a broader screening of base matrix and 

linker chemistries in addition to controlled ligand density may prove beneficial in the improving 

binding capacity, selectivity, and process step yield. Grafting the peptides membrane filters of 

other nonwoven constructed could additionally allow for effectiveness at much shorter residence 

times due to high available surface area. Furthermore, evaluation of batch-to-batch variability for 

resin preparation in addition to performance against a panel of diverse mAb constructs and host 

cell lines is required to demonstrate robustness of these novel resins. 

Additionally, work performed in Chapter 2 along with prior art1,38ï41,102 suggest that 

process intensification via HCP capture during the harvest clarification is possible using 

adsorptive depth filters. In particular, immobilization of quaternary amine and salt-tolerant 

quaternary amine functional groups have been shown to be effective in capture of a subset of 

ñproblematicò HCPs41, establishing a promising approach to robust process intensification. 

Given the improved performance in HCP capture by the peptide ligands as compared to 

quaternary amine, immobilization the developed HCP ligands in depth filtration media for use in 

clarification may result in a drastic increase in HCP capture during the clarification step. 

Previous work has clearly demonstrated the value of scrubbing cell culture harvest of some 

impurities prior to the Protein A capture step as a result of both improved Protein A performance 

and extended lifetime of protein A resin41,102,122, which would likely also extend to enhanced 

clearance of HCPs in clarification by incorporation of these ligands. Furthermore, capture of an 

expanded number of HCP species by direct application of harvest may enable robust 

implementation of non-Protein A bind-and-elute steps that are less specific, but cheaper and 

higher productivity such as CEX, multimodal resins, or even Protein A mimetics such at 
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HWRGWV. This approach has been proven effective for CEX capture of mAb with pre-

scrubbing of impurities by precipitation123, but precipitation method may lack the product-to-

product robustness necessary to implement as part of a mAb platform approach. 

While the existing ligands developed in this body of work were effective for a wide 

variety of HCP species present in mAb production cultures, their capture effectiveness could be 

further enhanced by identification of peptides that bind to HCPs that the existing ligands do not 

capture. A consecutive approach to library screening, where screening is performed against CHO 

HCPs that have been depleted by the existing ligands, is recommended to identify new peptide 

moieties that show effective binding of species like metalloproteinase inhibitor I, which showed 

inadequate binding to the peptide resins. Additionally, performance of the existing ligands could 

be improved by a site-directed mutagenesis approach which includes the incorporation of non-

natural amino acids for more diversity in binding interaction mechanisms and potentially 

increased affinity of the HCPs. 

While the HCP binding ligands alone are not sufficient to enable fully flow-through, 

continuous processing, a thorough evaluation of additional novel flow-through technologies 

alongside these HCP-selective ligands may offer an opportunity to make further progress 

towards this goal. Prior attempts to create a fully flow-through process have shown promising 

results for fully flow-through processes based around impurities capture by depth filtration38 and 

activated carbon capture124ï126, however they stop short of demonstrating clearance of product-

degrading or highly immunogenic species of host cell protein. A gap analysis of impurities 

captured by activated carbon capture compared to HCP binding ligands could enable further 

development of fully flow-through processes for mAb purification.  
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APPENDIX A.  PROTEOMIC CHARACTERIZATION OF CHO -S NULL CLARIFIED HARVEST  

Table A.1: Identification and relative quantification of host cell proteins from CHO-S null cell culture harvest provided by BTEC 

by shotgun proteomic analysis as described in Chapter 2. 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV Rep 1 Rep 2 Rep 3 Avg St Dev % CV 

Chondroitin sulfate 

proteoglycan 4  G3H0E4 252 84 87 94 88 5 5.8E-02 4.6E-03 4.8E-03 4.8E-03 4.7E-03 1.4E-04 3.0E-02 

Clusterin  G3HNJ3 52 43 34 36 38 5 1.3E-01 1.1E-02 9.1E-03 9.0E-03 9.8E-03 1.3E-03 1.4E-01 

Galectin-3-binding protein  G3H3E4 64 25 29 26 27 2 7.8E-02 5.4E-03 6.3E-03 5.3E-03 5.6E-03 5.8E-04 1.0E-01 

Basement membrane-specific 

heparan sulfate proteoglycan 

core protein  G3HIM1 334 71 66 70 69 3 3.8E-02 2.9E-03 2.7E-03 2.7E-03 2.8E-03 1.1E-04 3.8E-02 

Carboxypeptidase  G3H8V5 54 49 54 47 50 4 7.2E-02 1.2E-02 1.4E-02 1.1E-02 1.3E-02 1.3E-03 1.1E-01 

Cathepsin B  G3H0L9 38 49 48 58 52 6 1.1E-01 1.8E-02 1.8E-02 2.0E-02 1.8E-02 1.2E-03 6.8E-02 

Alpha-enolase  G3IAQ0 47 35 38 43 39 4 1.0E-01 1.0E-02 1.1E-02 1.2E-02 1.1E-02 8.3E-04 7.5E-02 

Fibronectin  G3I1V3 273 59 49 35 48 12 2.5E-01 3.0E-03 2.5E-03 1.7E-03 2.4E-03 6.6E-04 2.8E-01 

Phospholipid transfer protein  G3H8V4 54 44 41 47 44 3 6.8E-02 1.1E-02 1.1E-02 1.1E-02 1.1E-02 3.9E-04 3.5E-02 

Inter-alpha-trypsin inhibitor 
heavy chain H5  G3GR64 102 46 43 46 45 2 3.8E-02 6.2E-03 5.9E-03 5.8E-03 6.0E-03 1.9E-04 3.2E-02 

Cluster of Pyruvate kinase  G3H3Q1 52 34 36 40 37 3 8.3E-02 9.0E-03 9.6E-03 1.0E-02 9.5E-03 5.1E-04 5.3E-02 

Biglycan-like protein  

A0A061HU

R7 42 39 42 54 45 8 1.8E-01 1.3E-02 1.4E-02 1.7E-02 1.4E-02 2.0E-03 1.4E-01 

Metalloproteinase inhibitor 1  G3IBH0 22 15 22 27 21 6 2.8E-01 9.3E-03 1.4E-02 1.6E-02 1.3E-02 3.4E-03 2.6E-01 

Cluster of Plasminogen 
activator inhibitor 1  G3HA54 31 29 28 23 27 3 1.2E-01 1.3E-02 1.3E-02 9.6E-03 1.2E-02 1.8E-03 1.5E-01 

Cluster of Elongation factor 2  G3HSL4 97 37 41 42 40 3 6.6E-02 5.2E-03 5.9E-03 5.6E-03 5.6E-03 3.3E-04 5.8E-02 

Legumain  G3I1H5 50 34 27 31 31 4 1.1E-01 9.3E-03 7.5E-03 8.0E-03 8.3E-03 9.3E-04 1.1E-01 

Cluster of Nucleobindin-2-like 

protein  

A0A061HX

K3 53 46 41 55 47 7 1.5E-01 1.2E-02 1.1E-02 1.3E-02 1.2E-02 1.3E-03 1.1E-01 

Ribonuclease T2  G3I4D4 30 17 37 39 31 12 3.9E-01 7.8E-03 1.7E-02 1.7E-02 1.4E-02 5.3E-03 3.8E-01 

Cathepsin D  G3I4W7 44 18 28 21 22 5 2.3E-01 5.6E-03 8.8E-03 6.2E-03 6.9E-03 1.7E-03 2.5E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV 

Retinoid-inducible serine 
carboxypeptidase  G3H1D5 51 32 34 30 32 2 6.3E-02 8.6E-03 9.3E-03 7.6E-03 8.5E-03 8.3E-04 9.8E-02 

Phosphoglycerate kinase 1  PGK1 45 20 26 20 22 3 1.6E-01 6.1E-03 8.0E-03 5.8E-03 6.6E-03 1.2E-03 1.9E-01 

78 kDa glucose-regulated 

protein  G3I8R9 72 48 44 50 47 3 6.5E-02 9.1E-03 8.5E-03 9.0E-03 8.9E-03 3.4E-04 3.8E-02 

Heat shock cognate protein  A0A061I5D1 74 45 43 46 45 2 3.4E-02 8.3E-03 8.1E-03 8.0E-03 8.2E-03 1.6E-04 1.9E-02 

Cluster of Glutathione S-
transferase Mu 1-like protein  A0A061IJC4 90 28 26 32 29 3 1.1E-01 4.3E-03 4.0E-03 4.6E-03 4.3E-03 2.9E-04 6.9E-02 

Fructose-bisphosphate aldolase  G3I4H6 39 16 21 29 22 7 3.0E-01 5.6E-03 7.5E-03 9.6E-03 7.6E-03 2.0E-03 2.6E-01 

Sulfated glycoprotein 1  G3I1Y9 27 10 23 18 17 7 3.9E-01 5.1E-03 1.2E-02 8.6E-03 8.5E-03 3.4E-03 4.0E-01 

Acid ceramidase  G3GZB2 45 25 21 25 24 2 9.8E-02 7.6E-03 6.5E-03 7.2E-03 7.1E-03 5.7E-04 8.0E-02 

Cathepsin L1  G3INC5 37 28 34 26 29 4 1.4E-01 1.0E-02 1.3E-02 9.1E-03 1.1E-02 1.9E-03 1.7E-01 

Cluster of Glutathione S-

transferase P  G3I3Y6 25 18 14 20 17 3 1.8E-01 9.9E-03 7.8E-03 1.0E-02 9.3E-03 1.4E-03 1.5E-01 

Peptidyl-prolyl cis-trans 
isomerase  G3H533 24 20 19 26 22 4 1.7E-01 1.1E-02 1.1E-02 1.4E-02 1.2E-02 1.6E-03 1.3E-01 

Adipocyte enhancer-binding 

protein 1  G3HMA1 128 31 34 24 30 5 1.7E-01 3.3E-03 3.7E-03 2.4E-03 3.1E-03 6.5E-04 2.1E-01 

Cluster of Heat shock protein 
HSP 90-alpha  HS90A 85 24 24 25 24 1 2.4E-02 3.9E-03 3.9E-03 3.8E-03 3.9E-03 5.9E-05 1.5E-02 

Nidogen-1  G3HWE4 79 23 23 19 22 2 1.1E-01 4.0E-03 4.0E-03 3.1E-03 3.7E-03 5.2E-04 1.4E-01 

Putative phospholipase B-like 2  G3I6T1 66 23 14 19 19 5 2.4E-01 4.8E-03 2.9E-03 3.7E-03 3.8E-03 9.2E-04 2.4E-01 

Cluster of Glyceraldehyde-3-

phosphate dehydrogenase  G3P 36 22 27 18 22 5 2.0E-01 8.4E-03 1.0E-02 6.5E-03 8.4E-03 2.0E-03 2.3E-01 

Tissue alpha-L-fucosidase  G3HMV7 53 24 28 31 28 4 1.3E-01 6.2E-03 7.3E-03 7.6E-03 7.0E-03 7.3E-04 1.0E-01 

Vimentin  G3HHR3 54 30 25 29 28 3 9.4E-02 7.6E-03 6.4E-03 7.0E-03 7.0E-03 5.9E-04 8.4E-02 

Peptidyl-prolyl cis-trans 
isomerase A  PPIA 18 13 16 23 17 5 3.0E-01 9.9E-03 1.2E-02 1.7E-02 1.3E-02 3.4E-03 2.6E-01 

Peroxiredoxin-1  PRDX1 22 20 19 21 20 1 5.0E-02 1.2E-02 1.2E-02 1.2E-02 1.2E-02 2.4E-04 1.9E-02 

Endoplasmin  G3HQM6 93 31 26 28 28 3 8.9E-02 4.6E-03 3.9E-03 3.9E-03 4.1E-03 3.9E-04 9.5E-02 

Laminin subunit beta-1  A0A061I6V4 200 21 20 17 19 2 1.1E-01 1.4E-03 1.4E-03 1.1E-03 1.3E-03 1.8E-04 1.4E-01 

Beta-galactosidase (Fragment)  G3H2P3 74 20 21 21 21 1 2.8E-02 3.7E-03 3.9E-03 3.7E-03 3.8E-03 1.5E-04 3.9E-02 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW  

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Osteopontin  G3IKQ9 13 16 23 23 21 4 2.0E-01 1.7E-02 2.5E-02 2.3E-02 2.1E-02 4.1E-03 1.9E-01 

Cathepsin Z  Q9EPP7 34 11 15 19 15 4 2.7E-01 4.4E-03 6.1E-03 7.2E-03 5.9E-03 1.4E-03 2.4E-01 

Cluster of L-lactate 
dehydrogenase  G3I255 42 16 15 18 16 2 9.4E-02 5.2E-03 5.0E-03 5.5E-03 5.2E-03 2.9E-04 5.6E-02 

Glucosylceramidase  G3HC47 57 18 17 20 18 2 8.3E-02 4.3E-03 4.1E-03 4.5E-03 4.3E-03 2.0E-04 4.6E-02 

Cluster of Actin, cytoplasmic 1  ACTB 42 19 11 17 16 4 2.7E-01 6.2E-03 3.6E-03 5.2E-03 5.0E-03 1.3E-03 2.6E-01 

Cluster of Procollagen-lysine,2-

oxoglutarate 5-dioxygenase 1  G3IIE7 76 21 22 27 23 3 1.4E-01 3.8E-03 4.0E-03 4.6E-03 4.1E-03 4.2E-04 1.0E-01 

Protein-glutamine gamma-
glutamyltransferase 2  G3GXZ0 77 18 21 18 19 2 9.1E-02 3.2E-03 3.8E-03 3.0E-03 3.3E-03 4.0E-04 1.2E-01 

Cluster of Plectin (Fragment)  PLEC 509 21 12 27 20 8 3.8E-01 5.7E-04 3.3E-04 6.9E-04 5.3E-04 1.8E-04 3.5E-01 

Transketolase  G3GUU5 68 23 18 21 21 3 1.2E-01 4.6E-03 3.7E-03 4.0E-03 4.1E-03 4.9E-04 1.2E-01 

Dipeptidyl-peptidase 2  G3IN86 56 18 17 20 18 2 8.3E-02 4.4E-03 4.2E-03 4.6E-03 4.4E-03 2.0E-04 4.6E-02 

Sulfhydryl oxidase  G3H7I6 70 23 23 13 20 6 2.9E-01 4.5E-03 4.6E-03 2.4E-03 3.8E-03 1.2E-03 3.2E-01 

Beta-hexosaminidase  G3HXN7 60 19 23 25 22 3 1.4E-01 4.3E-03 5.3E-03 5.4E-03 5.0E-03 5.9E-04 1.2E-01 

Alpha-N-acetylglucosaminidase  G3HLX3 83 22 19 12 18 5 2.9E-01 3.6E-03 3.2E-03 1.9E-03 2.9E-03 9.2E-04 3.2E-01 

EMILIN -1  G3GXS2 107 18 20 15 18 3 1.4E-01 2.3E-03 2.6E-03 1.8E-03 2.2E-03 4.0E-04 1.8E-01 

Lipase  G3HQY6 46 14 16 25 18 6 3.2E-01 4.2E-03 4.8E-03 7.0E-03 5.3E-03 1.5E-03 2.8E-01 

Elongation factor 1-alpha 1  EF1A1 50 19 11 12 14 4 3.1E-01 5.2E-03 3.1E-03 3.1E-03 3.8E-03 1.2E-03 3.2E-01 

Nidogen-1  G3I3U5 30 18 19 17 18 1 5.6E-02 8.2E-03 8.8E-03 7.3E-03 8.1E-03 7.4E-04 9.1E-02 

Glypican-1  G3H4T5 86 11 13 12 12 1 8.3E-02 1.8E-03 2.1E-03 1.8E-03 1.9E-03 1.9E-04 9.9E-02 

Laminin subunit alpha-5  G3HGW6 406 12 13 13 13 1 4.6E-02 4.1E-04 4.5E-04 4.1E-04 4.2E-04 2.1E-05 5.0E-02 

Collagen alpha-1(VI) chain  G3H8Y5 89 15 18 13 15 3 1.6E-01 2.3E-03 2.8E-03 1.9E-03 2.3E-03 4.6E-04 2.0E-01 

Calsyntenin-1  G3ILK7 92 13 19 13 15 3 2.3E-01 1.9E-03 2.9E-03 1.8E-03 2.2E-03 5.7E-04 2.6E-01 

Matrix metalloproteinase-19  G3HRK9 59 25 25 25 25 0 0.0E+00 5.8E-03 5.9E-03 5.5E-03 5.7E-03 2.1E-04 3.7E-02 

Peroxidasin-like  G3HBI1 165 17 14 11 14 3 2.1E-01 1.4E-03 1.2E-03 8.6E-04 1.2E-03 2.8E-04 2.4E-01 

Dystroglycan  G3H8F4 97 13 11 19 14 4 2.9E-01 1.8E-03 1.6E-03 2.5E-03 2.0E-03 5.0E-04 2.5E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Cluster of Protein disulfide-
isomerase  Q91Z81 57 31 31 36 33 3 8.8E-02 7.5E-03 7.6E-03 8.2E-03 7.7E-03 3.9E-04 5.0E-02 

Protein disulfide-isomerase  A0A061I0G5 52 24 22 31 26 5 1.8E-01 6.3E-03 5.9E-03 7.7E-03 6.6E-03 9.6E-04 1.4E-01 

Lactadherin  G3ICD3 16 8 13 13 11 3 2.5E-01 6.9E-03 1.1E-02 1.1E-02 9.6E-03 2.4E-03 2.5E-01 

Transaldolase  G3I3G8 37 14 16 14 15 1 7.9E-02 5.2E-03 6.0E-03 4.9E-03 5.4E-03 5.8E-04 1.1E-01 

Cluster of Putative out at first 

protein like protein (Fragment)  A0A061I2S4 24 18 19 15 17 2 1.2E-01 1.0E-02 1.1E-02 8.1E-03 9.8E-03 1.5E-03 1.5E-01 

Galectin-1  LEG1 15 6 10 15 10 5 4.4E-01 5.5E-03 9.3E-03 1.3E-02 9.2E-03 3.7E-03 4.0E-01 

Cluster of Filamin-A  
A0A061HU2
5 278 23 27 29 26 3 1.2E-01 1.1E-03 1.4E-03 1.4E-03 1.3E-03 1.2E-04 9.8E-02 

Cluster of Polypeptide N-

acetylgalactosaminyltransferase  

A0A061ICG

7 57 8 9 12 10 2 2.2E-01 1.9E-03 2.2E-03 2.7E-03 2.3E-03 4.1E-04 1.8E-01 

Stromelysin-2  G3GUV4 108 13 13 8 11 3 2.5E-01 1.7E-03 1.7E-03 9.6E-04 1.4E-03 4.1E-04 2.8E-01 

Lamin-A/C  G3HG95 64 20 15 17 17 3 1.5E-01 4.3E-03 3.3E-03 3.4E-03 3.7E-03 5.5E-04 1.5E-01 

Prostaglandin F2 receptor 
negative regulator  G3H902 94 18 12 13 14 3 2.2E-01 2.6E-03 1.8E-03 1.8E-03 2.1E-03 4.9E-04 2.4E-01 

Lysosomal alpha-glucosidase  G3HTE5 106 19 17 20 19 2 8.2E-02 2.5E-03 2.2E-03 2.4E-03 2.4E-03 1.3E-04 5.4E-02 

Nucleoside diphosphate kinase  G3HBD3 17 14 17 20 17 3 1.8E-01 1.1E-02 1.4E-02 1.5E-02 1.3E-02 2.0E-03 1.5E-01 

Procollagen C-endopeptidase 

enhancer 1  A0A061I523 50 10 11 10 10 1 5.6E-02 2.7E-03 3.1E-03 2.6E-03 2.8E-03 2.4E-04 8.6E-02 

Sialidase I  B8Y440 45 8 12 14 11 3 2.7E-01 2.4E-03 3.7E-03 4.0E-03 3.4E-03 8.4E-04 2.5E-01 

6-phosphogluconate 
dehydrogenase, decarboxylating  G3IHY5 53 16 12 15 14 2 1.5E-01 4.1E-03 3.1E-03 3.7E-03 3.7E-03 5.0E-04 1.4E-01 

Collagen alpha-2(VI) chain  G3H8Y4 85 11 10 9 10 1 1.0E-01 1.8E-03 1.6E-03 1.4E-03 1.6E-03 2.0E-04 1.3E-01 

Granulins  G3HLK3 64 4 10 3 6 4 6.7E-01 8.6E-04 2.2E-03 6.1E-04 1.2E-03 8.4E-04 6.9E-01 

Beta-glucuronidase  A0A061I2K0 75 20 18 10 16 5 3.3E-01 3.7E-03 3.3E-03 1.7E-03 2.9E-03 1.0E-03 3.6E-01 

Renin receptor  G3GSG4 34 16 14 12 14 2 1.4E-01 6.5E-03 5.7E-03 4.6E-03 5.6E-03 9.5E-04 1.7E-01 

Deoxyribonuclease-2-alpha  G3HCX3 40 11 8 11 10 2 1.7E-01 3.8E-03 2.8E-03 3.6E-03 3.4E-03 5.2E-04 1.5E-01 

Hypoxanthine-guanine 

phosphoribosyltransferase  HPRT 25 11 9 10 10 1 1.0E-01 6.0E-03 5.0E-03 5.2E-03 5.4E-03 5.5E-04 1.0E-01 

Alpha-mannosidase  G3H559 125 10 11 8 10 2 1.6E-01 1.1E-03 1.2E-03 8.3E-04 1.0E-03 2.0E-04 1.9E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Peroxiredoxin-2  A0A061I7R6 14 7 8 8 8 1 7.5E-02 6.9E-03 7.9E-03 7.4E-03 7.4E-03 5.5E-04 7.4E-02 

Arylsulfatase A  G3IH84 55 8 6 5 6 2 2.4E-01 2.0E-03 1.5E-03 1.2E-03 1.6E-03 4.1E-04 2.6E-01 

N-acetylglucosamine-6-
sulfatase  G3I8P7 54 9 9 11 10 1 1.2E-01 2.3E-03 2.3E-03 2.6E-03 2.4E-03 1.9E-04 8.1E-02 

Galectin  G3H7B3 32 12 11 9 11 2 1.4E-01 5.1E-03 4.8E-03 3.6E-03 4.5E-03 7.8E-04 1.7E-01 

Phosphatidylethanolamine-

binding protein 1  G3GU60 21 9 8 9 9 1 6.7E-02 5.9E-03 5.3E-03 5.5E-03 5.6E-03 2.9E-04 5.2E-02 

Brain-specific serine protease 4-
like protein  

A0A061I0W
7 32 8 11 14 11 3 2.7E-01 3.4E-03 4.8E-03 5.7E-03 4.6E-03 1.1E-03 2.4E-01 

Aldose reductase  G3HH30 36 8 9 8 8 1 6.9E-02 3.0E-03 3.5E-03 2.9E-03 3.1E-03 3.1E-04 9.9E-02 

Malate dehydrogenase  G3HDQ2 36 10 13 12 12 2 1.3E-01 3.8E-03 5.0E-03 4.3E-03 4.4E-03 6.1E-04 1.4E-01 

Lipoprotein lipase  

A0A061IKA

1 55 14 16 14 15 1 7.9E-02 3.5E-03 4.0E-03 3.3E-03 3.6E-03 3.9E-04 1.1E-01 

Clathrin heavy chain 1-like 
protein  A0A061I1I7 265 7 7 17 10 6 5.6E-01 3.6E-04 3.7E-04 8.3E-04 5.2E-04 2.7E-04 5.2E-01 

Macrophage metalloelastase  G3GUV3 53 14 11 14 13 2 1.3E-01 3.6E-03 2.9E-03 3.4E-03 3.3E-03 3.8E-04 1.1E-01 

Cluster of Histone H3  G3H2T7 30 8 8 13 10 3 3.0E-01 3.7E-03 3.7E-03 5.6E-03 4.3E-03 1.1E-03 2.6E-01 

Fatty acid-binding protein, 

adipocyte  G3I4E8 15 8 7 6 7 1 1.4E-01 7.3E-03 6.5E-03 5.2E-03 6.3E-03 1.1E-03 1.7E-01 

Cluster of Alpha-actinin-1  G3H1K9 105 20 18 13 17 4 2.1E-01 2.6E-03 2.4E-03 1.6E-03 2.2E-03 5.3E-04 2.4E-01 

Transitional endoplasmic 
reticulum ATPase  G3HN14 238 16 20 13 16 4 2.2E-01 9.2E-04 1.2E-03 7.1E-04 9.3E-04 2.3E-04 2.5E-01 

Cluster of Suprabasin  G3HPT8 64 13 14 17 15 2 1.4E-01 2.8E-03 3.0E-03 3.4E-03 3.1E-03 3.3E-04 1.1E-01 

Protein FAM3C  G3IDN7 25 6 6 6 6 0 0.0E+00 3.3E-03 3.3E-03 3.1E-03 3.2E-03 1.2E-04 3.7E-02 

Alpha-N-

acetylgalactosaminidase  G3I0F7 47 12 15 10 12 3 2.0E-01 3.5E-03 4.4E-03 2.8E-03 3.6E-03 8.4E-04 2.4E-01 

SH3 domain-binding glutamic 
acid-rich-like protein  A0A061I0I3 17 9 9 10 9 1 6.2E-02 7.3E-03 7.4E-03 7.6E-03 7.4E-03 1.8E-04 2.5E-02 

Beta-2-microglobulin  B2MG 14 6 7 3 5 2 3.9E-01 5.9E-03 7.0E-03 2.8E-03 5.2E-03 2.2E-03 4.2E-01 

Prostaglandin reductase 1-like 

protein  A0A061IJG8 43 5 4 7 5 2 2.9E-01 1.6E-03 1.3E-03 2.1E-03 1.7E-03 4.1E-04 2.5E-01 

Tripeptidyl-peptidase 1  G3IDE4 34 9 9 7 8 1 1.4E-01 3.6E-03 3.7E-03 2.7E-03 3.3E-03 5.7E-04 1.7E-01 

 

  



 

201 

Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Aspartate aminotransferase  G3GZZ0 46 5 4 0 3 3 8.8E-01 1.5E-03 1.2E-03 0.0E+00 9.0E-04 7.9E-04 8.8E-01 

Nucleoside diphosphate kinase  G3HBD4 17 9 13 13 12 2 2.0E-01 7.3E-03 1.1E-02 9.9E-03 9.3E-03 1.8E-03 1.9E-01 

Nucleobindin-2-like protein  A0A061IH04 53 17 11 14 14 3 2.1E-01 4.4E-03 2.9E-03 3.4E-03 3.6E-03 7.7E-04 2.1E-01 

Beta-hexosaminidase  A0A061I8U9 63 14 9 8 10 3 3.1E-01 3.0E-03 2.0E-03 1.6E-03 2.2E-03 7.3E-04 3.3E-01 

Heat shock protein HSP 90-beta  G3HC84 48 10 8 10 9 1 1.2E-01 2.9E-03 2.3E-03 2.7E-03 2.6E-03 2.8E-04 1.1E-01 

Cluster of Tubulin alpha-1A 
chain  G3I6I6 50 9 13 10 11 2 2.0E-01 2.5E-03 3.6E-03 2.6E-03 2.9E-03 6.3E-04 2.2E-01 

Alpha-galactosidase A-like 

protein  

A0A061HW

17 40 14 10 6 10 4 4.0E-01 4.8E-03 3.5E-03 1.9E-03 3.4E-03 1.4E-03 4.2E-01 

Vinculin  G3GWQ1 125 7 8 6 7 1 1.4E-01 7.7E-04 8.9E-04 6.2E-04 7.6E-04 1.3E-04 1.8E-01 

alpha-1,2-Mannosidase  G3H8K2 56 10 12 9 10 2 1.5E-01 2.4E-03 3.0E-03 2.1E-03 2.5E-03 4.5E-04 1.8E-01 

Cluster of Heme oxygenase 1  G3IAI6 33 10 10 8 9 1 1.2E-01 4.2E-03 4.2E-03 3.1E-03 3.8E-03 6.0E-04 1.6E-01 

Rab GDP dissociation inhibitor 
beta  G3GR73 51 14 13 8 12 3 2.8E-01 3.8E-03 3.5E-03 2.0E-03 3.1E-03 9.4E-04 3.0E-01 

Protein disulfide-isomerase A6  G3HB04 28 14 14 15 14 1 4.0E-02 6.9E-03 7.0E-03 6.9E-03 6.9E-03 5.3E-05 7.6E-03 

Dickkopf-related protein 3  G3HWE7 38 6 7 5 6 1 1.7E-01 2.2E-03 2.6E-03 1.7E-03 2.1E-03 4.3E-04 2.0E-01 

Phosphoserine aminotransferase  G3IKH9 34 9 8 6 8 2 2.0E-01 3.6E-03 3.3E-03 2.3E-03 3.1E-03 7.0E-04 2.3E-01 

Glutathione S-transferase 

omega-1  G3IKN5 37 6 9 10 8 2 2.5E-01 2.2E-03 3.4E-03 3.5E-03 3.0E-03 7.1E-04 2.3E-01 

Ceroid-lipofuscinosis neuronal 
protein 5  G3HI29 32 7 6 11 8 3 3.3E-01 3.0E-03 2.6E-03 4.5E-03 3.4E-03 9.7E-04 2.9E-01 

Insulin-like growth factor-

binding protein 4  G3I5N6 28 4 7 12 8 4 5.3E-01 2.0E-03 3.5E-03 5.5E-03 3.7E-03 1.8E-03 4.9E-01 

Serine protease HTRA1  G3IBF4 29 4 4 6 5 1 2.5E-01 1.9E-03 1.9E-03 2.7E-03 2.2E-03 4.5E-04 2.1E-01 

Hypoxia up-regulated protein 1  G3I973 111 13 9 8 10 3 2.6E-01 1.6E-03 1.1E-03 9.3E-04 1.2E-03 3.5E-04 2.8E-01 

Alpha-mannosidase  G3GWD3 111 9 10 8 9 1 1.1E-01 1.1E-03 1.3E-03 9.3E-04 1.1E-03 1.6E-04 1.5E-01 

N(4)-(Beta-N-
acetylglucosaminyl)-L-

asparaginase  G3HGM6 37 0 3 3 2 2 8.7E-01 0.0E+00 1.1E-03 1.0E-03 7.3E-04 6.3E-04 8.7E-01 

Syndecan  G3HLT3 22 6 6 8 7 1 1.7E-01 3.7E-03 3.8E-03 4.7E-03 4.1E-03 5.4E-04 1.3E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Amyloid beta A4 protein  G3HMG4 49 12 10 13 12 2 1.3E-01 3.4E-03 2.8E-03 3.4E-03 3.2E-03 3.2E-04 1.0E-01 

Complement C1r-A 
subcomponent  G3GUR1 80 5 10 13 9 4 4.3E-01 8.6E-04 1.7E-03 2.1E-03 1.6E-03 6.4E-04 4.1E-01 

Histone H2B  A0A061IP52 15 4 5 5 5 1 1.2E-01 3.7E-03 4.6E-03 4.3E-03 4.2E-03 5.0E-04 1.2E-01 

Calreticulin  G3HCX8 48 5 11 5 7 3 4.9E-01 1.4E-03 3.2E-03 1.3E-03 2.0E-03 1.0E-03 5.2E-01 

Filamin-B  G3HFM4 278 13 9 8 10 3 2.6E-01 6.4E-04 4.5E-04 3.7E-04 4.9E-04 1.4E-04 2.8E-01 

Tubulointerstitial nephritis 

antigen-like  G3H1W4 53 15 15 16 15 1 3.8E-02 3.9E-03 3.9E-03 3.9E-03 3.9E-03 2.8E-05 7.1E-03 

Serpin H1  G3IDD4 47 9 5 6 7 2 3.1E-01 2.6E-03 1.5E-03 1.7E-03 1.9E-03 6.2E-04 3.2E-01 

Cluster of Calcium-dependent 
serine proteinase  G3GUR0 77 17 10 12 13 4 2.8E-01 3.0E-03 1.8E-03 2.0E-03 2.3E-03 6.5E-04 2.9E-01 

Alpha-mannosidase  

A0A061ICB

3 113 13 8 9 10 3 2.6E-01 1.6E-03 9.8E-04 1.0E-03 1.2E-03 3.3E-04 2.8E-01 

Protein DJ-1  G3IEU2 20 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 1.9E-03 6.5E-04 1.1E-03 1.7E+00 

Aldose reductase-related protein 
2  ALD2 36 6 4 7 6 2 2.7E-01 2.3E-03 1.5E-03 2.5E-03 2.1E-03 5.1E-04 2.4E-01 

Interleukin-1 receptor-like 1  G3H6I5 38 0 4 4 3 2 8.7E-01 0.0E+00 1.5E-03 1.4E-03 9.4E-04 8.2E-04 8.7E-01 

V-type proton ATPase subunit 

S1  G3IBK8 49 10 10 9 10 1 6.0E-02 2.8E-03 2.8E-03 2.4E-03 2.7E-03 2.5E-04 9.5E-02 

Sphingomyelin 
phosphodiesterase  

A0A061IEQ
5 70 3 7 7 6 2 4.1E-01 5.9E-04 1.4E-03 1.3E-03 1.1E-03 4.4E-04 4.0E-01 

Cluster of Ezrin  

A0A061IM9

4 68 11 9 0 7 6 8.8E-01 2.2E-03 1.8E-03 0.0E+00 1.4E-03 1.2E-03 8.8E-01 

SPARC  G3H584 28 5 5 0 3 3 8.7E-01 2.4E-03 2.5E-03 0.0E+00 1.6E-03 1.4E-03 8.7E-01 

Latent-transforming growth 
factor beta-binding protein 1  G3HEV3 130 4 7 0 4 4 9.6E-01 4.2E-04 7.5E-04 0.0E+00 3.9E-04 3.8E-04 9.6E-01 

Elongation factor 1-gamma  A0A061IC58 52 5 4 8 6 2 3.7E-01 1.3E-03 1.1E-03 2.0E-03 1.5E-03 4.8E-04 3.3E-01 

Adenosylhomocysteinase  G3HAN8 48 8 4 11 8 4 4.6E-01 2.3E-03 1.2E-03 3.0E-03 2.1E-03 9.1E-04 4.3E-01 

Cluster of Tropomyosin alpha-1 

chain-like protein  

A0A061IPG

4 37 13 12 5 10 4 4.4E-01 4.8E-03 4.5E-03 1.7E-03 3.7E-03 1.7E-03 4.6E-01 

A disintegrin and 

metalloproteinase with 

thrombospondin motif 7-like 
protein (Fragment)  

A0A061I2W
2 150 4 7 6 6 2 2.7E-01 3.7E-04 6.5E-04 5.2E-04 5.1E-04 1.4E-04 2.8E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Myosin light polypeptide 6  G3HRQ4 17 7 5 5 6 1 2.0E-01 5.6E-03 4.1E-03 3.8E-03 4.5E-03 9.9E-04 2.2E-01 

14-3-3 protein zeta/delta  G3HKZ1 28 9 8 9 9 1 6.7E-02 4.4E-03 4.0E-03 4.2E-03 4.2E-03 2.2E-04 5.2E-02 

Cluster of EF-HAND 2 
containing protein  A0A061IQJ9 28 5 6 5 5 1 1.1E-01 2.4E-03 3.0E-03 2.3E-03 2.6E-03 3.5E-04 1.4E-01 

D-dopachrome decarboxylase  G3HY03 13 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 3.0E-03 1.0E-03 1.7E-03 1.7E+00 

Peptidyl-prolyl cis-trans 

isomerase  G3HKB0 18 6 6 5 6 1 1.0E-01 4.6E-03 4.6E-03 3.6E-03 4.3E-03 5.8E-04 1.4E-01 

Lactadherin (Fragment)  G3IK05 22 0 4 0 1 2 1.7E+00 0.0E+00 2.5E-03 0.0E+00 8.4E-04 1.5E-03 1.7E+00 

Importin subunit beta-1  
A0A061HX
H9 176 10 11 9 10 1 1.0E-01 7.8E-04 8.7E-04 6.6E-04 7.7E-04 1.0E-04 1.3E-01 

Ganglioside GM2 activator  G3H577 21 7 5 0 4 4 9.0E-01 4.6E-03 3.3E-03 0.0E+00 2.6E-03 2.4E-03 9.0E-01 

Sialate O-acetylesterase  G3IIB1 61 8 6 4 6 2 3.3E-01 1.8E-03 1.4E-03 8.5E-04 1.3E-03 4.8E-04 3.6E-01 

Cluster of ADP-ribosylation 

factor 3  G3I6J4 21 8 6 11 8 3 3.0E-01 5.2E-03 4.0E-03 6.8E-03 5.3E-03 1.4E-03 2.6E-01 

Phosphoglycerate mutase 1  G3GZW8 20 3 3 8 5 3 6.2E-01 2.1E-03 2.1E-03 5.2E-03 3.1E-03 1.8E-03 5.8E-01 

Amyloid-like protein 2  G3GTX5 78 7 7 4 6 2 2.9E-01 1.2E-03 1.2E-03 6.6E-04 1.0E-03 3.3E-04 3.2E-01 

Semaphorin-3B  G3H8C9 83 6 4 4 5 1 2.5E-01 9.9E-04 6.7E-04 6.2E-04 7.6E-04 2.0E-04 2.6E-01 

Tubulin beta-5 chain  TBB5 50 4 0 3 2 2 8.9E-01 1.1E-03 0.0E+00 7.8E-04 6.2E-04 5.6E-04 9.0E-01 

Chymotrypsin-C-like protein 
(Fragment)  A0A061IEE2 73 6 4 0 3 3 9.2E-01 1.1E-03 7.6E-04 0.0E+00 6.3E-04 5.7E-04 9.1E-01 

G-protein coupled receptor 56  G3I3K5 77 0 0 0 0 0 #DIV/0! 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 #DIV/0! 

Epididymal secretory protein E1  G3I936 16 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 3.2E-03 1.1E-03 1.9E-03 1.7E+00 

Vitamin K-dependent protein S  A0A061I1Q2 68 9 8 12 10 2 2.2E-01 1.8E-03 1.6E-03 2.3E-03 1.9E-03 3.4E-04 1.8E-01 

Isocitrate dehydrogenase 

[NADP]  G3HU51 47 3 3 3 3 0 0.0E+00 8.8E-04 8.9E-04 8.3E-04 8.6E-04 3.2E-05 3.7E-02 

Cluster of Polyadenylate-
binding protein  G3I8S7 63 3 6 8 6 3 4.4E-01 6.5E-04 1.3E-03 1.6E-03 1.2E-03 5.1E-04 4.2E-01 

Cystatin  G3H705 11 4 6 6 5 1 2.2E-01 5.0E-03 7.6E-03 7.1E-03 6.5E-03 1.4E-03 2.1E-01 

Cluster of Prolow-density 

lipoprotein receptor-related 
protein 1  

A0A061IMQ
7 497 5 4 4 4 1 1.3E-01 1.4E-04 1.1E-04 1.0E-04 1.2E-04 1.8E-05 1.5E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Importin-5  G3GS70 90 7 8 4 6 2 3.3E-01 1.1E-03 1.2E-03 5.8E-04 9.6E-04 3.4E-04 3.6E-01 

Kinesin-like protein  G3IAS8 186 8 7 6 7 1 1.4E-01 5.9E-04 5.2E-04 4.2E-04 5.1E-04 8.7E-05 1.7E-01 

Cluster of Proteasome activator 
complex subunit 1  G3HDE5 25 5 0 5 3 3 8.7E-01 2.7E-03 0.0E+00 2.6E-03 1.8E-03 1.5E-03 8.7E-01 

Cluster of Fatty acid synthase  G3GXD7 272 6 4 5 5 1 2.0E-01 3.0E-04 2.0E-04 2.4E-04 2.5E-04 5.0E-05 2.0E-01 

Rho GDP-dissociation inhibitor 

1  G3GXB0 23 5 6 9 7 2 3.1E-01 3.0E-03 3.6E-03 5.1E-03 3.9E-03 1.1E-03 2.7E-01 

Ras-related protein Rab-7a  G3HID1 24 6 4 4 5 1 2.5E-01 3.4E-03 2.3E-03 2.2E-03 2.6E-03 6.9E-04 2.6E-01 

Cystatin-B  G3IKQ6 11 0 4 0 1 2 1.7E+00 0.0E+00 5.1E-03 0.0E+00 1.7E-03 2.9E-03 1.7E+00 

Glucose-6-phosphate isomerase  G6PI 63 8 3 6 6 3 4.4E-01 1.7E-03 6.6E-04 1.2E-03 1.2E-03 5.4E-04 4.5E-01 

Heat shock 70 kDa protein 13  G3H4S3 43 8 6 8 7 1 1.6E-01 2.6E-03 1.9E-03 2.4E-03 2.3E-03 3.2E-04 1.4E-01 

Synaptic vesicle membrane 
protein VAT-1-like  G3HM03 29 8 7 7 7 1 7.9E-02 3.8E-03 3.4E-03 3.1E-03 3.4E-03 3.3E-04 9.7E-02 

Fumarylacetoacetase  G3IHH6 41 4 4 4 4 0 0.0E+00 1.3E-03 1.4E-03 1.3E-03 1.3E-03 4.9E-05 3.7E-02 

Cluster of Cofilin-1  G3IDM2 19 4 6 4 5 1 2.5E-01 2.9E-03 4.4E-03 2.7E-03 3.3E-03 9.2E-04 2.8E-01 

Follistatin-related protein 1  G3HAI3 65 0 9 0 3 5 1.7E+00 0.0E+00 1.9E-03 0.0E+00 6.4E-04 1.1E-03 1.7E+00 

14-3-3 protein beta/alpha  G3HLS2 28 9 8 5 7 2 2.8E-01 4.4E-03 4.0E-03 2.3E-03 3.6E-03 1.1E-03 3.1E-01 

Proteasome subunit alpha type  A0A061I019 28 0 0 5 2 3 1.7E+00 0.0E+00 0.0E+00 2.3E-03 7.7E-04 1.3E-03 1.7E+00 

Farnesyl pyrophosphate 

synthetase  G3HC39 43 5 6 7 6 1 1.7E-01 1.6E-03 1.9E-03 2.1E-03 1.9E-03 2.6E-04 1.4E-01 

Alpha-L-iduronidase  G3HEE8 70 4 4 6 5 1 2.5E-01 7.8E-04 7.9E-04 1.1E-03 9.0E-04 1.9E-04 2.1E-01 

Thioredoxin reductase 1, 
cytoplasmic  G3HQL6 62 5 4 6 5 1 2.0E-01 1.1E-03 9.0E-04 1.3E-03 1.1E-03 1.8E-04 1.6E-01 

Ubiquitin-conjugating enzyme 

E2 N (Fragment)  G3HS88 19 4 6 0 3 3 9.2E-01 2.9E-03 4.4E-03 0.0E+00 2.4E-03 2.2E-03 9.2E-01 

C-C motif chemokine  G3GTT2 16 4 4 6 5 1 2.5E-01 3.4E-03 3.5E-03 4.9E-03 3.9E-03 8.1E-04 2.1E-01 

Cluster of Acyl-CoA-binding 
protein  G3H5D5 13 6 6 8 7 1 1.7E-01 6.3E-03 6.4E-03 8.0E-03 6.9E-03 9.2E-04 1.3E-01 

FK506-binding protein 9  G3HMQ0 63 5 3 4 4 1 2.5E-01 1.1E-03 6.6E-04 8.2E-04 8.6E-04 2.2E-04 2.5E-01 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

N-acetylglucosamine-1-
phosphotransferase subunit 

gamma  G3HBX0 34 8 10 7 8 2 1.8E-01 3.2E-03 4.1E-03 2.7E-03 3.3E-03 7.2E-04 2.2E-01 

Protein disulfide-isomerase  
A0A061HW
S2 156 7 8 8 8 1 7.5E-02 6.2E-04 7.1E-04 6.6E-04 6.6E-04 4.9E-05 7.4E-02 

Heat shock protein  A0A061ID29 13 0 0 0 0 0 #DIV/0! 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 #DIV/0! 

Protein S100  A0A061II04 12 0 4 4 3 2 8.7E-01 0.0E+00 4.6E-03 4.3E-03 3.0E-03 2.6E-03 8.7E-01 

Cluster of 40S ribosomal 

protein S3-like protein  

A0A061INH

5 39 4 4 5 4 1 1.3E-01 1.4E-03 1.4E-03 1.7E-03 1.5E-03 1.4E-04 9.4E-02 

Proteasome subunit alpha type  G3H0C2 30 0 3 4 2 2 8.9E-01 0.0E+00 1.4E-03 1.7E-03 1.0E-03 9.2E-04 8.8E-01 

Cluster of EGF-containing 
fibulin-like extracellular matrix 

protein 2  FBLN4 49 0 0 0 0 0 #DIV/0! 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 #DIV/0! 

Lysyl oxidase-like 1  G3HEI6 62 9 8 0 6 5 8.7E-01 2.0E-03 1.8E-03 0.0E+00 1.3E-03 1.1E-03 8.7E-01 

Catalase  G3GYY6 63 3 0 6 3 3 1.0E+00 6.5E-04 0.0E+00 1.2E-03 6.3E-04 6.2E-04 9.8E-01 

Poly(RC)-binding protein 1  G3HXL1 37 0 4 0 1 2 1.7E+00 0.0E+00 1.5E-03 0.0E+00 5.0E-04 8.7E-04 1.7E+00 

14-3-3 protein epsilon  G3IPU3 8 6 6 6 6 0 0.0E+00 1.0E-02 1.0E-02 9.7E-03 1.0E-02 3.8E-04 3.7E-02 

Glucose-6-phosphate 1-

dehydrogenase  

A0A061HU2

9 145 7 7 7 7 0 0.0E+00 6.6E-04 6.7E-04 6.3E-04 6.5E-04 2.4E-05 3.7E-02 

Nucleotide exchange factor 

SIL1  G3HEY8 44 8 8 3 6 3 4.6E-01 2.5E-03 2.5E-03 8.8E-04 2.0E-03 9.4E-04 4.8E-01 

N-acetylgalactosamine-6-

sulfatase  G3GRS9 54 5 6 3 5 2 3.3E-01 1.3E-03 1.5E-03 7.2E-04 1.2E-03 4.2E-04 3.6E-01 

Moesin  G3HYJ9 35 17 11 12 13 3 2.4E-01 6.7E-03 4.4E-03 4.4E-03 5.2E-03 1.3E-03 2.5E-01 

Myosin-9  

A0A061IEH

1 269 5 5 5 5 0 0.0E+00 2.5E-04 2.6E-04 2.4E-04 2.5E-04 9.4E-06 3.7E-02 

Triosephosphate isomerase  A0A061IJP1 16 6 5 5 5 1 1.1E-01 5.1E-03 4.3E-03 4.0E-03 4.5E-03 5.7E-04 1.3E-01 

Palmitoyl-protein thioesterase 1  G3HN89 35 6 6 0 4 3 8.7E-01 2.4E-03 2.4E-03 0.0E+00 1.6E-03 1.4E-03 8.7E-01 

Triosephosphate isomerase  G3I216 20 0 4 4 3 2 8.7E-01 0.0E+00 2.8E-03 2.6E-03 1.8E-03 1.6E-03 8.7E-01 

Group XV phospholipase A2  G3HKV9 47 8 4 6 6 2 3.3E-01 2.3E-03 1.2E-03 1.7E-03 1.7E-03 5.8E-04 3.4E-01 

Cullin-associated NEDD8-
dissociated protein 1  G3GY17 134 5 6 6 6 1 1.0E-01 5.1E-04 6.2E-04 5.8E-04 5.7E-04 5.6E-05 9.8E-02 
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Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Glutathione synthetase  G3HAP7 52 7 5 8 7 2 2.3E-01 1.8E-03 1.3E-03 2.0E-03 1.7E-03 3.4E-04 2.0E-01 

Guanine nucleotide-binding 
protein subunit beta-2-like 1  G3HK00 30 4 3 0 2 2 8.9E-01 1.8E-03 1.4E-03 0.0E+00 1.1E-03 9.5E-04 8.9E-01 

Heterogeneous nuclear 

ribonucleoprotein A1  A0A061IFF1 39 4 3 4 4 1 1.6E-01 1.4E-03 1.1E-03 1.3E-03 1.3E-03 1.8E-04 1.4E-01 

Neuroblast differentiation-

associated protein AHNAK-like 

protein (Fragment)  A0A061ID55 131 3 0 3 2 2 8.7E-01 3.1E-04 0.0E+00 3.0E-04 2.0E-04 1.8E-04 8.7E-01 

Metalloendopeptidase  G3GUX9 114 0 0 0 0 0 #DIV/0! 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 #DIV/0! 

Amine oxidase  G3HB74 80 6 0 3 3 3 1.0E+00 1.0E-03 0.0E+00 4.9E-04 5.0E-04 5.1E-04 1.0E+00 

MAM domain-containing 
protein 2  G3IFK8 53 5 0 3 3 3 9.4E-01 1.3E-03 0.0E+00 7.3E-04 6.8E-04 6.5E-04 9.6E-01 

Calumenin  A0A061IJV1 58 8 4 5 6 2 3.7E-01 1.9E-03 9.6E-04 1.1E-03 1.3E-03 5.0E-04 3.8E-01 

Matrix metalloproteinase-9  G3H8V1 79 6 6 6 6 0 0.0E+00 1.0E-03 1.1E-03 9.8E-04 1.0E-03 3.8E-05 3.7E-02 

Cluster of Ubiquitin-60S 

ribosomal protein L40-like 

isoform 2  

A0A061IQB

8 15 6 3 0 3 3 1.0E+00 5.5E-03 2.8E-03 0.0E+00 2.8E-03 2.7E-03 1.0E+00 

Dipeptidyl peptidase 3-like 

protein  

A0A061IAX

6 86 5 4 4 4 1 1.3E-01 8.0E-04 6.5E-04 6.0E-04 6.8E-04 1.0E-04 1.5E-01 

Pirin-like protein  

A0A061HUL

9 32 3 4 0 2 2 8.9E-01 1.3E-03 1.7E-03 0.0E+00 1.0E-03 9.0E-04 8.9E-01 

Heterogeneous nuclear 

ribonucleoprotein H  

A0A061HX0

5 48 0 0 6 2 3 1.7E+00 0.0E+00 0.0E+00 1.6E-03 5.4E-04 9.3E-04 1.7E+00 

ATP-citrate synthase  G3HLV6 77 5 0 2 2 3 1.1E+00 8.9E-04 0.0E+00 3.4E-04 4.1E-04 4.5E-04 1.1E+00 

Endoplasmic reticulum resident 
protein 29  G3H284 29 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 1.8E-03 6.0E-04 1.0E-03 1.7E+00 

Elongation factor 1-delta-like 

isoform 1  

A0A061IEA

0 73 3 0 4 2 2 8.9E-01 5.6E-04 0.0E+00 7.1E-04 4.2E-04 3.7E-04 8.8E-01 

Heterogeneous nuclear 
ribonucleoprotein G  G3H9H7 42 3 0 0 1 2 1.7E+00 9.8E-04 0.0E+00 0.0E+00 3.3E-04 5.7E-04 1.7E+00 

Cluster of 60S acidic ribosomal 

protein P0  G3GU76 30 6 5 0 4 3 8.8E-01 2.7E-03 2.3E-03 0.0E+00 1.7E-03 1.5E-03 8.8E-01 

Thioredoxin domain-containing 
protein 5  G3HD97 46 8 6 8 7 1 1.6E-01 2.4E-03 1.8E-03 2.3E-03 2.2E-03 3.0E-04 1.4E-01 

Interferon-alpha/beta receptor 

beta chain  G3GT45 29 4 5 3 4 1 2.5E-01 1.9E-03 2.4E-03 1.3E-03 1.9E-03 5.3E-04 2.8E-01 
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Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Purine nucleoside 
phosphorylase-like protein  A0A061ILE8 38 4 3 4 4 1 1.6E-01 1.4E-03 1.1E-03 1.4E-03 1.3E-03 1.8E-04 1.4E-01 

Lysosomal Pro-X 

carboxypeptidase  G3HUI4 55 9 9 5 8 2 3.0E-01 2.2E-03 2.3E-03 1.2E-03 1.9E-03 6.3E-04 3.3E-01 

Golgi membrane protein 1  G3IAW1 41 5 4 0 3 3 8.8E-01 1.7E-03 1.4E-03 0.0E+00 1.0E-03 8.9E-04 8.8E-01 

Cluster of Peroxiredoxin-6-like 

protein  

A0A061HYZ

1 26 3 3 0 2 2 8.7E-01 1.6E-03 1.6E-03 0.0E+00 1.1E-03 9.2E-04 8.7E-01 

Multiple inositol polyphosphate 

phosphatase 1-like protein  A0A061I9C8 61 3 6 4 4 2 3.5E-01 6.7E-04 1.4E-03 8.5E-04 9.6E-04 3.6E-04 3.7E-01 

40S ribosomal protein S28  G3I5R2 8 0 0 0 0 0 #DIV/0! 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 #DIV/0! 

Calumenin  A0A061IE40 42 0 4 0 1 2 1.7E+00 0.0E+00 1.3E-03 0.0E+00 4.4E-04 7.6E-04 1.7E+00 

Adenylate kinase 2, 
mitochondrial  G3H928 15 3 0 0 1 2 1.7E+00 2.7E-03 0.0E+00 0.0E+00 9.1E-04 1.6E-03 1.7E+00 

Phosphoglucomutase-1  G3GZD2 63 4 4 4 4 0 0.0E+00 8.7E-04 8.8E-04 8.2E-04 8.6E-04 3.2E-05 3.7E-02 

Protein SET  G3HKN1 44 6 4 0 3 3 9.2E-01 1.9E-03 1.3E-03 0.0E+00 1.0E-03 9.5E-04 9.1E-01 

CAD protein  G3GXT2 243 4 5 5 5 1 1.2E-01 2.3E-04 2.9E-04 2.7E-04 2.6E-04 3.1E-05 1.2E-01 

Periaxin (Fragment)  A0A061I743 188 3 2 6 4 2 5.7E-01 2.2E-04 1.5E-04 4.1E-04 2.6E-04 1.4E-04 5.3E-01 

Cluster of CMP-N-

acetylneuraminate-beta-
galactosamide-alpha-2, 3-

sialyltransferase  G3INL9 39 5 3 0 3 3 9.4E-01 1.8E-03 1.1E-03 0.0E+00 9.4E-04 8.9E-04 9.4E-01 

Collagen alpha-1(XVI) chain  G3H1W1 158 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 3.3E-04 1.1E-04 1.9E-04 1.7E+00 

Glycyl-tRNA synthetase  G3HJM2 72 6 0 2 3 3 1.1E+00 1.1E-03 0.0E+00 3.6E-04 5.0E-04 5.8E-04 1.2E+00 

Protein CREG1  G3HE67 24 5 4 5 5 1 1.2E-01 2.9E-03 2.3E-03 2.7E-03 2.6E-03 2.8E-04 1.1E-01 

Proteasome subunit alpha type  G3HSF3 26 3 4 0 2 2 8.9E-01 1.6E-03 2.1E-03 0.0E+00 1.2E-03 1.1E-03 8.9E-01 

Cell division control protein 42-

like  G3HIM4 21 6 0 0 2 3 1.7E+00 3.9E-03 0.0E+00 0.0E+00 1.3E-03 2.3E-03 1.7E+00 

Vasorin  G3HS71 73 4 0 2 2 2 1.0E+00 7.5E-04 0.0E+00 3.5E-04 3.7E-04 3.8E-04 1.0E+00 

14-3-3 protein eta  G3HK90 27 5 4 2 4 2 4.2E-01 2.5E-03 2.1E-03 9.6E-04 1.9E-03 8.1E-04 4.4E-01 

Profilin-1  G3GYC6 6 0 3 4 2 2 8.9E-01 0.0E+00 7.0E-03 8.6E-03 5.2E-03 4.6E-03 8.8E-01 

Collagen alpha-1(V) chain  G3IL75 45 0 3 6 3 3 1.0E+00 0.0E+00 9.3E-04 1.7E-03 8.8E-04 8.6E-04 9.8E-01 
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Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Pigment epithelium-derived 
factor  G3IKX2 11 5 4 3 4 1 2.5E-01 6.2E-03 5.1E-03 3.5E-03 4.9E-03 1.4E-03 2.7E-01 

14-3-3 protein theta  G3IEY9 28 7 6 0 4 4 8.7E-01 3.4E-03 3.0E-03 0.0E+00 2.1E-03 1.9E-03 8.7E-01 

Proteasome subunit alpha type  G3HSE4 30 4 3 0 2 2 8.9E-01 1.8E-03 1.4E-03 0.0E+00 1.1E-03 9.5E-04 8.9E-01 

Thrombospondin-3  G3HC49 104 5 0 0 2 3 1.7E+00 6.6E-04 0.0E+00 0.0E+00 2.2E-04 3.8E-04 1.7E+00 

Ras GTPase-activating-like 

protein IQGAP1  G3IF62 191 5 6 0 4 3 8.8E-01 3.6E-04 4.4E-04 0.0E+00 2.7E-04 2.3E-04 8.8E-01 

Proteasome subunit alpha type-7 
(Fragment)  G3GWR8 24 6 7 3 5 2 3.9E-01 3.4E-03 4.1E-03 1.6E-03 3.0E-03 1.3E-03 4.2E-01 

Nucleolin  G3IF80 52 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 1.0E-03 3.3E-04 5.8E-04 1.7E+00 

Cytochrome c, somatic  G3H2K2 12 4 0 3 2 2 8.9E-01 4.6E-03 0.0E+00 3.2E-03 2.6E-03 2.4E-03 9.0E-01 

Cluster of Keratin, type II 

cytoskeletal 1b  G3IKI6 94 3 3 0 2 2 8.7E-01 4.4E-04 4.4E-04 0.0E+00 2.9E-04 2.5E-04 8.7E-01 

T-complex protein 1 subunit 
gamma  G3HG83 61 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 6.4E-04 2.1E-04 3.7E-04 1.7E+00 

Membrane frizzled-related 

protein isoform 1  A0A061I2K9 75 3 3 3 3 0 0.0E+00 5.5E-04 5.6E-04 5.2E-04 5.4E-04 2.0E-05 3.7E-02 

Stress-70 protein, mitochondrial  GRP75 74 4 0 4 3 2 8.7E-01 7.4E-04 0.0E+00 7.0E-04 4.8E-04 4.2E-04 8.7E-01 

KDEL motif-containing protein 
2  A0A061I344 58 4 0 5 3 3 8.8E-01 9.5E-04 0.0E+00 1.1E-03 6.9E-04 6.0E-04 8.7E-01 

Glyoxalase domain-containing 

protein 4  G3HTG9 33 5 0 0 2 3 1.7E+00 2.1E-03 0.0E+00 0.0E+00 6.9E-04 1.2E-03 1.7E+00 

Heterogeneous nuclear 
ribonucleoprotein C-like 1-like 

isoform 3  A0A061IJX8 34 4 4 4 4 0 0.0E+00 1.6E-03 1.6E-03 1.5E-03 1.6E-03 6.0E-05 3.7E-02 

Far upstream element-binding 
protein 2  G3HCK9 62 4 3 4 4 1 1.6E-01 8.8E-04 6.7E-04 8.4E-04 8.0E-04 1.1E-04 1.4E-01 

Ferritin heavy chain  FRIH 21 5 3 0 3 3 9.4E-01 3.3E-03 2.0E-03 0.0E+00 1.8E-03 1.6E-03 9.4E-01 

Alcohol dehydrogenase 

[NADP+]  G3GYP7 37 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 1.4E-03 4.7E-04 8.1E-04 1.7E+00 

Cluster of E3 ubiquitin-protein 
ligase  A0A061I041 53 0 0 2 1 1 1.7E+00 0.0E+00 0.0E+00 4.9E-04 1.6E-04 2.8E-04 1.7E+00 

Transgelin  G3H7Z2 22 3 0 0 1 2 1.7E+00 1.9E-03 0.0E+00 0.0E+00 6.2E-04 1.1E-03 1.7E+00 

Non-specific lipid-transfer 

protein  G3GW11 59 4 3 4 4 1 1.6E-01 9.3E-04 7.1E-04 8.8E-04 8.4E-04 1.2E-04 1.4E-01 
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Accession 
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MW 
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Proteasome subunit beta type  G3H9V0 23 4 4 3 4 1 1.6E-01 2.4E-03 2.4E-03 1.7E-03 2.2E-03 4.1E-04 1.9E-01 

Proteasome subunit beta type  G3H5W0 22 4 4 6 5 1 2.5E-01 2.5E-03 2.5E-03 3.5E-03 2.9E-03 5.9E-04 2.1E-01 

Tyrosine-protein kinase receptor 
UFO (Fragment)  

A0A061HW
02 19 4 3 4 4 1 1.6E-01 2.9E-03 2.2E-03 2.7E-03 2.6E-03 3.6E-04 1.4E-01 

Protein S100-A10  G3HUU7 11 4 0 0 1 2 1.7E+00 5.0E-03 0.0E+00 0.0E+00 1.7E-03 2.9E-03 1.7E+00 

Macrophage migration 

inhibitory factor  G3HY08 12 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 4.3E-03 1.4E-03 2.5E-03 1.7E+00 

Glutathione reductase, 
mitochondrial  G3H609 45 0 3 2 2 2 9.2E-01 0.0E+00 9.3E-04 5.8E-04 5.0E-04 4.7E-04 9.3E-01 

Obg-like ATPase 1  G3GUC8 32 0 0 5 2 3 1.7E+00 0.0E+00 0.0E+00 2.0E-03 6.7E-04 1.2E-03 1.7E+00 

Apoptosis-inducing factor 1  

A0A061HY

H9 66 3 4 7 5 2 4.5E-01 6.2E-04 8.4E-04 1.4E-03 9.5E-04 3.9E-04 4.1E-01 

Neural cell adhesion molecule 1  G3H2I6 114 4 4 4 4 0 0.0E+00 4.8E-04 4.9E-04 4.5E-04 4.7E-04 1.8E-05 3.7E-02 

Heterogeneous nuclear 
ribonucleoproteins A2/B1  G3H2J8 29 4 0 0 1 2 1.7E+00 1.9E-03 0.0E+00 0.0E+00 6.3E-04 1.1E-03 1.7E+00 

Plastin-3  

A0A061HW

C7 75 6 3 0 3 3 1.0E+00 1.1E-03 5.6E-04 0.0E+00 5.5E-04 5.5E-04 1.0E+00 

Hexokinase  G3H6T5 102 6 4 4 5 1 2.5E-01 8.1E-04 5.5E-04 5.1E-04 6.2E-04 1.6E-04 2.6E-01 

Collagen alpha-2(VI) chain  G3H8Y3 29 4 0 5 3 3 8.8E-01 1.9E-03 0.0E+00 2.2E-03 1.4E-03 1.2E-03 8.7E-01 

Neogenin  G3HEJ4 154 6 0 5 4 3 8.8E-01 5.3E-04 0.0E+00 4.2E-04 3.2E-04 2.8E-04 8.8E-01 

Tubulin-specific chaperone A  G3H319 10 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 5.2E-03 1.7E-03 3.0E-03 1.7E+00 

Biotinidase  
A0A061ILN
6 64 4 3 0 2 2 8.9E-01 8.6E-04 6.5E-04 0.0E+00 5.0E-04 4.5E-04 8.9E-01 

NSFL1 cofactor p47  G3H6Y6 41 3 0 3 2 2 8.7E-01 1.0E-03 0.0E+00 9.5E-04 6.5E-04 5.6E-04 8.7E-01 

Pantetheinase  

A0A061ICY

3 57 5 0 0 2 3 1.7E+00 1.2E-03 0.0E+00 0.0E+00 4.0E-04 6.9E-04 1.7E+00 

Nuclear migration protein 
nudC-like protein  

A0A061IEW
1 38 3 0 4 2 2 8.9E-01 1.1E-03 0.0E+00 1.4E-03 8.2E-04 7.2E-04 8.8E-01 

Eukaryotic translation initiation 

factor 5A-1-like protein  A0A061IN17 26 5 3 0 3 3 9.4E-01 2.6E-03 1.6E-03 0.0E+00 1.4E-03 1.3E-03 9.4E-01 

Laminin subunit gamma-1  G3HG25 172 3 0 0 1 2 1.7E+00 2.4E-04 0.0E+00 0.0E+00 8.0E-05 1.4E-04 1.7E+00 

Adenylyl cyclase-associated 

protein  G3HN88 52 4 0 0 1 2 1.7E+00 1.1E-03 0.0E+00 0.0E+00 3.5E-04 6.1E-04 1.7E+00 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Ubiquitin carboxyl-terminal 
hydrolase 34-like protein  A0A061IH73 522 3 0 0 1 2 1.7E+00 7.9E-05 0.0E+00 0.0E+00 2.6E-05 4.5E-05 1.7E+00 

Proteasome subunit beta type-1  G3HNT9 16 3 3 0 2 2 8.7E-01 2.6E-03 2.6E-03 0.0E+00 1.7E-03 1.5E-03 8.7E-01 

Semaphorin-4B  G3IHT7 88 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 5.9E-04 2.0E-04 3.4E-04 1.7E+00 

Sushi repeat-containing protein 

SRPX  G3GSF3 38 5 0 3 3 3 9.4E-01 1.8E-03 0.0E+00 1.0E-03 9.4E-04 9.0E-04 9.6E-01 

Tryptophanyl-tRNA synthetase, 
cytoplasmic  G3HIX6 54 3 0 0 1 2 1.7E+00 7.6E-04 0.0E+00 0.0E+00 2.5E-04 4.4E-04 1.7E+00 

Very low-density lipoprotein 

receptor  G3IMZ0 62 3 0 0 1 2 1.7E+00 6.6E-04 0.0E+00 0.0E+00 2.2E-04 3.8E-04 1.7E+00 

Coiled-coil domain-containing 
protein 80  G3H092 107 3 0 3 2 2 8.7E-01 3.8E-04 0.0E+00 3.6E-04 2.5E-04 2.2E-04 8.7E-01 

Cluster of T-complex protein 1 

subunit alpha  TCPA 60 3 0 0 1 2 1.7E+00 6.9E-04 0.0E+00 0.0E+00 2.3E-04 4.0E-04 1.7E+00 

Vacuolar protein sorting-
associated protein 35  A0A061IC10 92 3 4 6 4 2 3.5E-01 4.5E-04 6.0E-04 8.4E-04 6.3E-04 2.0E-04 3.2E-01 

LIM and SH3 domain protein 1  G3H5W5 26 4 0 0 1 2 1.7E+00 2.1E-03 0.0E+00 0.0E+00 7.0E-04 1.2E-03 1.7E+00 

Cluster of Adenylosuccinate 

lyase  D0UZH8 55 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 7.1E-04 2.4E-04 4.1E-04 1.7E+00 

Glucosamine-6-phosphate 
isomerase (Fragment)  G3HEL2 28 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 1.8E-03 6.2E-04 1.1E-03 1.7E+00 

Pigment epithelium-derived 

factor  G3IQ06 7 0 0 5 2 3 1.7E+00 0.0E+00 0.0E+00 9.2E-03 3.1E-03 5.3E-03 1.7E+00 

Soluble calcium-activated 

nucleotidase 1  G3H3E3 45 4 0 0 1 2 1.7E+00 1.2E-03 0.0E+00 0.0E+00 4.1E-04 7.0E-04 1.7E+00 

Proteasome subunit beta type  G3I9D3 30 3 4 0 2 2 8.9E-01 1.4E-03 1.9E-03 0.0E+00 1.1E-03 9.6E-04 8.9E-01 

Lysine--tRNA ligase  G3I4N3 71 0 4 4 3 2 8.7E-01 0.0E+00 7.8E-04 7.3E-04 5.0E-04 4.4E-04 8.7E-01 

Nascent polypeptide-associated 

complex subunit alpha, muscle-
specific form  G3HRM8 35 3 0 5 3 3 9.4E-01 1.2E-03 0.0E+00 1.8E-03 1.0E-03 9.4E-04 9.3E-01 

Alpha-1,6-

mannosylglycoprotein 6-beta-N-
acetylglucosaminyltransferase A  MGT5A 85 4 0 0 1 2 1.7E+00 6.5E-04 0.0E+00 0.0E+00 2.2E-04 3.7E-04 1.7E+00 

Cluster of Septin-2  G3H4V1 37 6 3 4 4 2 3.5E-01 2.2E-03 1.1E-03 1.4E-03 1.6E-03 5.7E-04 3.6E-01 

Ribose-5-phosphate isomerase  G3HJJ1 20 0 0 2 1 1 1.7E+00 0.0E+00 0.0E+00 1.3E-03 4.3E-04 7.5E-04 1.7E+00 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Golgi membrane protein 1 
(Fragment)  A0A061I850 14 3 0 0 1 2 1.7E+00 2.9E-03 0.0E+00 0.0E+00 9.8E-04 1.7E-03 1.7E+00 

Prefoldin subunit 2-like protein  A0A061I3N6 17 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 2.3E-03 7.6E-04 1.3E-03 1.7E+00 

Cluster of Transforming growth 

factor beta-1-like protein 
(Fragment)  

A0A061HTE
7 19 3 4 4 4 1 1.6E-01 2.2E-03 2.9E-03 2.7E-03 2.6E-03 4.0E-04 1.5E-01 

Putative T-complex protein 1 

subunit theta-like 2-like protein 

(Fragment)  

A0A061IBK

9 20 4 0 0 1 2 1.7E+00 2.7E-03 0.0E+00 0.0E+00 9.1E-04 1.6E-03 1.7E+00 

Cluster of 60S acidic ribosomal 

protein P2  G3I3H2 12 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 3.2E-03 1.1E-03 1.9E-03 1.7E+00 

Alpha-actinin-1 (Fragment)  

A0A061HTC

2 50 3 0 2 2 2 9.2E-01 8.2E-04 0.0E+00 5.2E-04 4.5E-04 4.2E-04 9.3E-01 

UTP--glucose-1-phosphate 

uridylyltransferase  UGPA 57 0 0 2 1 1 1.7E+00 0.0E+00 0.0E+00 4.5E-04 1.5E-04 2.6E-04 1.7E+00 

Microtubule-associated protein 

(Fragment)  A0A061I677 117 2 0 0 1 1 1.7E+00 2.3E-04 0.0E+00 0.0E+00 7.8E-05 1.4E-04 1.7E+00 

Meteorin-like protein  

A0A061HW

A3 31 0 0 3 1 2 1.7E+00 0.0E+00 0.0E+00 1.3E-03 4.2E-04 7.2E-04 1.7E+00 

RuvB-like 1  G3HIC5 50 3 0 5 3 3 9.4E-01 8.2E-04 0.0E+00 1.3E-03 7.1E-04 6.6E-04 9.3E-01 

Ras-related protein Rab-5C  G3HLW5 23 4 0 4 3 2 8.7E-01 2.4E-03 0.0E+00 2.3E-03 1.5E-03 1.3E-03 8.7E-01 

T-complex protein 1 subunit 
theta  G3GT05 22 6 4 4 5 1 2.5E-01 3.7E-03 2.5E-03 2.4E-03 2.9E-03 7.5E-04 2.6E-01 

Cluster of Peptidyl-glycine 

alpha-amidating 

monooxygenase B  G3HQD5 95 4 3 4 4 1 1.6E-01 5.8E-04 4.4E-04 5.5E-04 5.2E-04 7.2E-05 1.4E-01 

TGF-beta receptor type III  G3HEB6 94 4 3 4 4 1 1.6E-01 5.8E-04 4.4E-04 5.5E-04 5.3E-04 7.3E-05 1.4E-01 

Cluster of T-complex protein 1 

subunit zeta (Fragment)  A0A061I221 53 2 2 0 1 1 8.7E-01 5.2E-04 5.2E-04 0.0E+00 3.5E-04 3.0E-04 8.7E-01 

T-complex protein 1 subunit 

delta  G3HDR3 42 0 3 4 2 2 8.9E-01 0.0E+00 9.9E-04 1.2E-03 7.4E-04 6.5E-04 8.8E-01 

Glucosidase 2 subunit beta-like 

isoform 1  A0A061I4U2 62 3 0 0 1 2 1.7E+00 6.6E-04 0.0E+00 0.0E+00 2.2E-04 3.8E-04 1.7E+00 

T-complex protein 1 subunit 

beta  G3HZ42 57 0 3 3 2 2 8.7E-01 0.0E+00 7.3E-04 6.8E-04 4.7E-04 4.1E-04 8.7E-01 

Cluster of Cytosolic non-

specific dipeptidase  G3I692 53 0 2 0 1 1 1.7E+00 0.0E+00 5.2E-04 0.0E+00 1.7E-04 3.0E-04 1.7E+00 
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Table A.1 (continued). 

Protein 

Accession 

Number 

MW 

(kDa) 

Spectral Counts Normalized Spectral Abundance Factor (NSAF) 

Rep 

1 

Rep 

2 

Rep 

3 Avg 

St 

Dev % CV  Rep 1 Rep 2 Rep 3 Avg St Dev % CV  

Hepatocyte growth factor 
receptor  G3H9I9 137 0 0 4 1 2 1.7E+00 0.0E+00 0.0E+00 3.8E-04 1.3E-04 2.2E-04 1.7E+00 

S-methyl-5'-thioadenosine 

phosphorylase  G3I0I7 36 0 0 2 1 1 1.7E+00 0.0E+00 0.0E+00 7.2E-04 2.4E-04 4.2E-04 1.7E+00 

Glutathione S-transferase Mu 5-
like protein  A0A061IJD0 29 5 0 0 2 3 1.7E+00 2.4E-03 0.0E+00 0.0E+00 7.9E-04 1.4E-03 1.7E+00 

Cluster of Ras-related protein 

Rab-14  G3HX83 24 2 0 0 1 1 1.7E+00 1.1E-03 0.0E+00 0.0E+00 3.8E-04 6.6E-04 1.7E+00 

ADP-dependent glucokinase 
(Fragment)  A0A061I7Y0 43 0 0 2 1 1 1.7E+00 0.0E+00 0.0E+00 6.0E-04 2.0E-04 3.5E-04 1.7E+00 
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APPENDIX B. MATLAB IMAGE PROCESSING FOR MANUAL MULTIPLEXED 

FLUORESCENCE BEAD SORTING  

MATLAB scripts used to determine average and maximum fluorescent intensity for each 

emission/excitation filter used, and to plot the fluorescent intensity as a function of bead radius. 

B.1 Extraction and renaming of images from MicroManager Software Export 

PictureFileExtractor.m 
disp('CLiP Library Screen ing Fluorescence Microscopy Picture File 

Extractor')  

disp('Use this program to batch extract microscopy image files from 

MicroManager folders')  

loadIDsdialog=questdlg('Create txt file named "batchIDs" in the 

ImageAnalysis folder listing all sample IDs to b e processed in a 

column. NOTE: Sample IDs must exactly match the folder names from 

MicroManager!','Create Batch IDs file','Complete','Cancel','Cancel');  

switch loadIDsdialog  

    case 'Complete'  

        batchIDs=importdata('batchIDs.txt');  

        enabledpa ths=questdlg('Enable path to MicroManager files by 

right - clicking on the MicroManagerFiles folder, and selecting Add  to 

path - >Selected Folders and Subfolders.','Enable 

Path','Complete','Cancel','Cancel');  

        switch enabledpaths  

            case 'Compl ete'  

                loadfilesdialog=questdlg('Copy MicroManager file 

folders into the ImageAnalysis \ MicroManagerFil es folder. NOTE: No 

changes should be made to the files prior to copying the folders','Copy 

MicroManager files to directory','Complete','Can cel','Cancel');  

                switch loadfilesdialog  

                    case 'Complete'  

                        t xtsize=size(batchIDs);  

                        reps=txtsize(1,1);  

                        counter=1;  

                        

home='C: \ Users \ lavoi \ Documents \ MATLAB\ ImageAnalysis';  

                        for counter=1:reps  

                            fileID =batchIDs{counter};  

                            fileIDgreen=strcat(fileID,' - 488');  

                            fileIDred=strcat(fileID,' - 594 ');  

                            

locgreen=strcat('C: \ Users \ lavoi \ Documents \ MATLAB\ ImageAnalysis \ MicroMan

agerFiles \ ',f ileIDgreen,' \ Pos0');  

                            cd(locgreen);  

green=imread('img_000000000_Default_000.tif');  

                            cd(home);  

                            greenimage=strcat(fileIDgreen,'.tif');  
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                            imwrite(green ,greenimage);  

                            

locred=strcat('C: \ Users \ lavoi \ Documents \ MATLAB\ ImageAnalysis \ MicroManag

erFiles \ ',fileIDred,' \ Pos0');  

                            cd(locred);  

                            

red=imread('img_000000000_Default_000.tif');  

                            cd(home);  

                            redimage=strcat(fileIDred,'.tif');  

                            imwrite(red,redimage);  

                            counter=counter+1;  

                            clear - except counter  

                        end  

                    case 'Cancel'  

                        disp('Batch cancelled. Thank you for using 

Picture File Extractor');  

                end  

            case 'Cancel'  

                disp('Batch cancelled. Thank you for using Pic ture File 

Extractor');  

        end  

case 'Cancel'  

        disp(' Batch cancelled. Thank you for using Picture File 

Extractor');  

end  

clear  

clc  

disp('Batch extraction complete. Thank you for using Picture File 

Extractor');  

 

 

B.2 Calculation of Image Parameters and Creation of Radial Fluorescent Intensity Plots 

ImageAnalysis.m 

disp('CLiP Library Fluorescent Image Processing')  

%This program quantifies Alexa Fluor 488 and 594 fluorescence  

%characteristics from UCLiP and BCLiP library beads screen with  

%fluorescently l abeled proteins.  

disp('Move .tif microscopy file s into MATLAB directory. Image names must 

have the correct, full sample ID and excitation wavelength.')  

sampleID=input('Enter sample ID: ');  

greenfile=strcat(sampleID,' - 488.tif');  

redfile=strcat(sampleID,' - 594.tif');  

green1=importdata(greenfile);  

%Uploads image at 488nm excitation  

red1=importdata(redfile);  

%Uploads image at 594nm excitation  

red=double(red1);  

green=double(green1);  

%formats pixel intensity data for processing  

green(green<200)=NaN;  
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red(red<200)=N aN;  

%removes background intensity  

avg_green=nanmean(nanmean(green));  

avg_red=nanmean(nanmean(red));  

%calculates mean intensity (not including zeros)  

max_green=max(max(green));  

max_red=max(max(red));  

%calculates maximum intensity  

std_green=nanstd(nanstd(gre en));  

std_red=nanstd(nanstd(red));  

%calculates intensity standard deviation  

fusefig=figure('Name','Composite');  

hold on  

fuse=imfuse(green1,red1,'falsecolor','Scaling','none','ColorChannels',[2,1

,0]);  

imshow(fuse)  

imtool(fuse,'DisplayRange',[0 50000]);  

%creates composite 488/594 image  

overl aylabel=strcat(sampleID,'_composite.tif');  

imwrite(fuse,overlaylabel)  

hold off  

imtool close all  

%save and close composite image  

greenfig=figure('Name','488nm Bead Finder');  

hold on  

imshow(green1)  

%plots 488nm figure  

[g_cen ter,g_radius]=imfindcircles(green1,[150 

250],'ObjectPolarity','bright','Sensitivity',0.96);  

gTF=isempty(g_center);  

if gTF==1;  

    [g_center,g_radius]=imfindcircles(green1,[250 

350],'ObjectPolarity','bright','Sensitivity',0.96);  

    gTF=isempty(g_cent er);  

    if gTF==1;  

        [g_center,g_radius]=imfindcircles(green1,[150 

250],'ObjectPolarity','bright','Sensitivity',0.97);  

        gTF=isempty(g_center);  

        if gTF==1;  

            [g_center,g_radius]=imfindcircles(green1,[250 

350],'ObjectPolarity', 'brigh t','Sensitivity',0.97);  

        end  

    end  

end  

%increasing radius/imfindcircle sensitivity to try and pick up missed 

beads  

gcr=viscircles(g_center,g_radius);  

%identifies beads by intensity and highlights the identified bead on the  

%488nm image  

disp( 'Check  highlighted area to ensure analysis of appropriate area.')  

%User check. User should look to ensure that any visible beads are  

%highlighted.  

[x,y]=meshgrid(1:2048,1:2048);  

%creates x,y coordinate grid for conversion to polar coordinates  
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gTF=isempty(g _cente r);  

if gTF==1;  

    ag=0;  

    bg=0;  

    cg=0;  

    dg=0;  

    eg=0;  

    fg=0;  

    g_radius_round=0;  

    g_max_int_ratio=0;  

    g_avg_max_ratio=0;  

    g_center_int=0;  

    hold off  

    %tells program to register no bead found if it can't identify anything  

else  

    g_center_round=round(g_center(1,:));  

    g_radius_round=round(g_radius(1));  

    %rounding center and radius to line up with an x/y coordinate  

    hold off  

    xg=x(:) - g_cen ter_round(1,1);  

    yg=y(:) - g_center_round(1,2);  

    %reset x/y coordinates so t hat identified bead center becomes plot  

    %origin  

    green(isnan(green))=0;  

    %setting and NaNs to 0 in dataset  

    g_center_int=green(g_center_round(1,1),g_center_round(1 ,2));  

    %limiting radial intensity analysis to just the bead radius  

    g=gree n(:);  

    [theta,rho,g]=cart2pol(xg,yg,g);  

    %converting from cartesian to polar coordinates  

    g_rad_int=[rho,g];  

    Green_Fl_v_rad=figure('Name','Green_Fl_v_rad');  

    hold on  

    plot(rho,g,'g')  

    xlim([0,g_radius_round+1])  

    title('488nm Excita tion Radial Fluorescence Intensity')  

    xlabel('Radius (pixels)')  

    ylabel('488nm Fluorescence Intensity')  

    g_ra d_int_lim=g_rad_int(g_rad_int(:,1)<g_radius_round - 25,:);  

    g_rho_u=(g_rad_int_lim(:,1));  

    g_i_u=(g_rad_int_lim(:,2));  

    g_rho=doubl e(g_rho_u);  

    g_i=double(g_i_u);  

    gfit=polyfit(g_rho,g_i,5);  

    ag=gfit(1);  

    bg=gfit(2);  

    cg=gfit(3);  

    dg=gfit(4);  

    eg=gfit(5);  

    fg=gfit(6);  

    xfitg=0:g_radius_round - 10;  

    

yfitg=ag(1)*xfitg(:).^5+bg(1)*xfitg(:).^4+cg(1)*xfitg(:).^3 +dg(1)*xfitg(:)

.^2+eg(1)*xfitg(:)+fg(1);  



 

217 

    plot(xfitg,yfitg,'k')  

    legend('Empirical','Polyfit')  

    gradiallabel=strcat(sampleID,'_488_RadIntPlot');  

    saveas(Green_Fl_v_rad,gradiallabel, 'tiffn')  

    hold off  

    %evaluates intensity as a function of  bead radius  

    doubleg=double(g_rad_int);  

    [Fl_gmax,row_gmax]=max(doubleg(:,2));  

    g_Rmax=doubleg(row_gmax,1);  

    g_max_int_ratio=g_Rmax/g_radius_round;  

    %identifies dimensionless ra dius w/ max intensity  

    g_avg_max_ratio=avg_green/max_green;  

    %metric of uneven distribution of intensity as a function of radius  

end  

%Repeated analysis for red/594nm excitation, see above  

redfig=figure('Name','594nm Bead Finder');  

hold on  

imshow(red1 )  

[r_center,r_radius]=imfindcircles(red1,[150 

250],'ObjectPolar ity','bright','Sensitivity',0.96);  

rTF=isempty(r_center);  

if rTF==1;  

    [r_center,r_radius]=imfindcircles(red1,[250 

350],'ObjectPolarity','bright','Sensitivity',0.96);  

    rTF=isempty(r_center);  

    if rTF==1;  

        [r_center,r_radius]=imfindcircles(red 1,[150 

250],'ObjectPolarity','bright','Sensitivity',0.97);  

        rTF=isempty(r_center);  

        if rTF==1;  

            [r_center,r_radius]=imfindcircles(red1,[250 

350] ,'ObjectPolarity','bright','Sensitivity',0.97);  

        end  

    end  

end  

rcr=viscircles( r_center,r_radius);  

disp('Check highlighted area to ensure analysis of appropriate area.')  

rTF=isempty(r_center);  

if rTF==1;  

    ar=0;  

    br=0;  

    cr=0;  

    dr=0;  

    er=0;  

    fr=0;  

    r_radius_round=0;  

    r_max_int_ratio=0;  

    r_avg_max_ratio=0;  

    r_center_int=0;  

    hold off  

else  

    r_center_round=round(r_center(1,:));  

    r_radius_round=round(r_radius(1));  

    hold off  
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    xr=x(:) - r_center_round(1,1);  

    yr=y(:) - r_center_round(1,2);  

    red(isnan(red))=0;  

    r_center_int=red(r_center_round(1,1 ),r_center_round(1,2));  

    r=red(:);  

    [theta,rho,r]=cart2pol(xr,yr,r);  

    r_rad_int=[rho,r];  

    Red_Fl_v_rad=figure('Name' ,'Red_Fl_v_rad');  

    hold on  

    plot(rho,r,'r')  

    xlim([0,r_radius_round+1])  

    title('594nm Excitation Radial Fluorescence  Intensity')  

    xlabel('Radius (pixels)')  

    ylabel('594nm Fluorescence Intensity')  

    r_rad_int_lim=r_rad_int(r_rad_int(:,1) <r_radius_round - 25,:);  

    r_rho_u=(r_rad_int_lim(:,1));  

    r_i_u=(r_rad_int_lim(:,2));  

    r_rho=double(r_rho_u);  

    r_i=doub le(r_i_u);  

    rfit=polyfit(r_rho,r_i,5);  

    ar=rfit(1);  

    br=rfit(2);  

    cr=rfit(3);  

    dr=rfit(4);  

    er=rfit(5);  

    fr=rfit(6);  

    xfitr=0:r_radius_round - 10;  

    

yfitr=ar(1)*xfitr(:).^5+br(1)*xfitr(:).^4+cr(1)*xfitr(:).^3+dr(1)*xfitr(:)

.^2+er(1) *xfitr(:)+fr(1);  

    plot(xfitr,yfitr,'k')  

    legend('Empirical','Polyfit')  

    rradiallabel=strcat(sampl eID,'_594_RadIntPlot');  

    saveas(Red_Fl_v_rad,rradiallabel,'tiffn')  

    hold off  

    doubler=double(r_rad_int);  

    [Fl_rmax,row_rmax]=max(doubler(: ,2));  

    r_Rmax=doubler(row_rmax,1);  

    r_max_int_ratio=r_Rmax/r_radius_round;  

    r_avg_max_ratio=avg_r ed/max_red;  

end  

tabprint=[avg_green std_green max_green ag bg cg dg eg fg g_radius_round 

g_center_int g_max_int_ratio g_avg_max_ratio avg_red std_red max_red ar br 

cr dr er fr r_radius_round r_center_int r_max_int_ratio r_avg_max_ratio];  

tabprint=double(ta bprint);  

%Saving relevent data to text file, dialog allows user to cancel save  

savedialog=questdlg('Save to txt file?','Write to txt','Yes','No, close  

all','No, but keep results open','Yes');  

switch savedialog  

    case 'Yes'  

        fileID=fopen('SingleBeadFluorescenceTabulated.txt','a');  

        fprintf(fileID,'%s \ t',sampleID);  



 

219 

        fprintf(fileID,'%f \ t %f \ t %d \ t %e \ t %e \ t %e \ t %e \ t %e \ t %e \ t %f \ t 

%f \ t %f \ t %f \ t %f \ t %f \ t %d \ t %e \ t %e \ t %e \ t %e \ t %e \ t %e \ t %f \ t %f \ t %f \ t 

%f \ n',tabprint);  

        fclose(fileID);  

        close all  

        clear  

        clc  

    case 'No, close all'  

        close all  

        clear  

        clc  

    case 'No, but keep resul ts open'  

        disp('Files open');  

end  

disp('Run Complete. Thank you for using CLiP Library Fluorescent Image 

Processing!')  
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APPENDIX C. RESIN CONTROLS FOR SYNTHESIZED PEPTIDE RESINS 

Adapted from Lavoie, R. A.; di Fazio, A.; Blackburn, R. K.; Goshe, M.; Carbonell, R. G.; 

Menegatti, S. Targeted Capture of Chinese Hamster Ovary Host Cell Proteins: Peptide Ligand 

Discovery. Int. J. Mol. Sci. 2019, 20 (7), 1729 Appendix C. 

 

Figure C.1: Head-to-head comparison of peptide-coupled resins to Toyopearl AF-Amino-

650M and Toyopearl HW-65F polymethacrylate control resins. A representative clarified CHO-

K1 mAb production harvest was directly loaded onto the resins at a load of å5 mg HCP/ mL resin, 

where HCP, IgG, and total protein bound in the supernatant were further compared to determine 

the impact of the peptide coupling. Using an analysis of variance for each assay as a function of 

resin type, a strong correlation between protein binding and the functional group for each of the 

resins was found (p < 0.0001, =0.0002, <0.0001 for total protein removal, HCP removal, and IgG 

removal, respectively). 
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APPENDIX D. TABULATED PROTEIN QUANTIFICATION FROM STATIC BINDING MODE EVALUATION OF HCP -

SELECTIVE PEPTIDE LIGANDS  

Adapted from Lavoie, R. A.; di Fazio, A.; Blackburn, R. K.; Goshe, M.; Carbonell, R. G.; Menegatti, S. Targeted Capture of Chinese 

Hamster Ovary Host Cell Proteins: Peptide Ligand Discovery. Int. J. Mol. Sci. 2019, 20 (7), 1729 Appendix B. 

Table D.1: Tabulated protein removal by resin and buffer condition. Total protein (TP), host cell protein (HCP), and monoclonal 

antibody (mAb) mass was calculated from the Bradford total protein determination, HCP ELISA, and EasyTiter Assay (see Materials 

and Methods section), multiplied by the total volume loaded for the load condition, and cumulative flow-through and wash volume 

collected post-static binding study. Total protein, host cell protein, and mAb removed was calculated as described in Equation 4.1. The 

resin HCP targeted binding ratio (TBR) was calculated as described in Equation 4.2. 

Sample Output  

Low Load (å5 mg HCP/mL resin) High Load (å10 mg HCP/mL resin) 

20 mM NaCl 150 mM NaCl 20 mM NaCl 150 mM NaCl 

pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 

Load 

TP Mass (mg) 
1.3 ± 

0.038 

1.1 ± 

0.038 

1.0 ± 

0.015 

1.1 ± 

0.032 

1.3 ± 

0.027 

0.9 ± 

0.023 

2.6 ± 

0.048 

2.2 ± 

0.034 

2.0 ± 

0.048 

2.1 ± 

0.012 

2.6 ± 

0.041 

1.8 ± 

0.065 

HCP Mass 

(mg) 

0.14 ± 

0.0042 

0.12 ± 

0.0042 

0.11 ± 

0.0016 

0.073 ± 

0.0022 

0.15 ± 

0.0029 

0.099 ± 

0.0025 

0.28 ± 

0.0053 

0.25 ± 

0.0039 

0.22 ± 

0.0053 

0.15 ± 

0.00084 

0.28 ± 

0.0046 

0.20 ± 

0.0072 

mAb Mass 

(mg) 

1.1 ± 

0.034 

0.91 ± 

0.032 

1.1 ± 

0.015 

1.3 ± 

0.038 

1.6 ± 

0.031 

1.1 ± 

0.028 

2.3 ± 

0.042 

0.8 ± 

0.300 

2.1 ± 

0.050 

2.5 ± 

0.015 

3.0 ± 

0.048 

2.2 ± 

0.080 

6HP 

TP Mass (mg) 
0.65 ± 

0.020 

0.42 ± 

0.021 

0.60 ± 

0.074 

0.58 ± 

0.19 

0.63 ± 

0.042 

0.42 ± 

0.028 

1.7 ± 

0.021 

1.3 ± 

0.077 

1.8 ± 

0.11 

1.7 ± 

0.030 

1.7 ± 

0.057 

1.2 ± 

0.17 

TP Removed 

(%) 

48% ± 

2.6% 

62% ± 

1.9% 

42% ± 

5.9% 

45% ± 

16% 

53% ± 

2.9% 

53% ± 

1.4% 

35% ± 

1.3% 

43% ± 

4.4% 

14% ± 

3.9% 

19% ± 

1.8% 

34% ± 

2.5% 

35% ± 

7.1% 

HCP Mass 

(mg) 

0.042 ± 

0.0061 

0.025 ± 

0.0024 

0.044 ± 

0.0047 

0.016 ± 

0.0068 

0.084 ± 

0.0079 

0.090 ± 

0.0039 

0.20 ± 

0.0073 

0.089 ± 

0.027 

0.090 ± 

0.0078 

0.078 ± 

0.019 

0.160 

± 

0.0090 

0.14 ± 

0.021 

HCP Removed 

(%) 

70% ± 

4.8% 

79% ± 

2.0% 

62% ± 

5.1% 

86% ± 

5.5% 

43% ± 

5.0% 

9.4% ± 

5.9% 

30% ± 

0.53% 

64% ± 

11% 

60% ± 

4.1% 

66% ± 

8.5% 

44% ± 

3.6% 

30% ± 

8.2% 

mAb Mass 

(mg) 

0.57 ± 

0.056 

0.48 ± 

0.018 

0.58 ± 

0.010 

0.63 ± 

0.078 

0.74 ± 

0.091 

0.42 ± 

0.040 

1.6 ± 

0.035 

0.99 ± 

0.28 

1.7 ± 

0.18 

1.74 ± 

0.089 

2.0 ± 

0.15 

1.0 ± 

0.26 

mAb Removed 

(%) 

48% ± 

4.4% 

49% ± 

1.9% 

46% ± 

0.5% 

49% ± 

6.0% 

53% ± 

5.5% 

62% ± 

3.0% 

30% ± 

3.6% 

36% ± 

18% 

21% ± 

7.2% 

31% ± 

3.8% 

34% ± 

4.1% 

54% ± 

11% 

HCP TBR 
1.4 ± 

0.11 

1.6 ± 

0.03 

1.3 ± 

0.10 

1.8 ± 

0.20 

0.8 ± 

0.03 

0.2 ± 

0.09 

1.0 ± 

0.13 

2.0 ± 

0.73 

3.2 ± 

1.6 

2.2 ± 

0.045 

1.3 ± 

0.29 

0.55 ± 

0.11 
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Table D.1 (continued). 

Sample Output  

Low Load (å5 mg HCP/mL resin) High Load (å10 mg HCP/mL resin) 

20 mM NaCl 150 mM NaCl 20 mM NaCl 150 mM NaCl 

pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 

6MP 

TP Mass (mg) 
0.66 ± 

0.031 

0.58 ± 

0.068 

0.75 ± 

0.016 

0.68 ± 

0.025 

0.66 ± 

0.021 

0.53 ± 

0.016 

1.7 ± 

0.18 

1.3 ± 

0.054 

1.8 ± 

0.026 

1.7 ± 

0.056 

1.8 ± 

0.054 

1.3 ± 

0.087 

TP Removed 

(%) 

49% ± 

2.2% 

48% ± 

6.1% 

27% ± 

1.5% 

36% ± 

1.6% 

51% ± 

1.4% 

42% ± 

1.3% 

33% ± 

5.3% 

42% ± 

3.2% 

13% ± 

3.5% 

18% ± 

3.0% 

31% ± 

1.6% 

24% ± 

5.2% 

HCP Mass 

(mg) 

0.040 ± 

0.010 

0.033 ± 

0.0083 

0.046 ± 

0.0034 

0.0084 

± 

0.0046 

0.068 ± 

0.011 

0.086 ± 

0.0093 

0.14 ± 

0.016 

0.099 ± 

0.015 

0.13 ± 

0.016 

0.061 ± 

0.016 

0.14 ± 

0.034 

0.13 ± 

0.018 

HCP Removed 

(%) 

72% ± 

6.0% 

73% ± 

6.5% 

59% ± 

2.3% 

93% ± 

3.8% 

54% ± 

7.3% 

14% ± 

8.8% 

49.4% ± 

6.9% 

59.3% ± 

6.7% 

42.2% ± 

7.4% 

73.5% ± 

6.9% 

51.7% 

± 

12.4% 

31.3% 

± 9.6% 

mAb Mass 

(mg) 

0.565 ± 

0.054 

0.620 ± 

0.110 

0.642 ± 

0.036 

0.853 ± 

0.128 

0.770 ± 

0.169 

0.530 ± 

0.087 

1.5 ± 

0.19 

1.0 ± 

0.022 

1.7 ± 

0.24 

1.4 ± 

0.17 

1.7 ± 

0.20 

1.2 ± 

0.22 

mAb Removed 

(%) 

51% ± 

5.4% 

33% ± 

12% 

40% ± 

3.3% 

33% ± 

10% 

51% ± 

11% 

52% ± 

7.5% 

34% ± 

8.2% 

31% ± 

0.56% 

17% ± 

12% 

44% ± 

6.9% 

44% ± 

6.2% 

44% ± 

10% 

HCP TBR 
1.4 ± 

0.26 

2.4 ± 

1.1 

1.5 ± 

0.086 

3.0 ± 

0.74 

1.1 ± 

0.37 

0.27 ± 

0.17 

1.5 ± 

0.36 

1.9 ± 

0.25 

5.3 ± 

6.1 

1.7 ± 

0.12 

1.2 ± 

0.37 

0.70 ± 

0.063 

4HP 

TP Mass (mg) 
0.67 ± 

0.050 

0.43 ± 

0.011 

0.61 ± 

0.010 

0.66 ± 

0.017 

0.66 ± 

0.043 

0.40 ± 

0.033 

1.8 ± 

0.035 

1.2 ± 

0.046 

1.8 ± 

0.103 

1.7 ± 

0.057 

1.7 ± 

0.067 

1.2 ± 

0.071 

TP Removed 

(%) 

48% ± 

3.6% 

58% ± 

3.9% 

42% ± 

0.8% 

38% ± 

1.5% 

49% ± 

1.3% 

55% ± 

3.6% 

28% ± 

1.7% 

43% ± 

3.4% 

14% ± 

3.7% 

21% ± 

2.7% 

34% ± 

1.6% 

29% ± 

2.7% 

HCP Mass 

(mg) 

0.051 ± 

0.016 

0.028 ± 

0.0065 

0.024 ± 

0.0021 

0.015 ± 

0.0015 

0.040 ± 

0.0046 

0.051 ± 

0.0034 

0.14 ± 

0.026 

0.088 ± 

0.016 

0.092 ± 

0.019 

0.046 ± 

0.016 

0.12 ± 

0.022 

0.13 ± 

0.018 

HCP Removed 

(%) 

64% ± 

11% 

75% ± 

4.2% 

79% ± 

1.8% 

87% ± 

1.3% 

72% ± 

2.3% 

49% ± 

3.4% 

49% ± 

9.7% 

64% ± 

7.4% 

59% ± 

8.2% 

80% ± 

7.1% 

57% ± 

7.9% 

31% ± 

11% 

mAb Mass 

(mg) 

0.71 ± 

0.11 

0.46 ± 

0.050 

0.62 ± 

0.010 

0.67 ± 

0.11 

0.68 ± 

0.091 

0.41 ± 

0.045 

1.6 ± 

0.21 

0.7 ± 

0.12 

1.6 ± 

0.14 

1.4 ± 

0.24 

1.5 ± 

0.090 

1.0 ± 

0.088 

mAb Removed 

(%) 

39% ± 

9.4% 

47% ± 

9.5% 

43% ± 

1.0% 

47% ± 

8.1% 

55% ± 

4.3% 

62% ± 

4.7% 

27% ± 

8.9% 

52% ± 

8.0% 

26% ± 

6.2% 

44% ± 

9.5% 

50% ± 

2.4% 

51% ± 

2.4% 

HCP TBR 
1.7 ± 

0.30 

1.6 ± 

0.2 

1.9 ± 

0.032 

1.8 ± 

0.17 

1.3 ± 

0.084 

0.78 ± 

0.10 

1.8 ± 

0.38 

1.2 ± 

0.19 

2.3 ± 

0.27 

1.8 ± 

0.23 

1.1 ± 

0.15 

0.61 ± 

0.36 
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Table D.1 (continued). 

Sample Output  

Low Load (å5 mg HCP/mL resin) High Load (å10 mg HCP/mL resin) 

20 mM NaCl 150 mM NaCl 20 mM NaCl 150 mM NaCl 

pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 pH 6 pH 7 pH 8 

4MP 

TP Mass (mg) 
0.82 ± 

0.073 

0.64 ± 

0.017 

0.88 ± 

0.025 

0.83 ± 

0.020 

0.87 ± 

0.006 

0.62 ± 

0.013 

1.8 ± 

0.15 

1.5 ± 

0.15 

1.9 ± 

0.14 

1.8 ± 

0.065 

1.9 ± 

0.03 

1.3 ± 

0.13 

TP Removed 

(%) 

38% ± 

3.9% 

42% ± 

1.7% 

17% ± 

2.2% 

23% ± 

1.4% 

35% ± 

0.6% 

30% ± 

1.5% 

31% ± 

4.5% 

32% ± 

6.0% 

9% ± 

5.3% 

12% ± 

3.0% 

25% ± 

0.6% 

29% ± 

6.7% 

HCP Mass 

(mg) 

0.061 ± 

0.011 

0.028 ± 

0.0061 

0.027 ± 

0.0042 

0.014 ± 

0.0059 

0.047 ± 

0.0032 

0.064 ± 

0.0070 

0.17 ± 

0.035 

0.11 ± 

0.017 

0.12 ± 

0.023 

0.061 ± 

0.0081 

0.23 ± 

0.041 

0.13 ± 

0.021 

HCP Removed 

(%) 

58% ± 

7.3% 

77% ± 

5.1% 

77% ± 

3.6% 

88% ± 

5.1% 

68% ± 

1.8% 

35% ± 

8.4% 

39% ± 

11% 

55% ± 

6.5% 

46% ± 

10% 

73% ± 

3.5% 

20% ± 

14% 

36% ± 

10% 

mAb Mass 

(mg) 

0.80 ± 

0.017 

0.77 ± 

0.039 

0.84 ± 

0.047 

0.73 ± 

0.095 

0.69 ± 

0.059 

0.47 ± 

0.024 

1.6 ± 

0.23 

1.1 ± 

0.046 

1.6 ± 

0.080 

1.5 ± 

0.58 

2.1 ± 

0.28 

1.0 ± 

0.17 

mAb Removed 

(%) 

31% ± 

3.1% 

16% ± 

4.1% 

23% ± 

4.0% 

43% ± 

7.8% 

56% ± 

3.6% 

57% ± 

3.0% 

29% ± 

9.6% 

28% ± 

3.9% 

25% ± 

3.6% 

39% ± 

23.4% 

30% ± 

10.7% 

54% ± 

7.8% 

HCP TBR 
1.9 ± 

0.16 

4.9 ± 

0.27 

3.3 ± 

0.18 

2.0 ± 

0.19 

1.2 ± 

0.069 

0.63 ± 

0.24 

1.3 ± 

0.44 

1.9 ± 

0.18 

1.8 ± 

0.27 

1.9 ± 

0.61 

0.68 ± 

0.77 

0.66 ± 

0.32 

CA 

TP Mass (mg) 
0.29 ± 

0.032 

0.11 ± 

0.030 

0.095 ± 

0.0036 

0.45 ± 

0.016 

0.32 ± 

0.028 

0.083 ± 

0.027 

1.4 ± 

0.097 

0.54 ± 

0.14 

0.86 ± 

0.21 

1.5 ± 

0.091 

1.3 ± 

0.067 

0.74 ± 

0.067 

TP Removed 

(%) 

78% ± 

1.9% 

90% ± 

2.7% 

91% ± 

0.40% 

58% ± 

2.0% 

76% ± 

2.0% 

91% ± 

3.3% 

46% ± 

4.1% 

75% ± 

6.6% 

57% ± 

8.8% 

31% ± 

4.4% 

50% ± 

1.9% 

59% ± 

3.1% 

HCP Mass 

(mg) 

0.046 ± 

0.020 

0.036 ± 

0.0072 

0.030 ± 

0.0045 

0.027 ± 

0.011 

0.043 ± 

0.0032 

0.065 ± 

0.0063 

0.17 ± 

0.033 

0.13 ± 

0.028 

0.12 ± 

0.037 

0.084 ± 

0.016 

0.13 ± 

0.017 

0.14 ± 

0.016 

HCP Removed 

(%) 

69% ± 

13% 

70% ± 

5.9% 

74% ± 

4.0% 

77% ± 

9.9% 

71% ± 

1.5% 

33% ± 

3.3% 

38% ± 

12.1% 

48% ± 

12% 

46% ± 

14% 

64% ± 

7.0% 

53% ± 

5.1% 

30% ± 

7.3% 

mAb Mass 

(mg) 

0.22 ± 

0.034 

0.048 ± 

0.0087 

0.025 ± 

0.024 

0.35 ± 

0.028 

0.24 ± 

0.023 

0.075 ± 

0.011 

1.1 ± 

0.26 

0.37 ± 

0.052 

0.60 ± 

0.21 

1.2 ± 

0.16 

1.2 ± 

0.22 

0.61 ± 

0.079 

mAb Removed 

(%) 

81% ± 

3.0% 

95% ± 

1.0% 

98% ± 

2.2% 

72% ± 

1.8% 

85% ± 

1.5% 

93% ± 

1.1% 

51% ± 

12% 

76% ± 

3.3% 

72% ± 

9.0% 

52% ± 

6.5% 

59% ± 

8.0% 

73% ± 

3.2% 

HCP TBR 
0.85 ± 

0.19 

0.74 ± 

0.085 

0.76 ± 

0.058 

1.1 ± 

0.13 

0.84 ± 

0.028 

0.36 ± 

0.10 

0.76 ± 

0.39 

0.63 ± 

0.26 

0.65 ± 

0.33 

1.2 ± 

0.17 

0.89 ± 

0.17 

0.42 ± 

0.24 
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Table D.1 (continued). 

Sample Output  

Low Load (å5 mg HCP/mL resin) High Load (å10 mg HCP/mL resin) 

20 mM NaCl 150 mM NaCl 20 mM NaCl 150 mM NaCl 

pH 6 pH 7 pH 6 pH 7 pH 6 pH 7 pH 6 pH 7 pH 6 pH 7 pH 6 pH 7 

CQ 

TP Mass (mg) 
0.86 ± 

0.063 

0.56 ± 

0.035 

0.51 ± 

0.024 

0.92 ± 

0.031 

0.88 ± 

0.023 

0.54 ± 

0.012 

1.8 ± 

0.10 

1.3 ± 

0.087 

1.5 ± 

0.13 

2.0 ± 

0.043 

1.8 ± 

0.054 

1.2 ± 

0.080 

TP Removed 

(%) 

33% ± 

4.3% 

50% ± 

3.4% 

52% ± 

2.3% 

9% ± 

3.8% 

33% ± 

1.8% 

40% ± 

1.4% 

29% ± 

4.0% 

41% ± 

3.8% 

29% ± 

5.8% 

5% ± 

1.9% 

31% ± 

2.5% 

30% ± 

4.2% 

HCP Mass 

(mg) 

0.053 ± 

0.0033 

0.020 ± 

0.0043 

0.028 ± 

0.0031 

0.017 ± 

0.0074 

0.056 ± 

0.0093 

0.059 ± 

0.0077 

0.14 ± 

0.064 

0.12 ± 

0.026 

0.11 ± 

0.031 

0.09 ± 

0.027 

0.17 ± 

0.034 

0.14 ± 

0.016 

HCP Removed 

(%) 

63% ± 

2.9% 

84% ± 

3.4% 

76% ± 

2.6% 

85% ± 

6.8% 

61% ± 

6.4% 

40% ± 

7.5% 

50% ± 

22% 

50% ± 

11% 

50% ± 

14% 

59% ± 

12% 

40% ± 

13% 

28% ± 

12% 

mAb Mass 

(mg) 

0.72 ± 

0.17 

0.58 ± 

0.11 

0.38 ± 

0.027 

0.66 ± 

0.10 

0.80 ± 

0.11 

0.47 ± 

0.029 

1.9 ± 

0.13 

0.79 ± 

0.37 

1.1 ± 

0.16 

1.4 ± 

0.13 

1.7 ± 

0.20 

1.1 ± 

0.31 

mAb Removed 

(%) 

38% ± 

14% 

38% ± 

12% 

65% ± 

2.6% 

46% ± 

8.9% 

48% ± 

7.5% 

57% ± 

2.9% 

19% ± 

5.5% 

48% ± 

24% 

46% ± 

7.2% 

43% ± 

5.3% 

41% ± 

7.0% 

47% ± 

17% 

HCP TBR 
1.7 ± 

0.37 

2.2 ± 

0.31 

1.2 ± 

0.052 

1.9 ± 

0.21 

1.3 ± 

0.19 

0.71 ± 

0.19 

2.6 ± 

0.54 

1.0 ± 

0.55 

1.1 ± 

0.31 

1.4 ± 

0.23 

0.95 ± 

0.36 

0.60 ± 

0.56 
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APPENDIX E. TABULATED SPE CTRAL ABUNDANCE FACTOR AND FEED VS. STATIC BINDING SUPERNATANT 

ANOVA P-VALUES 

Adapted from Lavoie, R. A.; di Fazio, A.; Islam Williams, T.; Menegatti, S.; Carbonell, R. G. Targeted Capture of Chinese Hamster 

Ovary Host Cell Proteins: Peptide Ligand Binding by Proteomic Analysis. Biotech Bioeng 2019, In review. 

 

Table E.1: Calculated mean and standard deviation (N=3) of spectral abundance factor (SAF) and p-value from ANOVA comparison 

to feed spectral abundance factor by host cell protein species and resin at pH 6, 20 mM NaCl. Theoretical molecular weight (MW) and 

isoelectric point (pI) calculated based on amino acid sequence is tabulated based on the ExPASy Compute MW/pI (Swiss Institute of 

Bioinformatics), in addition to the calculated grand average of hydropathy (GRAVY) 50, as calculated by the Fuchs GRAVY Calculator 

(Fuchs). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3IDM2 Cofilin-1   1.17E+00 8.26E-02 7.62E-01 9.31E-02 1.42E-03 4.03E-01 3.99E-02 1.62E-05 7.13E-01 1.09E-01 1.29E-03 5.27E-01 9.90E-02 2.01E-04 1.10E+00 3.82E-01 7.53E-01 8.41E-01 1.43E-01 4.72E-02 

G3H533 

Peptidyl-prolyl cis-

trans isomerase   1.16E+00 6.47E-02 1.28E+00 3.17E-01 5.05E-01 9.97E-01 1.36E-01 9.34E-02 1.07E+00 1.30E-01 2.93E-01 1.22E+00 1.88E-01 5.63E-01 1.22E+00 1.06E-01 3.57E-01 1.16E+00 9.38E-02 9.96E-01 

G3IPU3 14-3-3 protein epsilon   1.10E+00 1.46E-01 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 9.93E-02 1.72E-01 3.59E-04 <LOD 0.00E+00 2.78E-05 

G3IKQ9 Osteopontin   1.04E+00 8.75E-02 6.07E-02 5.26E-02 8.52E-06 6.01E-02 5.21E-02 8.37E-06 3.89E-01 5.69E-02 7.11E-05 1.77E-01 3.65E-03 7.49E-06 8.80E-02 8.74E-02 2.52E-05 5.73E-02 4.98E-02 1.06E-05 

G3HNJ3 Clusterin   1.03E+00 6.79E-02 1.79E-01 5.89E-02 8.82E-06 1.36E-01 8.17E-02 1.58E-05 1.92E-01 6.22E-02 1.07E-05 2.27E-01 4.34E-02 6.83E-06 2.83E-01 6.47E-02 2.05E-05 2.72E-01 2.70E-02 6.17E-06 

G3GTT2 C-C motif chemokine   8.23E-01 1.67E-01 5.96E-01 2.09E-01 1.62E-01 5.46E-01 2.43E-01 1.29E-01 5.12E-01 1.20E-01 3.29E-02 4.68E-01 1.47E-01 2.73E-02 5.86E-01 2.00E-01 1.40E-01 3.52E-01 1.12E-01 8.90E-03 

Q9JKY1 Peroxiredoxin-1   7.36E-01 2.60E-02 8.74E-01 2.02E-01 2.45E-01 7.95E-01 9.78E-02 3.06E-01 7.76E-01 4.00E-02 1.67E-01 1.04E+00 6.43E-02 3.94E-04 9.69E-01 1.22E-01 1.50E-02 8.03E-01 2.07E-01 6.01E-01 

G3H0L9 Cathepsin B   6.22E-01 8.15E-02 1.04E-02 1.80E-02 3.12E-05 1.05E-02 1.82E-02 3.13E-05 1.90E-02 3.29E-02 4.31E-05 3.12E-02 3.15E-02 4.62E-05 3.60E-01 1.26E-01 1.96E-02 1.57E-01 1.23E-02 2.31E-04 

G3I8R9 

Endoplasmic 

reticulum chaperone 

BiP   6.13E-01 3.48E-02 <LOD 0.00E+00 4.07E-07 <LOD 0.00E+00 4.07E-07 1.49E-02 1.48E-02 6.96E-07 1.63E-02 2.83E-02 1.65E-06 <LOD 0.00E+00 4.07E-07 <LOD 0.00E+00 4.07E-07 

P48538 Galectin-1   5.86E-01 3.90E-02 5.02E-02 8.70E-02 1.14E-04 7.95E-02 1.65E-03 1.87E-06 5.70E-01 1.24E-01 8.28E-01 1.30E-01 1.60E-01 3.06E-03 5.99E-01 2.01E-01 9.02E-01 2.33E-01 1.29E-01 1.03E-02 

G3IBH0 

Metalloproteinase 

inhibitor 1   5.65E-01 5.15E-02 8.68E-01 1.61E-01 1.81E-02 9.46E-01 2.34E-01 2.77E-02 8.19E-01 9.80E-02 6.81E-03 7.51E-01 1.45E-01 6.69E-02 8.60E-01 9.55E-02 3.34E-03 6.08E-01 9.21E-02 6.28E-01 

G3I1H5 Legumain   5.51E-01 3.08E-02 7.06E-02 2.17E-02 2.03E-06 6.36E-02 4.99E-02 1.69E-05 1.70E-01 3.61E-02 2.01E-05 7.91E-02 3.74E-02 7.69E-06 5.43E-02 5.37E-02 2.01E-05 1.53E-02 1.33E-02 8.09E-07 

G3HHR3 Vimentin   5.40E-01 6.45E-02 1.95E-01 3.37E-02 2.58E-04 1.39E-01 5.54E-02 2.63E-04 1.30E-01 2.46E-02 8.68E-05 2.12E-01 1.36E-01 8.43E-03 2.65E-01 1.74E-02 5.02E-04 1.39E-01 2.28E-02 1.24E-04 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3HBD3 

Nucleoside 

diphosphate kinase   5.39E-01 3.34E-02 1.57E-01 3.17E-02 1.69E-05 1.14E-01 1.42E-01 2.45E-03 1.90E-01 6.08E-02 1.91E-04 8.97E-02 3.68E-02 1.10E-05 3.12E-01 4.37E-02 4.87E-04 1.80E-01 3.06E-02 7.93E-05 

G3IKX2 

Pigment epithelium-

derived factor   5.35E-01 1.09E-01 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 

G3H8V5 Carboxypeptidase   5.17E-01 4.88E-02 <LOD 0.00E+00 5.12E-06 <LOD 0.00E+00 5.12E-06 6.58E-03 1.14E-02 6.22E-06 <LOD 0.00E+00 5.12E-06 7.10E-03 1.23E-02 6.38E-06 <LOD 0.00E+00 5.12E-06 

G3HKZ1 

14-3-3 protein 

zeta/delta   5.05E-01 7.22E-02 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 

G3GVD0 Actin, cytoplasmic 1   5.04E-01 6.34E-02 <LOD 0.00E+00 2.12E-05 <LOD 0.00E+00 2.12E-05 1.52E-01 1.39E-01 6.61E-03 <LOD 0.00E+00 2.12E-05 1.96E-01 1.70E-01 2.20E-02 1.45E-01 1.26E-01 9.25E-03 

G3H8V4 

Phospholipid transfer 

protein   5.03E-01 8.30E-02 4.26E-02 4.12E-02 2.05E-04 2.89E-02 1.27E-02 1.11E-04 2.05E-02 2.09E-02 1.12E-04 3.61E-02 1.30E-02 1.20E-04 1.42E-01 6.54E-02 1.18E-03 6.35E-02 3.50E-02 2.34E-04 

Q9EPP7 Cathepsin Z   4.71E-01 5.09E-02 1.15E-02 1.98E-02 1.60E-05 3.45E-02 3.48E-02 3.74E-05 1.29E-01 8.48E-02 1.14E-03 2.32E-02 2.01E-02 1.84E-05 5.66E-02 1.96E-02 2.65E-05 4.45E-02 3.87E-02 7.72E-05 

A0A061I5D1 

Heat shock cognate 

protein   4.70E-01 4.36E-02 6.30E-02 1.27E-02 1.16E-05 2.14E-02 2.45E-02 1.16E-05 3.98E-02 9.43E-03 8.09E-06 1.58E-02 1.60E-02 7.56E-06 4.19E-02 1.90E-02 1.14E-05 5.24E-02 1.60E-02 1.50E-05 

G3IL03 

Uncharacterized 

protein   4.69E-01 1.13E-01 5.82E-01 1.30E-01 2.59E-01 6.41E-01 1.91E-01 1.94E-01 5.96E-01 3.45E-02 9.21E-02 6.07E-01 1.25E-02 6.61E-02 6.54E-01 2.10E-01 1.94E-01 2.37E-01 1.20E-01 4.26E-02 

G3GZW8 

Phosphoglycerate 

mutase 1   4.62E-01 7.56E-02 3.68E-02 6.38E-02 4.09E-04 5.86E-02 1.02E-01 1.63E-03 1.77E-02 3.06E-02 1.32E-04 <LOD 0.00E+00 7.59E-05 1.90E-02 3.30E-02 1.42E-04 <LOD 0.00E+00 7.59E-05 

G3IEF1 Ferritin   4.50E-01 1.07E-01 <LOD 0.00E+00 4.63E-04 <LOD 0.00E+00 4.63E-04 <LOD 0.00E+00 4.63E-04 <LOD 0.00E+00 4.63E-04 1.26E-01 8.22E-02 5.64E-03 <LOD 0.00E+00 4.63E-04 

G3HBD4 

Nucleoside 

diphosphate kinase   4.46E-01 6.71E-02 <LOD 0.00E+00 5.07E-05 <LOD 0.00E+00 5.07E-05 1.06E-01 9.59E-02 2.48E-03 4.43E-02 7.67E-02 6.17E-04 2.91E-01 4.43E-02 1.37E-02 <LOD 0.00E+00 5.07E-05 

G3I3U5 Nidogen-1   4.43E-01 5.07E-02 1.30E-01 2.28E-02 1.13E-04 1.04E-01 4.59E-02 2.10E-04 1.23E-01 5.99E-02 5.24E-04 1.95E-01 7.05E-02 2.68E-03 2.05E-01 4.75E-02 1.17E-03 5.03E-02 4.37E-02 8.61E-05 

G3IQ06 

Pigment epithelium-

derived factor   3.98E-01 8.62E-02 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 5.86E-02 1.01E-01 4.33E-03 <LOD 0.00E+00 2.91E-04 

Q9WV24 Beta-2-microglobulin   3.86E-01 8.37E-02 3.40E-01 1.75E-02 3.41E-01 4.27E-01 1.51E-01 6.69E-01 3.19E-01 8.20E-02 3.16E-01 3.39E-01 6.98E-03 3.26E-01 3.63E-01 5.52E-02 6.68E-01 2.26E-01 3.84E-02 3.01E-02 

G3HPT8 Suprabasin   3.81E-01 2.39E-02 3.30E-01 1.87E-02 2.32E-02 2.40E-01 8.40E-02 2.64E-02 2.93E-01 3.86E-02 1.33E-02 2.99E-01 2.70E-02 7.26E-03 3.37E-01 4.93E-02 1.86E-01 3.77E-01 8.83E-02 9.49E-01 

G3HB04 

Protein disulfide-

isomerase A6   3.64E-01 5.38E-02 <LOD 0.00E+00 4.63E-05 <LOD 0.00E+00 4.63E-05 <LOD 0.00E+00 4.63E-05 <LOD 0.00E+00 4.63E-05 <LOD 0.00E+00 4.63E-05 <LOD 0.00E+00 4.63E-05 

G3HLS2 

14-3-3 protein 

beta/alpha   3.60E-01 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   3.93E-02 6.80E-02 2.66E-04 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

A0A061HTU1 

Suprabasin-like 

protein (Fragment)   3.53E-01 2.94E-02 3.57E-01 3.77E-02 8.70E-01 2.55E-01 9.00E-02 1.00E-01 2.91E-01 5.81E-02 1.25E-01 3.11E-01 6.53E-02 3.04E-01 1.27E-01 2.20E-01 1.06E-01 3.91E-01 2.49E-02 1.84E-01 

G3HCL6 Complement C3   3.51E-01 2.91E-02 2.16E-02 1.40E-02 6.06E-06 1.73E-02 4.03E-03 3.56E-06 2.41E-02 5.73E-03 4.13E-06 2.36E-02 4.15E-03 3.92E-06 5.92E-02 2.05E-02 1.78E-05 1.48E-02 6.84E-03 4.10E-06 

G3H6Y5 

Peptidylprolyl 

isomerase   3.41E-01 1.14E-01 2.24E-01 8.49E-02 1.73E-01 2.22E-01 7.47E-02 1.51E-01 3.32E-01 6.40E-02 8.96E-01 2.23E-01 1.56E-01 2.89E-01 3.03E-01 1.93E-01 7.58E-01 2.68E-01 2.09E-02 3.99E-01 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3I255 

L-lactate 

dehydrogenase   3.40E-01 2.74E-02 2.59E-01 3.49E-02 1.65E-02 2.61E-01 9.85E-02 1.91E-01 2.61E-01 4.72E-02 3.74E-02 2.13E-01 3.51E-02 2.66E-03 2.75E-01 6.04E-02 1.13E-01 3.06E-01 3.41E-02 5.28E-01 

A0A061ID29 Heat shock protein   3.39E-01 1.19E-01 3.33E-01 8.92E-02 9.46E-01 9.31E-02 9.34E-02 2.58E-02 2.84E-01 9.28E-02 5.18E-01 1.82E-01 1.57E-01 1.84E-01 2.11E-01 5.63E-02 1.20E-01 1.25E-01 6.31E-02 2.80E-02 

G3IEY9 14-3-3 protein theta   3.25E-01 7.22E-02 4.09E-02 4.03E-02 1.16E-03 <LOD 0.00E+00 3.29E-04 9.33E-02 4.74E-02 3.48E-03 2.75E-02 4.76E-02 1.15E-03 2.72E-02 4.71E-02 1.13E-03 <LOD 0.00E+00 4.55E-04 

G3INC5 Cathepsin L1   3.23E-01 4.66E-02 2.05E-02 1.77E-02 7.88E-05 2.13E-02 1.85E-02 8.20E-05 8.88E-02 3.01E-02 4.47E-04 3.15E-02 6.47E-04 6.79E-05 1.45E-01 6.75E-02 8.60E-03 2.03E-02 1.77E-02 9.20E-05 

G3H5D5 

Acyl-CoA-binding 

protein   3.21E-01 4.28E-02 2.91E-01 6.52E-02 4.93E-01 3.49E-01 1.54E-01 7.46E-01 3.54E-01 5.78E-02 4.20E-01 3.46E-01 2.30E-01 8.43E-01 4.26E-01 7.68E-02 6.83E-02 1.12E-01 9.74E-02 1.12E-02 

A0A061I451 

Nucleobindin-2-like 

protein   3.20E-01 4.70E-02 3.44E-02 1.08E-02 8.86E-05 1.38E-02 1.20E-02 6.50E-05 4.57E-02 1.27E-02 1.13E-04 6.77E-03 1.17E-02 5.78E-05 2.08E-02 2.09E-02 9.67E-05 2.69E-02 2.33E-02 1.18E-04 

Q8HDG8 

Retinoic acid receptor 

responder protein 2   3.03E-01 3.09E-02 2.72E-01 7.50E-02 4.93E-01 2.52E-01 5.22E-03 2.46E-02 1.95E-01 8.77E-02 7.43E-02 3.13E-01 6.29E-02 7.97E-01 2.88E-01 7.15E-02 7.23E-01 3.51E-01 1.30E-01 5.01E-01 

G3GZB2 Acid ceramidase   2.98E-01 5.63E-02 8.32E-03 1.44E-02 2.02E-04 3.52E-02 1.55E-02 3.27E-04 4.07E-02 1.33E-02 3.46E-04 1.76E-02 3.05E-02 3.73E-04 7.73E-02 2.53E-02 9.58E-04 3.38E-02 2.94E-02 1.15E-03 

A0A061HUH1 Caltractin-like protein   2.98E-01 5.95E-02 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 

G3IG05 Annexin   2.96E-01 3.70E-02 3.64E-01 6.54E-02 1.44E-01 3.33E-01 6.06E-02 3.60E-01 3.26E-01 4.43E-02 3.67E-01 3.76E-01 2.33E-02 1.71E-02 3.85E-01 7.80E-03 6.29E-03 3.46E-01 5.88E-02 2.99E-01 

A0A061I0I3 

SH3 domain-binding 

glutamic acid-rich-like 

protein   2.91E-01 1.01E-01 <LOD 0.00E+00 2.53E-03 4.61E-02 4.00E-02 7.21E-03 4.32E-02 3.74E-02 6.62E-03 4.59E-02 3.98E-02 7.16E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3IAQ0 Alpha-enolase   2.86E-01 3.27E-02 4.90E-02 4.03E-02 3.10E-04 3.39E-02 3.87E-02 2.06E-04 1.17E-01 6.13E-02 5.37E-03 6.64E-02 2.72E-02 1.74E-04 1.90E-01 7.63E-02 7.58E-02 4.14E-02 1.26E-02 4.02E-05 

G3IN86 Dipeptidyl-peptidase 2   2.84E-01 0.00E+00 <LOD 0.00E+00   2.78E-02 3.21E-02 2.09E-05 2.62E-02 1.22E-02 1.63E-07 2.10E-02 2.10E-02 2.26E-06 9.55E-02 1.20E-02 7.20E-07 2.09E-02 1.63E-03 3.93E-07 

G3I1Y9 

Sulfated glycoprotein 

1   2.80E-01 4.21E-02 1.36E-02 2.35E-02 1.24E-04 7.23E-02 6.61E-02 3.69E-03 4.03E-01 1.33E-01 1.46E-01 8.48E-02 7.35E-02 6.66E-03 3.37E-01 8.70E-02 3.00E-01 2.39E-01 8.85E-02 6.65E-01 

G3HMG4 

Amyloid beta A4 

protein   2.78E-01 3.11E-02 <LOD 0.00E+00 1.17E-05 1.58E-02 1.37E-02 2.42E-05 1.50E-02 1.30E-02 2.28E-05 3.19E-02 1.43E-02 3.41E-05 7.03E-02 2.26E-02 1.37E-04 1.54E-02 1.34E-02 2.36E-05 

G3HG95 Lamin-A/C   2.76E-01 2.39E-02 6.09E-03 1.05E-02 5.73E-06 <LOD 0.00E+00 3.30E-06 2.29E-02 9.78E-03 7.42E-06 5.95E-03 1.03E-02 5.61E-06 6.13E-03 1.06E-02 5.76E-06 <LOD 0.00E+00 3.30E-06 

G3HLT0 Antileukoproteinase   2.74E-01 1.37E-01 1.01E+00 1.46E-01 8.33E-04 8.03E-01 1.94E-01 7.67E-03 6.26E-01 1.05E-01 1.08E-02 9.10E-01 1.35E-01 1.39E-03 8.18E-01 1.75E-01 5.14E-03 9.05E-01 1.89E-01 7.80E-03 

A0A061I2D3 

14-3-3 protein 

gamma-like protein   2.70E-01 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3HYJ9 Moesin   2.61E-01 2.90E-02 <LOD 0.00E+00 1.14E-05 1.14E-02 1.98E-02 3.64E-05 9.58E-02 3.24E-02 7.30E-04 <LOD 0.00E+00 1.14E-05 1.34E-01 6.76E-02 2.07E-02 <LOD 0.00E+00 1.14E-05 

Q540F6 

Elongation factor 1-

alpha   2.59E-01 2.00E-02 <LOD 0.00E+00 1.85E-06 <LOD 0.00E+00 1.85E-06 <LOD 0.00E+00 1.85E-06 <LOD 0.00E+00 1.85E-06 1.54E-01 2.96E-02 2.26E-03 <LOD 0.00E+00 1.85E-06 

G3HK90 14-3-3 protein eta   2.58E-01 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3I3H2 

60S acidic ribosomal 

protein P2   2.56E-01 1.48E-01 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 9.39E-02 2.81E-03 8.69E-02 3.37E-02 5.83E-02 4.22E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061IPG4 

Tropomyosin alpha-1 

chain-like protein   2.55E-01 3.15E-02 <LOD 0.00E+00 1.93E-05 <LOD 0.00E+00 1.93E-05 <LOD 0.00E+00 1.93E-05 <LOD 0.00E+00 1.93E-05 <LOD 0.00E+00 1.93E-05 <LOD 0.00E+00 1.93E-05 

G3H5Q0 

Actin, alpha cardiac 

muscle 1   2.54E-01 2.20E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

Q8R4U2 

Protein disulfide-

isomerase   2.51E-01 2.03E-02 <LOD 0.00E+00 2.32E-06 <LOD 0.00E+00 2.32E-06 <LOD 0.00E+00 2.32E-06 <LOD 0.00E+00 2.32E-06 <LOD 0.00E+00 2.32E-06 <LOD 0.00E+00 2.32E-06 

G3HQY6 Lipase   2.41E-01 2.19E-02 <LOD 0.00E+00 4.23E-06 <LOD 0.00E+00 4.23E-06 <LOD 0.00E+00 4.23E-06 <LOD 0.00E+00 4.23E-06 2.53E-02 5.13E-04 7.32E-06 <LOD 0.00E+00 4.23E-06 

G3H705 Cystatin   2.40E-01 5.20E-02 3.51E-01 4.54E-02 2.70E-02 2.46E-01 5.55E-02 8.80E-01 2.31E-01 5.61E-02 8.20E-01 2.10E-01 1.01E-01 6.24E-01 4.17E-01 1.07E-01 3.54E-02 4.55E-01 1.01E-01 1.80E-02 

G3HBI1 Peroxidasin-like   2.28E-01 2.79E-02 2.65E-02 1.63E-02 6.96E-05 1.42E-02 7.13E-03 2.97E-05 2.66E-02 7.95E-04 3.41E-05 2.59E-02 1.79E-02 7.75E-05 8.62E-02 1.82E-02 4.31E-04 3.51E-02 1.07E-02 1.03E-04 

A0A061IH04 

Nucleobindin-2-like 

protein   2.27E-01 1.89E-02 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 1.43E-02 2.48E-02 4.44E-05 <LOD 0.00E+00 2.75E-06 1.47E-02 1.27E-02 9.64E-06 <LOD 0.00E+00 2.75E-06 

G3HIQ1 

Peptidyl-prolyl cis-

trans isomerase   2.23E-01 5.59E-02 3.28E-01 1.16E-01 1.77E-01 3.29E-01 6.82E-03 1.52E-02 3.48E-01 3.87E-02 1.64E-02 3.49E-01 4.26E-02 1.80E-02 2.39E-01 2.10E-01 8.95E-01 2.58E-01 1.02E-01 7.65E-01 

G3GU60 

Phosphatidylethanola

mine-binding protein 1   2.23E-01 7.31E-02 1.30E-01 2.62E-02 6.76E-02 3.72E-02 3.22E-02 6.34E-03 8.81E-02 3.20E-02 2.19E-02 1.12E-01 5.64E-02 6.68E-02 1.48E-01 3.42E-02 1.29E-01 1.09E-01 9.43E-02 1.27E-01 

G3I1V3 Fibronectin   2.22E-01 1.06E-02 6.27E-02 1.11E-02 5.57E-06 5.32E-02 1.78E-02 1.84E-05 5.62E-02 1.37E-02 8.31E-06 6.88E-02 1.99E-02 4.48E-05 9.44E-02 1.81E-02 7.77E-05 5.63E-02 2.49E-02 1.20E-04 

G3HS88 

Ubiquitin-conjugating 

enzyme E2 N 

(Fragment)   2.15E-01 5.38E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 4.07E-02 7.04E-02 1.25E-02 <LOD 0.00E+00 5.73E-04 4.09E-02 3.55E-02 3.37E-03 4.07E-02 3.53E-02 4.60E-03 

G3HWE4 Nidogen-1   2.11E-01 1.93E-02 3.93E-02 7.05E-03 1.66E-05 3.48E-02 8.85E-03 1.71E-05 1.39E-02 4.16E-04 6.18E-06 3.94E-02 8.16E-03 1.83E-05 7.31E-02 1.55E-02 1.20E-04 4.90E-02 1.49E-02 1.08E-04 

A0A061I5U1 

Heat shock-related 

protein 2   2.11E-01 2.99E-02 3.91E-02 3.43E-02 7.55E-04 <LOD 0.00E+00 3.79E-05 1.57E-02 2.72E-02 2.36E-04 1.14E-02 1.97E-02 1.19E-04 <LOD 0.00E+00 3.79E-05 4.35E-02 3.78E-02 2.11E-03 

G3GUU5 Transketolase   2.07E-01 2.56E-02 1.33E-01 5.82E-02 7.54E-02 9.29E-02 2.76E-02 2.04E-03 1.08E-01 2.62E-02 3.46E-03 1.27E-01 7.01E-02 9.17E-02 1.88E-01 2.08E-02 3.14E-01 1.07E-01 7.66E-02 5.31E-02 

A0A061HYZ1 

Peroxiredoxin-6-like 

protein   2.06E-01 5.90E-02 1.66E-01 2.83E-02 2.92E-01 9.07E-02 4.55E-02 3.03E-02 1.42E-01 2.89E-02 1.18E-01 1.36E-01 4.55E-02 1.27E-01 1.64E-01 2.84E-02 2.66E-01 1.95E-01 4.31E-02 8.49E-01 

G3I6T1 Phospholipase B-like   2.04E-01 8.81E-03 1.16E-02 1.01E-02 1.13E-06 <LOD 0.00E+00 1.06E-07 1.71E-02 1.73E-02 8.32E-06 6.04E-03 1.05E-02 1.10E-06 1.94E-01 2.01E-02 4.32E-01 1.15E-02 1.00E-02 2.17E-06 

G3HQM6 Endoplasmin   2.02E-01 4.50E-02 8.03E-03 1.39E-02 5.03E-04 4.14E-03 7.16E-03 3.92E-04 1.19E-02 3.55E-04 4.46E-04 1.67E-02 1.45E-02 6.35E-04 1.25E-02 1.25E-02 5.40E-04 2.45E-02 2.13E-02 1.22E-03 

G3HCX3 

Deoxyribonuclease-2-

alpha   1.98E-01 2.48E-02 1.15E-01 2.31E-02 5.17E-03 8.74E-02 1.81E-03 3.44E-04 1.63E-01 2.88E-02 1.37E-01 1.34E-01 9.90E-02 2.79E-01 2.00E-01 5.58E-02 9.63E-01 9.58E-02 2.92E-02 9.03E-03 

G3IBF4 

Serine protease 

HTRA1   1.97E-01 5.32E-02 8.25E-02 4.44E-02 2.37E-02 6.80E-02 6.28E-02 2.85E-02 1.02E-01 2.42E-02 2.55E-02 9.58E-02 4.85E-02 4.11E-02 9.38E-02 2.33E-02 1.81E-02 4.11E-02 3.21E-03 3.54E-03 

Q91Z81 

Protein disulfide-

isomerase   1.94E-01 1.76E-02 6.55E-03 1.13E-02 1.18E-05 <LOD 0.00E+00 4.23E-06 5.14E-02 9.92E-03 3.80E-05 6.71E-03 1.16E-02 1.23E-05 5.46E-02 3.20E-02 7.19E-04 1.33E-02 1.16E-02 2.11E-05 

G3H0U6 

Protein disulfide-

isomerase A3   1.93E-01 3.06E-02 <LOD 0.00E+00 6.40E-05 <LOD 0.00E+00 6.40E-05 <LOD 0.00E+00 6.40E-05 <LOD 0.00E+00 6.40E-05 <LOD 0.00E+00 6.40E-05 <LOD 0.00E+00 6.40E-05 

G3H3E4 

Galectin-3-binding 

protein   1.93E-01 3.62E-02 6.04E-02 2.48E-02 2.04E-03 7.39E-02 1.94E-02 2.45E-03 4.05E-02 2.06E-02 8.54E-04 5.53E-02 1.93E-02 1.27E-03 1.57E-01 4.86E-02 3.02E-01 1.35E-01 1.50E-02 8.29E-02 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I107 

Heat shock protein 

HSP 90-alpha 

(Fragment)   1.93E-01 1.92E-02 1.43E-02 1.40E-02 2.78E-05 <LOD 0.00E+00 6.65E-06 1.87E-02 1.62E-02 4.10E-05 9.93E-03 8.60E-03 1.35E-05 1.45E-02 2.51E-02 1.12E-04 <LOD 0.00E+00 6.65E-06 

G3H0E4 

Chondroitin sulfate 

proteoglycan 4   1.85E-01 8.26E-03 1.64E-03 2.83E-03 1.69E-07 1.58E-03 2.74E-03 1.66E-07 2.95E-03 2.55E-03 1.66E-07 <LOD 0.00E+00 1.22E-07 7.70E-03 7.02E-03 5.85E-07 <LOD 0.00E+00 1.22E-07 

G3GXB0 

Rho GDP-dissociation 

inhibitor 1   1.85E-01 8.90E-02 3.35E-02 2.91E-02 2.57E-02 <LOD 0.00E+00 1.00E-02 7.87E-02 2.86E-02 7.84E-02 1.68E-02 2.92E-02 1.76E-02 <LOD 0.00E+00 1.00E-02 3.23E-02 2.81E-02 2.69E-02 

A0A061I2S4 

Putative out at first 

protein like protein 

(Fragment)   1.84E-01 2.46E-02 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 1.61E-02 2.79E-02 3.19E-04 <LOD 0.00E+00 2.78E-05 3.31E-02 2.86E-02 5.66E-04 <LOD 0.00E+00 2.78E-05 

A0A061IEW1 

Nuclear migration 

protein nudC-like 

protein   1.83E-01 2.61E-02 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 

A0A061IMC4 

Adipocyte enhancer-

binding protein 1   1.83E-01 2.39E-02 2.72E-02 7.79E-03 7.19E-05 2.15E-02 5.47E-03 5.34E-05 2.60E-02 1.53E-02 1.24E-04 2.46E-02 1.44E-02 1.10E-04 3.89E-02 1.29E-02 1.53E-04 9.22E-03 7.20E-04 3.30E-05 

G3I4E8 

Fatty acid-binding 

protein, adipocyte   1.81E-01 3.93E-02 3.17E-01 6.36E-02 1.73E-02 1.89E-01 2.03E-01 9.49E-01 3.49E-01 5.11E-02 3.93E-03 3.17E-01 1.35E-01 1.20E-01 3.13E-01 2.07E-01 2.80E-01 1.03E-01 8.94E-02 1.70E-01 

G3HC01 

Tropomyosin alpha-3 

chain   1.79E-01 5.88E-02 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 

G3HY03 

D-dopachrome 

decarboxylase   1.78E-01 8.81E-02 5.81E-02 5.04E-02 7.07E-02 5.94E-02 5.14E-02 7.40E-02 3.08E-01 5.52E-02 5.98E-02 5.91E-02 5.12E-02 7.34E-02 3.00E-02 5.19E-02 3.78E-02 5.77E-02 5.02E-02 1.22E-01 

G3HHV4 Thrombospondin-1   1.78E-01 9.62E-03 4.54E-02 3.98E-02 1.52E-03 2.64E-02 3.01E-02 2.46E-04 3.07E-02 1.12E-02 6.82E-06 8.47E-02 3.07E-02 2.50E-03 1.08E-01 4.30E-02 2.85E-02 5.04E-02 4.38E-02 2.35E-03 

G3IDN7 Protein FAM3C   1.75E-01 2.34E-02 2.84E-01 4.21E-02 7.17E-03 1.75E-01 1.00E-01 9.89E-01 1.90E-01 1.25E-01 8.29E-01 2.06E-01 3.02E-02 1.87E-01 2.33E-01 4.20E-02 6.83E-02 2.66E-01 9.81E-02 2.54E-01 

G3I1S5 

Glyceraldehyde-3-

phosphate 

dehydrogenase   1.73E-01 2.72E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 1.85E-02 3.21E-02 8.53E-04 <LOD 0.00E+00 6.29E-05 

G3IEB7 Out at first protein-like   1.69E-01 1.49E-01 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 4.39E-02 3.80E-02 1.76E-01 <LOD 0.00E+00 7.95E-02 

G3HDE5 

Proteasome activator 

complex subunit 1   1.63E-01 1.08E-01 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 1.60E-02 2.77E-02 5.08E-02 <LOD 0.00E+00 3.27E-02 

G3HCX8 Calreticulin   1.59E-01 3.17E-02 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 8.14E-03 1.41E-02 3.86E-04 <LOD 0.00E+00 1.96E-04 

P17244 

Glyceraldehyde-3-

phosphate 

dehydrogenase   1.59E-01 4.28E-02 9.86E-02 5.07E-03 4.27E-02 8.77E-02 1.80E-02 3.14E-02 1.02E-01 1.53E-02 6.13E-02 7.66E-02 1.97E-02 1.97E-02 1.29E-01 3.14E-02 3.29E-01 1.74E-01 2.97E-02 6.56E-01 

A0A098KXC0 Pyruvate kinase   1.56E-01 1.88E-02 3.41E-02 1.77E-02 2.66E-04 9.70E-03 1.68E-02 9.83E-05 6.39E-02 4.93E-02 1.99E-02 4.78E-02 1.62E-02 3.85E-04 6.15E-02 9.36E-03 3.34E-04 2.79E-02 2.42E-02 3.93E-04 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I019 

Proteasome subunit 

alpha type   1.55E-01 2.07E-02 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 

G3I8P7 

N-acetylglucosamine-

6-sulfatase   1.55E-01 1.08E-02 4.37E-02 2.25E-03 6.30E-06 2.92E-02 3.38E-02 9.89E-04 4.84E-02 3.30E-02 1.90E-03 3.63E-02 3.36E-02 1.26E-03 2.88E-02 3.28E-02 8.62E-04 1.41E-02 1.22E-02 1.38E-05 

G3I5L3 Annexin   1.55E-01 2.58E-02 7.06E-02 3.54E-02 1.38E-02 6.13E-02 5.31E-02 2.81E-02 6.60E-02 1.60E-02 2.41E-03 6.11E-02 6.12E-02 4.14E-02 1.59E-01 4.88E-02 8.79E-01 6.94E-02 3.21E-02 1.01E-02 

G3GWR8 

Proteasome 

endopeptidase 

complex (Fragment)   1.54E-01 2.43E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 

G3HC84 

Heat shock protein 

HSP 90-beta   1.53E-01 2.42E-02 8.62E-03 1.49E-02 1.82E-04 <LOD 0.00E+00 6.29E-05 1.52E-02 2.64E-02 6.74E-04 1.65E-02 1.43E-02 2.25E-04 4.06E-02 2.89E-02 2.14E-03 4.05E-02 1.23E-02 1.20E-03 

Q8K3U7 Peroxiredoxin-2   1.53E-01 2.65E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 8.38E-02 7.57E-02 1.56E-01 <LOD 0.00E+00 9.99E-05 6.99E-02 6.05E-02 5.90E-02 <LOD 0.00E+00 9.99E-05 

G3I4W7 Cathepsin D   1.51E-01 3.46E-02 1.32E-01 4.92E-02 5.69E-01 1.43E-01 4.34E-02 7.82E-01 1.74E-01 2.33E-02 3.33E-01 1.50E-01 1.45E-02 9.67E-01 1.48E-01 1.76E-02 8.97E-01 1.32E-01 4.01E-02 5.01E-01 

G3I664 

Procollagen C-

endopeptidase 

enhancer 1   1.51E-01 5.82E-02 8.50E-02 4.38E-03 8.04E-02 7.15E-02 5.43E-02 1.11E-01 5.36E-02 5.15E-02 5.98E-02 6.36E-02 1.31E-03 3.36E-02 4.84E-02 4.33E-02 4.09E-02 6.85E-02 5.95E-02 1.06E-01 

A0A061IL27 Periostin isoform 2   1.51E-01 1.34E-01 4.43E-03 7.68E-03 8.94E-02 <LOD 0.00E+00 8.21E-02 3.53E-02 1.13E-02 1.59E-01 4.24E-03 7.34E-03 8.90E-02 4.57E-02 5.86E-02 2.24E-01 8.14E-03 7.08E-03 9.58E-02 

G3I9G7 

Proteasome subunit 

alpha type   1.47E-01 3.93E-02 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 

G3H7I6 Sulfhydryl oxidase   1.47E-01 4.11E-02 5.54E-03 9.60E-03 1.29E-03 5.62E-03 9.73E-03 1.30E-03 2.58E-02 1.72E-02 3.27E-03 <LOD 0.00E+00 9.59E-04 7.15E-02 2.66E-02 3.05E-02 <LOD 0.00E+00 9.59E-04 

G3I3Y6 

Glutathione S-

transferase P   1.47E-01 2.31E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 3.03E-02 5.24E-02 1.10E-02 <LOD 0.00E+00 6.29E-05 3.11E-02 2.69E-02 1.47E-03 <LOD 0.00E+00 7.05E-04 

A0A061I1Q2 

Vitamin K-dependent 

protein S   1.46E-01 2.53E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 5.32E-03 9.22E-03 1.61E-04 <LOD 0.00E+00 9.99E-05 4.49E-02 9.06E-03 7.57E-04 1.11E-02 9.61E-03 2.36E-04 

G3H584 SPARC   1.42E-01 3.55E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 

A0A061IQJ9 

EF-HAND 2 

containing protein   1.41E-01 3.52E-02 5.50E-02 2.37E-02 1.12E-02 4.14E-02 8.59E-04 2.79E-03 7.74E-02 2.31E-03 1.76E-02 2.73E-02 2.36E-02 3.51E-03 6.74E-02 2.25E-02 1.92E-02 6.81E-02 2.08E-02 7.54E-02 

A0A061IKA1 Lipoprotein lipase   1.41E-01 2.80E-02 2.08E-02 2.05E-02 1.13E-03 <LOD 0.00E+00 1.96E-04 4.06E-02 2.12E-02 2.69E-03 1.42E-02 1.23E-02 4.93E-04 5.65E-02 2.45E-02 7.13E-03 <LOD 0.00E+00 1.96E-04 

G3H1D5 Carboxypeptidase   1.37E-01 1.95E-02 8.05E-03 1.39E-02 1.43E-04 7.71E-03 1.34E-02 1.32E-04 1.48E-02 2.56E-02 7.38E-04 2.32E-02 4.02E-02 4.38E-03 1.52E-02 1.31E-02 1.71E-04 <LOD 0.00E+00 3.92E-05 

G3IAP3 

Connective tissue 

growth factor   1.31E-01 2.62E-02 2.78E-01 4.14E-02 2.17E-03 3.10E-01 1.45E-01 6.56E-02 4.14E-01 4.31E-02 1.16E-04 3.17E-01 3.23E-02 3.42E-04 6.26E-01 3.71E-02 4.47E-06 4.39E-01 6.80E-02 6.20E-04 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I4L2 

Ubiquitin-conjugating 

enzyme E2 L3-like 

protein   1.30E-01 3.23E-02 6.68E-02 6.92E-02 1.68E-01 8.78E-02 3.86E-02 1.62E-01 2.26E-01 7.84E-02 7.96E-02 1.09E-01 3.68E-02 4.30E-01 2.15E-01 3.74E-02 2.12E-02 4.23E-02 3.67E-02 2.82E-02 

G3ILK7 Calsyntenin-1   1.30E-01 1.08E-02 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 <LOD 0.00E+00 2.75E-06 

G3GZZ0 

Aspartate 

aminotransferase   1.30E-01 3.75E-02 1.70E-02 1.47E-02 2.88E-03 1.68E-02 1.46E-02 2.85E-03 3.98E-02 1.45E-02 7.45E-03 1.68E-02 1.46E-02 2.84E-03 4.20E-02 2.99E-02 1.64E-02 <LOD 0.00E+00 1.11E-03 

G3HKB0 

Peptidyl-prolyl cis-

trans isomerase   1.30E-01 3.21E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 1.07E-01 3.85E-02 4.27E-01 <LOD 0.00E+00 5.46E-04 

G3HNT9 

Proteasome subunit 

beta type-1   1.28E-01 6.41E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

G3I5R2 

40S ribosomal protein 

S28   1.28E-01 0.00E+00 3.01E-01 1.55E-02 3.95E-06 2.53E-01 9.11E-02 4.59E-02 3.79E-01 1.76E-01 3.99E-02 3.99E-01 8.27E-02 1.43E-03 9.86E-02 8.55E-02 5.32E-01 2.48E-01 7.56E-02 1.57E-01 

G3IBK2 Filamin-A   1.28E-01 5.80E-03 <LOD 0.00E+00 1.33E-07 <LOD 0.00E+00 1.33E-07 <LOD 0.00E+00 1.33E-07 <LOD 0.00E+00 1.33E-07 <LOD 0.00E+00 1.33E-07 <LOD 0.00E+00 1.33E-07 

A0A061IML2 Annexin   1.28E-01 2.93E-02 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 

G3IH84 Arylsulfatase A   1.27E-01 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3HGM6 

N(4)-(Beta-N-

acetylglucosaminyl)-

L-asparaginase   1.25E-01 3.10E-02 2.62E-01 2.61E-02 1.28E-03 1.69E-01 3.95E-02 1.53E-01 2.97E-01 6.80E-02 6.81E-03 2.41E-01 2.29E-02 2.11E-03 3.00E-01 3.63E-02 8.75E-04 8.37E-02 1.42E-02 1.06E-01 

G3I3G8 Transaldolase   1.24E-01 3.08E-02 1.26E-01 3.37E-02 9.62E-01 8.35E-02 1.71E-02 7.42E-02 1.08E-01 4.76E-02 6.05E-01 1.67E-01 4.85E-02 2.16E-01 5.15E-02 1.85E-02 1.10E-02 3.14E-02 2.45E-03 4.09E-03 

G3HSE4 

Proteasome subunit 

alpha type   1.24E-01 1.96E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 

G3HU51 

Isocitrate 

dehydrogenase 

[NADP]   1.21E-01 1.24E-02 5.86E-02 1.45E-02 1.40E-03 5.88E-02 1.50E-02 1.55E-03 1.02E-01 1.33E-02 9.30E-02 8.39E-02 3.03E-02 7.78E-02 1.16E-01 3.09E-02 7.53E-01 2.52E-02 1.97E-03 3.59E-04 

G3H3K7 

Chitinase-3-like 

protein 1   1.21E-01 2.88E-02 1.36E-01 3.25E-02 5.25E-01 1.08E-01 2.26E-02 5.23E-01 1.01E-01 2.41E-02 3.58E-01 1.07E-01 1.88E-02 4.89E-01 1.10E-01 2.33E-02 6.22E-01 8.18E-02 3.02E-02 1.25E-01 

A0A061HUL1 Filamin-A   1.19E-01 3.60E-03 6.83E-03 8.28E-03 2.35E-06 8.46E-03 1.76E-04 2.59E-08 1.31E-02 5.90E-03 8.27E-07 1.26E-02 3.95E-03 2.24E-07 2.09E-02 1.13E-02 1.75E-05 2.72E-03 2.36E-03 4.89E-08 

G3GX96 

Actin-related protein 

2/3 complex subunit 4   1.18E-01 2.93E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 2.01E-02 3.48E-02 8.59E-03 1.91E-02 3.31E-02 7.37E-03 <LOD 0.00E+00 5.46E-04 

G3H8F4 Dystroglycan   1.17E-01 1.58E-02 <LOD 0.00E+00 2.95E-05 <LOD 0.00E+00 2.95E-05 <LOD 0.00E+00 2.95E-05 <LOD 0.00E+00 2.95E-05 3.97E-03 6.88E-03 5.33E-05 <LOD 0.00E+00 2.95E-05 

G3HM03 

Synaptic vesicle 

membrane protein 

VAT-1-like   1.17E-01 2.03E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 1.38E-02 2.38E-02 1.39E-03 2.65E-02 2.31E-02 4.13E-03 

G3HJV4 

Myosin light 

polypeptide 6   1.16E-01 1.00E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I5M2 Radixin   1.15E-01 2.03E-02 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 6.82E-02 9.97E-03 1.02E-02 <LOD 0.00E+00 1.09E-04 7.19E-02 3.63E-02 1.01E-01 <LOD 0.00E+00 1.09E-04 

G3H1K9 Alpha-actinin-1   1.15E-01 1.66E-02 <LOD 0.00E+00 4.12E-05 1.12E-02 1.13E-02 1.72E-04 <LOD 0.00E+00 4.12E-05 7.56E-03 6.54E-03 8.16E-05 5.15E-02 1.28E-02 2.06E-03 1.45E-02 1.26E-02 2.23E-04 

G3H7B3 Galectin   1.13E-01 1.78E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 7.05E-02 6.11E-02 2.51E-01 <LOD 0.00E+00 6.29E-05 

G3HDQ2 Malate dehydrogenase   1.10E-01 2.75E-02 7.58E-02 2.26E-02 1.23E-01 4.32E-02 1.90E-02 1.18E-02 1.01E-01 1.71E-02 6.00E-01 6.43E-02 3.24E-02 9.21E-02 4.18E-02 3.62E-02 3.39E-02 2.08E-02 1.81E-02 3.33E-03 

G3H3E6 

Metalloproteinase 

inhibitor 2   1.09E-01 2.69E-02 1.81E-02 3.14E-02 8.18E-03 3.64E-02 3.15E-02 1.98E-02 1.19E-01 5.96E-02 7.59E-01 5.44E-02 1.12E-03 1.14E-02 1.61E-01 5.27E-02 1.48E-01 <LOD 0.00E+00 5.46E-04 

G3H928 

Adenylate kinase 2, 

mitochondrial   1.08E-01 3.75E-02 1.27E-01 4.50E-02 5.60E-01 1.03E-01 8.92E-02 9.21E-01 4.82E-02 4.18E-02 9.31E-02 2.04E-01 1.61E-01 3.12E-01 2.00E-01 4.64E-02 3.05E-02 1.26E-01 3.83E-02 6.29E-01 

G3IKH9 

Phosphoserine 

aminotransferase   1.08E-01 3.41E-02 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 

G3HSL4 Elongation factor 2   1.07E-01 1.20E-02 1.24E-02 1.28E-02 1.38E-04 <LOD 0.00E+00 1.17E-05 1.13E-02 1.11E-02 9.22E-05 <LOD 0.00E+00 1.17E-05 4.80E-02 2.13E-02 5.49E-03 1.57E-02 1.36E-02 3.61E-04 

G3H2W6 

Extracellular matrix 

protein 1   1.05E-01 3.29E-02 <LOD 0.00E+00 1.59E-03 <LOD 0.00E+00 1.59E-03 1.17E-02 1.02E-02 3.28E-03 <LOD 0.00E+00 1.59E-03 2.45E-02 1.11E-02 6.31E-03 <LOD 0.00E+00 1.59E-03 

G3HXN7 Beta-hexosaminidase   1.05E-01 1.92E-02 <LOD 0.00E+00 1.28E-04 <LOD 0.00E+00 1.28E-04 <LOD 0.00E+00 1.28E-04 <LOD 0.00E+00 1.28E-04 5.11E-02 1.03E-02 4.79E-03 <LOD 0.00E+00 1.28E-04 

A0A061ILE8 

Purine nucleoside 

phosphorylase-like 

protein   1.05E-01 2.63E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 

G3GT05 

T-complex protein 1 

subunit theta   1.05E-01 2.60E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3GR64 

Inter-alpha-trypsin 

inhibitor heavy chain 

H5   1.05E-01 2.04E-02 2.73E-02 1.91E-02 3.04E-03 3.08E-02 7.20E-03 1.20E-03 3.57E-02 1.16E-02 2.36E-03 2.28E-02 1.10E-02 1.03E-03 6.78E-02 1.08E-02 2.73E-02 1.57E-02 7.91E-03 5.34E-04 

G3IKC3 

Glutathione S-

transferase Mu 6   1.04E-01 2.31E-02 8.06E-02 7.29E-02 5.79E-01 9.52E-02 1.98E-03 4.94E-01 <LOD 0.00E+00 3.29E-04 1.31E-01 2.90E-02 2.20E-01 1.33E-01 2.32E-02 1.44E-01 3.41E-02 5.91E-02 8.60E-02 

O08782 

Aldose reductase-

related protein 2   1.01E-01 1.59E-02 1.02E-02 1.77E-02 7.19E-04 <LOD 0.00E+00 6.29E-05 5.03E-02 3.46E-02 4.96E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 

G3IEU2 Protein DJ-1   1.01E-01 0.00E+00 1.87E-02 3.24E-02 4.49E-03 1.92E-02 3.33E-02 5.24E-03 3.69E-02 3.20E-02 1.21E-02 1.98E-02 3.43E-02 6.06E-03 1.16E-01 2.35E-03 5.33E-05 7.60E-02 6.61E-02 5.05E-01 

 

  



 

233 

Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061IEW5 

Prothymosin alpha-

like protein 

(Fragment)   1.00E-01 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3H2P3 

Beta-galactosidase 

(Fragment)   9.96E-02 4.37E-02 <LOD 0.00E+00 6.91E-03 <LOD 0.00E+00 6.91E-03 <LOD 0.00E+00 6.91E-03 <LOD 0.00E+00 6.91E-03 <LOD 0.00E+00 6.91E-03 <LOD 0.00E+00 6.91E-03 

G3HAP7 Glutathione synthetase   9.58E-02 1.92E-02 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 

G3IF80 Nucleolin   9.54E-02 1.91E-02 2.28E-02 2.36E-02 5.69E-03 1.51E-02 2.61E-02 4.83E-03 2.82E-02 1.31E-02 2.46E-03 1.51E-02 1.30E-02 1.10E-03 2.19E-02 2.20E-02 4.52E-03 <LOD 0.00E+00 2.00E-04 

G3INL9 

CMP-N-

acetylneuraminate-

beta-galactosamide-

alpha-2, 3-

sialyltransferase   9.43E-02 1.48E-02 4.08E-02 1.97E-02 8.54E-03 2.04E-02 1.77E-02 1.59E-03 2.77E-02 2.75E-02 9.13E-03 1.99E-02 1.73E-02 1.46E-03 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 7.05E-04 

G3HRD9 

Proteasome subunit 

beta type   9.29E-02 5.32E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 

A0A061IKY1 Decorin   9.28E-02 0.00E+00 4.51E-02 5.84E-03 1.85E-05 4.09E-02 1.36E-02 7.20E-04 4.26E-02 8.68E-03 9.93E-05 3.63E-02 2.87E-02 1.24E-02 3.57E-02 7.77E-03 3.08E-05 1.37E-02 1.07E-03 2.78E-04 

G3IIG1 

Carboxylic ester 

hydrolase   9.13E-02 1.86E-02 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 <LOD 0.00E+00 2.18E-04 

G3I877 

Stress-induced-

phosphoprotein 1   9.05E-02 2.44E-02 2.47E-02 9.50E-03 4.60E-03 1.88E-02 3.90E-04 2.33E-03 1.79E-02 1.81E-02 5.70E-03 3.10E-02 2.87E-02 2.82E-02 1.86E-02 1.84E-02 6.07E-03 2.42E-02 2.10E-02 1.56E-02 

G3H0C2 

Proteasome subunit 

alpha type   9.04E-02 1.96E-02 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

G3H585 

Copper transport 

protein ATOX1   9.01E-02 7.80E-02 5.02E-02 8.70E-02 5.38E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 1.60E-01 1.60E-01 4.81E-01 1.58E-01 1.59E-01 4.91E-01 1.02E-01 8.88E-02 8.69E-01 

B8Y440 Sialidase I   8.97E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

A0A061IKQ5 Calumenin   8.79E-02 2.20E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 

G3HAI3 

Follistatin-related 

protein 1   8.68E-02 8.84E-03 7.26E-02 3.91E-02 5.22E-01 4.23E-02 2.14E-02 1.38E-02 5.60E-02 3.85E-02 1.91E-01 1.07E-01 1.61E-02 8.21E-02 7.67E-02 1.17E-02 2.40E-01 5.28E-02 2.91E-02 1.94E-01 

G3I6I6 Tubulin alpha chain   8.65E-02 3.05E-02 1.48E-02 2.57E-02 1.77E-02 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 2.32E-02 2.30E-02 2.38E-02 <LOD 0.00E+00 4.43E-03 

G3HLX3 

Alpha-N-

acetylglucosaminidase   8.39E-02 1.20E-02 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 <LOD 0.00E+00 3.92E-05 

G3HLK3 Granulins   8.35E-02 9.04E-03 6.45E-03 1.12E-02 1.43E-04 1.24E-02 1.08E-02 1.89E-04 2.84E-02 1.89E-02 3.82E-03 6.16E-03 1.07E-02 1.23E-04 8.45E-02 2.84E-02 9.48E-01 4.74E-02 4.11E-02 1.38E-01 

G3I216 

Triosephosphate 

isomerase   8.17E-02 2.83E-02 5.55E-02 5.47E-02 4.48E-01 1.15E-01 2.39E-03 7.03E-02 7.17E-02 3.07E-02 6.62E-01 5.80E-02 5.79E-02 5.09E-01 1.13E-01 5.49E-02 3.75E-01 7.42E-02 6.44E-02 8.39E-01 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3H284 

Endoplasmic 

reticulum resident 

protein 29   8.16E-02 5.34E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 1.37E-02 2.38E-02 7.45E-02 <LOD 0.00E+00 3.16E-02 

G3HWE7 

Dickkopf-related 

protein 3   7.83E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00 6.28E-04 

G3I0F7 

Alpha-N-

acetylgalactosaminida

se   7.77E-02 1.22E-02 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 <LOD 0.00E+00 6.29E-05 1.66E-02 2.88E-02 1.29E-02 <LOD 0.00E+00 6.29E-05 

G3H4T5 Glypican-1   7.75E-02 6.71E-03 4.79E-03 8.30E-03 4.46E-05 9.23E-03 7.99E-03 5.44E-05 5.14E-02 2.30E-02 8.93E-02 1.36E-02 1.38E-02 4.76E-04 6.27E-02 8.80E-03 4.87E-02 <LOD 0.00E+00 3.32E-06 

G3GUV4 Stromelysin-2   7.74E-02 5.37E-03 3.83E-03 6.63E-03 1.40E-05 7.37E-03 6.39E-03 1.60E-05 1.70E-02 6.00E-03 2.78E-05 3.66E-03 6.34E-03 1.22E-05 2.14E-02 4.35E-04 5.57E-06 7.03E-03 6.11E-03 2.65E-05 

A0A061II46 

F-actin-capping 

protein subunit beta-

like protein   7.51E-02 4.30E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 2.14E-02 1.86E-02 7.74E-02 <LOD 0.00E+00 1.97E-02 

A0A061I6V4 

Laminin subunit beta-

1   7.51E-02 5.01E-03 <LOD 0.00E+00 9.06E-07 <LOD 0.00E+00 9.06E-07 <LOD 0.00E+00 9.06E-07 <LOD 0.00E+00 9.06E-07 <LOD 0.00E+00 9.06E-07 <LOD 0.00E+00 9.06E-07 

G3HMV7 

Tissue alpha-L-

fucosidase   7.50E-02 1.88E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 7.22E-03 1.25E-02 2.10E-03 <LOD 0.00E+00 5.73E-04 

G3HH30 Aldose reductase   7.45E-02 8.53E-02 7.59E-02 1.53E-02 9.76E-01 6.57E-02 1.36E-03 8.50E-01 6.22E-02 5.39E-02 8.23E-01 8.70E-02 1.80E-02 7.92E-01 7.63E-02 8.28E-02 9.78E-01 5.40E-02 1.65E-02 6.94E-01 

A0A061IB69 

Fructose-bisphosphate 

aldolase   7.36E-02 3.37E-02 1.73E-02 1.50E-02 3.18E-02 2.57E-02 2.54E-02 7.94E-02 4.11E-02 3.81E-02 2.71E-01 5.19E-02 4.54E-02 4.92E-01 8.56E-02 5.44E-02 7.31E-01 1.67E-02 1.45E-02 3.45E-02 

G3H6Y6 NSFL1 cofactor p47   7.32E-02 2.44E-02 6.59E-02 4.04E-02 7.77E-01 4.80E-02 1.73E-02 1.65E-01 6.23E-02 1.39E-02 4.87E-01 3.85E-02 3.34E-02 1.65E-01 1.32E-01 1.85E-02 1.41E-02 3.69E-02 3.21E-02 1.93E-01 

G3HI29 

Ceroid-lipofuscinosis 

neuronal protein 5   7.29E-02 1.80E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 1.18E-02 2.05E-02 7.45E-03 <LOD 0.00E+00 5.46E-04 1.23E-02 2.12E-02 8.37E-03 <LOD 0.00E+00 5.46E-04 

A0A061HWS2 

Protein disulfide-

isomerase   7.25E-02 7.39E-03 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 

G3HWC3 Ezrin   7.22E-02 6.61E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 

G3HD97 

Thioredoxin domain-

containing protein 5   7.20E-02 2.49E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3IIB1 

Sialate O-

acetylesterase   7.06E-02 3.39E-02 8.96E-02 3.19E-02 4.65E-01 9.61E-02 2.10E-02 2.71E-01 7.15E-02 3.06E-02 9.71E-01 1.08E-01 9.95E-03 9.59E-02 8.14E-02 1.10E-02 5.81E-01 6.30E-02 1.92E-02 7.25E-01 

G3HTG9 

Glyoxalase domain-

containing protein 4   7.03E-02 4.60E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 

A0A061I8U9 Beta-hexosaminidase   6.92E-02 2.44E-02 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 

G3H2J8 

Heterogeneous 

nuclear 

ribonucleoproteins 

A2/B1   6.90E-02 0.00E+00 2.84E-02 4.92E-02 1.71E-01 2.74E-02 2.37E-02 1.92E-02 6.32E-02 2.23E-02 6.39E-01 2.72E-02 2.36E-02 1.87E-02 3.98E-02 8.07E-04 1.13E-08 <LOD 0.00E+00   

G3GWD3 Alpha-mannosidase   6.89E-02 1.37E-02 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 1.00E-02 1.02E-02 1.14E-03 <LOD 0.00E+00 1.96E-04 2.74E-02 2.61E-02 4.15E-02 6.80E-03 5.91E-03 5.80E-04 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3H935 

Tyrosine--tRNA 

ligase   6.76E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   6.50E-03 1.13E-02 1.35E-04 <LOD 0.00E+00   

G3HQD5 

Peptidyl-glycine 

alpha-amidating 

monooxygenase B   6.69E-02 2.20E-02 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 3.77E-03 6.52E-03 3.11E-03 <LOD 0.00E+00 2.00E-03 4.07E-02 7.83E-03 8.18E-02 <LOD 0.00E+00 2.00E-03 

G3HR88 

Integral membrane 

protein 2B   6.60E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   1.30E-02 2.24E-02 5.94E-03 <LOD 0.00E+00   

G3HK00 

Guanine nucleotide-

binding protein 

subunit beta-2-like 1   6.58E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3HKG9 

60S acidic ribosomal 

protein P0   6.54E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3HQL6 

Thioredoxin reductase 

1, cytoplasmic   6.47E-02 4.28E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 <LOD 0.00E+00 3.27E-02 

P50309 

Glucose-6-phosphate 

isomerase   6.35E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   4.90E-02 1.13E-02 5.58E-02 <LOD 0.00E+00   

A0A061I2K0 Beta-glucuronidase   6.19E-02 1.53E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3H559 Alpha-mannosidase   6.12E-02 1.22E-02 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 5.86E-03 5.08E-03 4.62E-04 <LOD 0.00E+00 1.96E-04 3.39E-02 1.13E-02 2.47E-02 <LOD 0.00E+00 1.96E-04 

G3I5N6 

Insulin-like growth 

factor-binding protein 

4   6.02E-02 5.51E-02 2.54E-01 1.31E-02 1.18E-03 2.13E-01 4.66E-02 9.37E-03 2.13E-01 1.18E-01 7.18E-02 2.95E-01 1.10E-01 1.42E-02 1.95E-01 2.73E-02 8.23E-03 3.52E-01 3.31E-02 3.15E-04 

G3GTX5 Amyloid-like protein 2   5.96E-02 2.66E-02 <LOD 0.00E+00 7.42E-03 <LOD 0.00E+00 7.42E-03 <LOD 0.00E+00 7.42E-03 <LOD 0.00E+00 7.42E-03 4.91E-03 8.51E-03 1.27E-02 <LOD 0.00E+00 7.42E-03 

G3HC47 Glucosylceramidase   5.81E-02 1.01E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 2.01E-02 4.08E-04 7.53E-04 <LOD 0.00E+00 9.99E-05 

G3H177 

Vesicular integral-

membrane protein 

VIP36   5.80E-02 1.44E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 1.85E-02 1.60E-02 1.61E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3GUI3 

Peptidylprolyl 

isomerase   5.72E-02 1.24E-02 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

G3H303 

Proteasome subunit 

beta   5.71E-02 1.98E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3HLW5 

Ras-related protein 

Rab-5C   5.67E-02 2.46E-02 4.99E-02 2.57E-03 6.16E-01 3.33E-02 2.88E-02 2.84E-01 3.22E-02 5.57E-02 4.70E-01 3.24E-02 5.62E-02 4.77E-01 1.67E-02 2.89E-02 9.65E-02 6.44E-02 5.59E-02 8.49E-01 

G3I4D4 Ribonuclease T2   5.65E-02 1.96E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 2.44E-02 2.12E-02 8.38E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3I3K5 

G-protein coupled 

receptor 56   5.61E-02 1.98E-02 1.01E-01 1.30E-02 1.47E-02 6.60E-02 9.85E-03 4.22E-01 7.55E-02 1.46E-02 1.86E-01 1.01E-01 8.20E-03 9.74E-03 8.49E-02 2.44E-02 1.35E-01 3.48E-02 1.61E-02 2.17E-01 

G3H217 

Pentraxin-related 

protein PTX3   5.53E-02 1.37E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3HGW6 

Laminin subunit 

alpha-5   5.51E-02 1.22E-02 1.22E-02 1.40E-02 6.56E-03 7.64E-03 7.15E-03 1.28E-03 1.63E-02 3.20E-03 1.89E-03 7.72E-03 1.80E-03 6.84E-04 4.18E-02 1.46E-02 2.34E-01 5.60E-03 4.86E-03 8.53E-04 

A0A061ILY9 Tenascin   5.47E-02 8.07E-03 9.09E-03 1.57E-02 4.12E-03 1.38E-03 2.39E-03 6.34E-05 2.59E-03 2.25E-03 6.93E-05 2.71E-03 2.35E-03 7.13E-05 2.28E-02 4.67E-03 1.18E-03 1.59E-02 1.38E-02 7.62E-03 

O55058 

EGF-containing 

fibulin-like 

extracellular matrix 

protein 2   5.40E-02 1.17E-02 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 7.71E-03 1.34E-02 3.94E-03 7.79E-03 1.35E-02 4.06E-03 <LOD 0.00E+00 2.91E-04 

G3I151 Transcobalamin-2   5.36E-02 1.33E-02 1.62E-01 4.82E-02 8.51E-03 1.44E-01 6.85E-02 5.37E-02 1.68E-01 1.63E-02 1.30E-04 1.44E-01 4.35E-02 1.21E-02 3.54E-01 6.16E-02 2.53E-04 2.59E-01 5.00E-02 5.91E-04 

A0A061ICY3 Pantetheinase   5.29E-02 1.76E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 1.30E-02 1.12E-02 1.40E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 

G3HYG4 Kininogen-1   5.19E-02 8.99E-03 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

A0A061I344 

KDEL motif-

containing protein 2   5.17E-02 0.00E+00 2.66E-02 1.03E-02 5.16E-03 2.06E-02 2.06E-02 3.27E-02 3.80E-02 1.90E-02 2.22E-01 2.04E-02 2.04E-02 3.09E-02 5.30E-02 1.15E-02 8.33E-01 1.30E-02 1.13E-02 1.19E-03 

A0A061INH5 

40S ribosomal protein 

S3-like protein   5.15E-02 0.00E+00 1.06E-02 1.84E-02 7.64E-03 <LOD 0.00E+00   <LOD 0.00E+00   9.82E-03 1.70E-02 5.10E-03 1.98E-02 3.43E-02 1.34E-01 1.95E-02 1.69E-02 3.18E-02 

G3HK87 Spondin-2   4.92E-02 1.70E-02 <LOD 0.00E+00 2.53E-03 1.18E-02 2.04E-02 4.14E-02 3.24E-02 9.69E-04 1.16E-01 1.16E-02 2.01E-02 3.99E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3IHH6 Fumarylacetoacetase   4.90E-02 0.00E+00 1.92E-02 1.67E-02 1.81E-02 9.68E-03 1.68E-02 6.13E-03 1.77E-02 1.53E-02 1.06E-02 <LOD 0.00E+00   3.81E-02 3.30E-02 5.49E-01 4.74E-02 1.45E-02 8.84E-01 

G3HDE3 

Proteasome activator 

complex subunit 2   4.90E-02 2.12E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3HBX0 

N-acetylglucosamine-

1-phosphotransferase 

subunit gamma   4.87E-02 3.38E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

G3HUI4 

Lysosomal Pro-X 

carboxypeptidase   4.81E-02 2.76E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 6.80E-03 1.18E-02 4.44E-02 <LOD 0.00E+00 1.97E-02 

G3H577 

Ganglioside GM2 

activator   4.81E-02 0.00E+00 <LOD 0.00E+00   1.92E-02 3.32E-02 1.53E-01 1.94E-01 3.48E-02 4.55E-04 5.62E-02 5.68E-02 7.93E-01 <LOD 0.00E+00   <LOD 0.00E+00   
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Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 
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Dev 
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6MP 
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SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3HRM8 

Nascent polypeptide-

associated complex 

subunit alpha, muscle-

specific form   4.79E-02 1.66E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

A0A061IEQ5 

Sphingomyelin 

phosphodiesterase   4.77E-02 8.26E-03 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 5.39E-03 9.34E-03 1.22E-03 <LOD 0.00E+00 9.99E-05 

G3GUR0 

Calcium-dependent 

serine proteinase   4.74E-02 7.46E-03 4.80E-03 8.32E-03 7.19E-04 <LOD 0.00E+00 6.29E-05 4.89E-03 8.46E-03 7.58E-04 <LOD 0.00E+00 6.29E-05 1.50E-02 1.49E-02 1.32E-02 9.77E-03 8.49E-03 1.34E-03 

G3GXS2 EMILIN -1   4.66E-02 1.87E-02 3.47E-03 6.01E-03 7.97E-03 <LOD 0.00E+00 4.71E-03 3.53E-03 6.11E-03 8.07E-03 <LOD 0.00E+00 4.71E-03 3.66E-03 6.34E-03 8.30E-03 3.93E-03 6.81E-03 8.79E-03 

Q9ERF7 

Intercellular adhesion 

molecule 1   4.63E-02 2.00E-02 2.01E-02 1.94E-02 1.28E-01 2.75E-02 3.14E-02 3.73E-01 3.85E-02 2.03E-02 6.20E-01 2.72E-02 1.20E-02 1.74E-01 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3GR73 

Rab GDP dissociation 

inhibitor   4.62E-02 1.14E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3GVX1 

Ribosome-binding 

protein 1   4.62E-02 4.62E-03 1.72E-03 2.97E-03 1.92E-05 <LOD 0.00E+00 6.77E-06 5.04E-03 4.94E-03 7.76E-05 <LOD 0.00E+00 6.77E-06 5.29E-03 5.33E-03 9.79E-05 8.93E-03 2.72E-03 3.25E-04 

G3HRK9 

Matrix 

metalloproteinase-19   4.53E-02 2.59E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 

G3GYZ4 

Inactive serine 

protease PAMR1   4.42E-02 7.66E-03 5.46E-03 9.46E-03 1.64E-03 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 5.22E-03 9.05E-03 1.41E-03 4.65E-02 4.68E-02 9.28E-01 <LOD 0.00E+00 9.99E-05 

G3GX17 

Polypeptide N-

acetylgalactosaminyltr

ansferase   4.38E-02 2.51E-02 4.41E-02 4.59E-02 9.93E-01 1.30E-02 2.25E-02 1.36E-01 3.57E-02 1.70E-02 6.29E-01 3.22E-02 2.26E-02 5.34E-01 3.78E-02 1.88E-02 7.25E-01 1.93E-02 1.51E-03 1.59E-01 

G3HG25 

Laminin subunit 

gamma-1   4.26E-02 3.36E-03 2.48E-02 6.64E-03 5.60E-03 4.45E-03 7.71E-03 3.16E-04 6.47E-03 6.60E-03 2.23E-04 2.07E-02 2.07E-02 9.84E-02 2.24E-02 3.90E-03 6.14E-04 1.56E-02 7.24E-03 3.56E-03 

A0A061HW17 

Alpha-galactosidase 

A-like protein   4.20E-02 2.91E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

G3GZ90 Calumenin   4.17E-02 1.74E-02 <LOD 0.00E+00 5.59E-03 <LOD 0.00E+00 5.59E-03 <LOD 0.00E+00 5.59E-03 <LOD 0.00E+00 5.59E-03 <LOD 0.00E+00 5.59E-03 <LOD 0.00E+00 5.59E-03 

A0A061IEE2 

Chymotrypsin-C-like 

protein (Fragment)   4.10E-02 0.00E+00 5.33E-03 9.23E-03 6.69E-04 <LOD 0.00E+00   1.50E-02 4.49E-04 1.07E-09 5.39E-03 9.33E-03 7.10E-04 2.62E-02 8.75E-03 2.19E-02 1.61E-02 1.26E-03 2.27E-07 

A0A061IJC4 

Glutathione S-

transferase Mu 1-like 

protein   4.10E-02 7.10E-02 1.21E-01 2.45E-02 9.24E-02 1.01E-01 6.40E-03 1.65E-01 1.06E-01 4.36E-03 1.35E-01 1.22E-01 2.17E-02 8.74E-02 1.29E-01 2.48E-02 7.33E-02 1.09E-01 1.03E-02 1.44E-01 

G3HTE5 

Lysosomal alpha-

glucosidase   4.10E-02 1.09E-02 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 

A0A061IN60 Complement factor B   3.95E-02 0.00E+00 5.39E-02 1.41E-02 1.06E-01 2.59E-02 4.66E-03 2.36E-03 3.60E-02 1.16E-02 5.80E-01 4.11E-02 3.56E-03 4.41E-01 4.58E-02 1.41E-02 4.31E-01 2.49E-02 2.16E-02 2.89E-01 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I4Z7 

Membrane frizzled-

related protein isoform 

2   3.95E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3GSG4 Renin receptor   3.94E-02 1.71E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 1.05E-02 1.83E-02 7.55E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3HBI9 

Leukotriene A-4 

hydrolase   3.91E-02 9.67E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3HN88 

Adenylyl cyclase-

associated protein   3.88E-02 0.00E+00 1.60E-02 2.77E-02 1.71E-01 1.52E-02 1.32E-02 1.76E-02 2.13E-02 6.38E-04 4.46E-08 3.01E-02 1.23E-02 2.30E-01 <LOD 0.00E+00   1.47E-02 1.28E-02 1.45E-02 

A0A061IMX3 

Inositol-3-phosphate 

synthase 1-like protein   3.83E-02 9.48E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

A0A061IEI3 Alpha-mannosidase   3.80E-02 1.34E-02 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 1.68E-02 2.11E-02 1.61E-01 <LOD 0.00E+00 2.73E-03 

G3HEI6 Lysyl oxidase-like 1   3.76E-02 2.46E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 3.11E-02 1.12E-02 6.62E-01 <LOD 0.00E+00 3.16E-02 

A0A061I6A0 

Glutathione S-

transferase A4-like 

protein   3.72E-02 3.72E-02 4.28E-02 4.35E-02 8.57E-01 2.94E-02 5.08E-02 8.19E-01 2.73E-02 2.37E-02 6.83E-01 4.34E-02 4.39E-02 8.41E-01 2.92E-02 5.05E-02 8.15E-01 2.81E-02 2.44E-02 7.72E-01 

G3GYZ1 CD44 antigen   3.70E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   1.37E-02 1.19E-02 1.28E-02 7.29E-03 1.26E-02 6.06E-03 <LOD 0.00E+00   <LOD 0.00E+00   

G3GYY6 Catalase   3.70E-02 9.15E-03 3.10E-02 1.10E-02 4.56E-01 6.07E-03 1.05E-02 7.76E-03 1.13E-02 1.96E-02 6.97E-02 2.50E-02 2.86E-02 4.75E-01 1.21E-02 1.05E-02 1.78E-02 <LOD 0.00E+00 5.46E-04 

A0A061HV35 

Tyrosine-protein 

kinase BTK isoform 2   3.53E-02 3.05E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

O35156 

UTP--glucose-1-

phosphate 

uridylyltransferase   3.51E-02 1.76E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 4.06E-02 8.23E-04 5.78E-01 <LOD 0.00E+00 1.17E-02 

A0A061IEM0 Clathrin light chain   3.47E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3HZD1 Tenascin-X   3.40E-02 2.10E-03 <LOD 0.00E+00 6.24E-07 <LOD 0.00E+00 6.24E-07 <LOD 0.00E+00 6.24E-07 5.73E-03 9.93E-03 2.98E-03 1.40E-02 2.70E-03 9.51E-05 5.50E-03 4.78E-03 3.23E-04 

A0A061I994 

CD109 antigen 

isoform 2   3.38E-02 3.44E-03 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 <LOD 0.00E+00 7.43E-06 

G3H9U3 

Splicing factor, 

proline-and 

glutamine-rich   3.32E-02 1.44E-02 1.99E-02 1.73E-02 3.06E-01 2.93E-02 6.07E-04 6.22E-01 9.06E-03 1.57E-02 7.96E-02 9.80E-03 1.70E-02 9.74E-02 1.91E-02 1.66E-02 2.70E-01 2.93E-02 2.29E-03 6.29E-01 

A0A061I9C8 

Multiple inositol 

polyphosphate 

phosphatase 1-like 

protein   3.31E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   
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Table E.1 (continued). 

Accession 

Number  Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061IC58 

Elongation factor 1-

gamma   3.22E-02 1.12E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 7.31E-03 1.27E-02 3.55E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 1.46E-02 1.27E-02 1.38E-01 

G3I8S7 

Polyadenylate-binding 

protein   3.19E-02 0.00E+00 1.84E-02 1.78E-02 2.03E-01 6.30E-03 1.09E-02 6.13E-03 1.75E-02 5.24E-04 4.46E-08 1.24E-02 1.07E-02 1.69E-02 2.43E-02 2.10E-02 5.15E-01 <LOD 0.00E+00 3.89E-03 

A0A061I5C0 

Hypoxia up-regulated 

protein 1   3.11E-02 1.35E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3GWX6 

Leukocyte elastase 

inhibitor A   3.11E-02 3.56E-02 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 1.70E-02 2.94E-02 5.80E-01 <LOD 0.00E+00 1.52E-01 1.79E-02 1.55E-02 5.41E-01 <LOD 0.00E+00 1.52E-01 

G3H8N1 Plastin-2   3.05E-02 1.76E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 

G3H5W0 

Proteasome subunit 

beta type   3.04E-02 5.27E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

A0A061IAK8 

Aspartate 

aminotransferase   3.04E-02 0.00E+00 4.70E-02 1.81E-02 1.36E-01 2.01E-02 1.85E-02 3.31E-01 3.35E-02 2.23E-02 7.95E-01 3.18E-02 1.85E-02 8.85E-01 6.61E-02 1.72E-02 1.02E-02 3.92E-02 1.19E-02 3.33E-01 

D0UZH8 

Adenylosuccinate 

lyase   3.04E-02 3.79E-02 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 

G3H8K2 

alpha-1,2-

Mannosidase   2.98E-02 1.03E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3H7Z2 Transgelin   2.98E-02 2.58E-02 3.50E-02 3.04E-02 8.10E-01 5.30E-02 5.29E-02 4.78E-01 6.59E-02 3.06E-02 1.41E-01 5.16E-02 5.10E-02 4.93E-01 5.22E-02 5.26E-02 4.91E-01 3.38E-02 2.93E-02 8.69E-01 

G3H092 

Coiled-coil domain-

containing protein 80   2.79E-02 9.31E-03 3.46E-03 6.00E-03 7.87E-03 <LOD 0.00E+00 2.13E-03 1.02E-02 3.06E-04 1.43E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 5.76E-03 

G3H8Y4 

Collagen alpha-2(VI) 

chain   2.75E-02 6.81E-03 9.24E-03 8.04E-03 2.01E-02 <LOD 0.00E+00 5.46E-04 1.32E-02 1.34E-02 1.24E-01 9.31E-03 8.06E-03 2.05E-02 1.81E-02 7.86E-03 1.41E-01 1.78E-02 1.55E-02 4.01E-01 

G3GWQ1 Vinculin   2.67E-02 4.63E-03 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

G3GZD2 

Phosphoglucomutase-

1   2.65E-02 2.43E-02 <LOD 0.00E+00 8.83E-02 6.35E-03 1.10E-02 2.03E-01 1.77E-02 1.81E-02 5.97E-01 6.07E-03 1.05E-02 1.95E-01 1.21E-02 1.05E-02 3.40E-01 6.71E-03 1.16E-02 2.14E-01 

G3H2I6 

Neural cell adhesion 

molecule 1   2.63E-02 1.52E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 

G3HDM0 Neuropilin   2.61E-02 1.13E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

A0A061I041 

E3 ubiquitin-protein 

ligase   2.50E-02 1.08E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3IHT7 Semaphorin-4B   2.28E-02 1.14E-02 4.43E-02 5.74E-03 2.22E-02 2.68E-02 1.37E-02 6.77E-01 4.55E-02 1.79E-02 9.29E-02 2.22E-02 7.49E-03 9.33E-01 3.51E-02 8.14E-03 1.48E-01 2.58E-02 2.25E-02 8.14E-01 

G3I9D3 

Proteasome subunit 

beta type   2.23E-02 1.93E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3GXZ0 

Protein-glutamine 

gamma-

glutamyltransferase 2   2.16E-02 7.48E-03 5.34E-03 9.24E-03 4.56E-02 <LOD 0.00E+00 2.53E-03 9.52E-03 8.25E-03 8.99E-02 1.00E-02 8.70E-03 1.09E-01 <LOD 0.00E+00 2.53E-03 9.80E-03 8.51E-03 1.00E-01 

A0A061ILI0 

Prostaglandin 

reductase 1-like 

protein   1.99E-02 3.45E-02 <LOD 0.00E+00 3.14E-01 7.94E-03 1.38E-02 5.60E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 6.87E-02 3.79E-02 1.34E-01 

A0A061I0X3 

Xanthine 

dehydrogenase/oxidas

e-like protein   1.91E-02 6.38E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 4.83E-03 8.36E-03 4.62E-02 <LOD 0.00E+00 2.13E-03 7.46E-03 7.51E-03 7.02E-02 <LOD 0.00E+00 2.13E-03 

G3HEE8 Alpha-L-iduronidase   1.90E-02 1.64E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

A0A061IMT7 

Olfactomedin-like 

protein 3   1.88E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   6.83E-03 1.18E-02 1.08E-01 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3H8Y5 

Collagen alpha-1(VI) 

chain   1.87E-02 6.49E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 4.10E-03 7.09E-03 3.19E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3GRS9 

N-

acetylgalactosamine-

6-sulfatase   1.85E-02 1.85E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 7.27E-03 1.26E-02 3.75E-01 <LOD 0.00E+00 1.11E-01 

G3GUR1 

Complement C1r-A 

subcomponent   1.67E-02 7.22E-03 5.15E-03 8.92E-03 1.10E-01 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 1.44E-02 2.93E-04 5.74E-01 <LOD 0.00E+00 6.57E-03 

A0A061I4U2 

Glucosidase 2 subunit 

beta-like isoform 1   1.61E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

A0A061HUR7 Biglycan   1.60E-02 2.78E-02 <LOD 0.00E+00 3.14E-01 9.21E-03 1.59E-02 6.97E-01 4.43E-02 1.61E-02 1.49E-01 9.16E-03 1.59E-02 6.95E-01 <LOD 0.00E+00 3.14E-01 1.82E-02 1.58E-02 9.07E-01 

A0A061IHT6 

Elongation factor 1-

delta-like isoform 1   1.57E-02 1.36E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 4.62E-03 8.00E-03 2.32E-01 <LOD 0.00E+00 7.56E-02 

A0A061I857 

Dual specificity 

protein phosphatase 7-

like protein   1.50E-02 0.00E+00 1.76E-02 9.05E-04 2.60E-03 1.76E-02 3.66E-04 3.34E-05 2.19E-02 9.38E-03 2.11E-01 2.92E-02 9.86E-03 3.88E-02 2.32E-02 1.05E-02 1.91E-01 1.77E-02 1.38E-03 6.43E-01 

A0A061I1F0 

Heterogeneous 

nuclear 

ribonucleoprotein G-

like 1-like protein   1.48E-02 1.29E-02 <LOD 0.00E+00 7.56E-02 1.77E-02 1.53E-02 7.95E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 2.36E-01 

A0A061HZ30 

Apoptosis-inducing 

factor 1   1.45E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

Q9JI55 Plectin (Fragment)   1.38E-02 3.40E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 
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Table E.1 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto Q 

Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061HWC7 Plastin-3   1.34E-02 2.32E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3I9P1 

LDLR chaperone 

MESD   1.33E-02 2.30E-02 3.12E-02 2.71E-02 3.74E-01 1.59E-02 2.75E-02 8.94E-01 <LOD 0.00E+00 3.14E-01 3.09E-02 2.67E-02 3.79E-01 3.03E-02 2.63E-02 3.88E-01 3.01E-02 2.62E-02 4.50E-01 

G3H8V1 

Matrix 

metalloproteinase-9   1.27E-02 0.00E+00 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   

G3H8C9 Semaphorin-3B   1.20E-02 0.00E+00 9.17E-03 7.95E-03 5.15E-01 4.76E-03 8.24E-03 1.47E-01 <LOD 0.00E+00   9.53E-03 1.65E-02 7.80E-01 2.79E-02 1.41E-02 8.07E-02 <LOD 0.00E+00 5.24E-02 

A0A061IHM8 Agrin-like isoform 1   1.08E-02 2.66E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 3.51E-03 3.04E-03 1.78E-02 <LOD 0.00E+00 5.46E-04 

G3I7A8 

Proteasome 

endopeptidase 

complex (Fragment)   1.02E-02 4.40E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3HIM1 

Basement membrane-

specific heparan 

sulfate proteoglycan 

core protein   9.98E-03 4.57E-03 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 1.09E-03 1.89E-03 1.77E-02 3.55E-03 3.55E-03 8.42E-02 2.35E-03 4.07E-03 6.06E-02 2.27E-03 1.97E-03 3.45E-02 

G3HC49 Thrombospondin-3   9.61E-03 1.66E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3GW53 

Epithelial cell 

transforming sequence 

2 oncogene-like   9.35E-03 0.00E+00 3.48E-03 6.02E-03 1.17E-01 3.73E-03 6.46E-03 1.53E-01 6.94E-03 6.02E-03 4.73E-01 7.25E-03 6.28E-03 5.45E-01 7.20E-03 6.24E-03 5.32E-01 7.08E-03 6.15E-03 5.05E-01 

A0A061HWU0 

Plasminogen activator 

inhibitor 1 RNA-

binding protein   8.82E-03 1.53E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3HN14 

Transitional 

endoplasmic reticulum 

ATPase   8.42E-03 0.00E+00 1.73E-03 3.00E-03 7.64E-03 <LOD 0.00E+00   <LOD 0.00E+00   <LOD 0.00E+00   3.27E-03 2.83E-03 1.69E-02 3.19E-03 2.77E-03 3.18E-02 

G3HEY8 

Nucleotide exchange 

factor SIL1   7.58E-03 1.31E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3GXQ2 Protein FAM59B   7.51E-03 1.30E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

A0A061IEH1 Myosin-9   4.97E-03 2.15E-03 1.39E-03 2.40E-03 8.39E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 1.43E-03 2.48E-03 9.16E-02 <LOD 0.00E+00 6.57E-03 

G3IA10 

Heterogeneous 

nuclear 

ribonucleoprotein U-

like protein 1   3.78E-03 3.27E-03 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HFZ6 

Phosphatidylinositol 

4-kinase alpha   2.89E-03 2.50E-03 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 1.63E-03 2.83E-03 5.48E-01 3.27E-03 2.85E-03 8.69E-01 

A0A061HUS0 

Calcium-transporting 

ATPase   2.38E-03 4.12E-03 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 
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Table E.2: Calculated mean and standard deviation (N=3) of spectral abundance factor (SAF) and p-value from ANOVA comparison 

to feed spectral abundance factor by host cell protein species and resin at pH 7, 20 mM NaCl. Theoretical molecular weight (MW) and 

isoelectric point (pI) calculated based on amino acid sequence is tabulated based on the ExPASy Compute MW/pI (Swiss Institute of 

Bioinformatics), in addition to the calculated grand average of hydropathy (GRAVY) 50, as calculated by the Fuchs GRAVY Calculator 

(Fuchs). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3HNJ3 Clusterin   8.32E-01 1.69E-01 
2.11E-

02 2.81E-04 2.41E-04 

1.39E-

02 2.41E-02 2.42E-04 

1.01E-

01 9.29E-02 7.31E-04 

3.16E-

02 3.01E-02 2.76E-04 

9.24E-

02 6.17E-02 5.00E-04 4.74E-02 1.09E-02 2.99E-04 

G3H533 

Peptidyl-prolyl cis-trans 

isomerase   7.91E-01 3.01E-01 
3.70E-

01 8.54E-02 4.77E-02 

4.05E-

01 4.59E-02 5.74E-02 

5.91E-

02 2.30E-02 5.33E-03 

1.72E-

01 5.21E-02 1.11E-02 

4.35E-

01 9.36E-02 8.04E-02 1.18E-01 4.90E-02 8.90E-03 

G3GTT2 C-C motif chemokine   7.81E-01 7.31E-02 
2.30E-

01 3.88E-02 5.00E-05 

5.06E-

01 4.50E-01 2.97E-01 

9.51E-

01 2.89E-01 3.19E-01 

3.69E-

01 1.74E-01 8.41E-03 

2.09E-

01 1.21E-01 5.48E-04 1.55E-01 3.55E-02 3.52E-05 

Q9JKY1 Peroxiredoxin-1   6.76E-01 1.19E-01 
1.63E-

02 2.82E-02 1.40E-04 

1.62E-

02 2.81E-02 1.40E-04 

1.44E-

01 1.70E-01 4.23E-03 

4.26E-

02 4.08E-02 1.95E-04 

2.62E-

01 1.15E-01 4.68E-03 <LOD 0.00E+00 1.09E-04 

G3IDM2 Cofilin-1   6.31E-01 1.90E-01 
9.82E-

02 3.44E-02 3.08E-03 

7.99E-

02 6.92E-02 3.25E-03 

4.59E-

01 1.21E-01 1.99E-01 

1.21E-

01 1.06E-01 6.14E-03 

2.38E-

01 1.55E-01 2.67E-02 1.14E-01 2.45E-03 3.58E-03 

G3IPU3 14-3-3 protein epsilon   5.49E-01 1.93E-01 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 <LOD 0.00E+00 2.73E-03 

G3IKQ9 Osteopontin   4.29E-01 1.58E-01 <LOD 0.00E+00 3.27E-03 <LOD 0.00E+00 3.27E-03 

2.12E-

01 3.83E-02 4.88E-02 

2.28E-

02 3.94E-02 4.70E-03 <LOD 0.00E+00 3.27E-03 <LOD 0.00E+00 3.27E-03 

G3I3U5 Nidogen-1   3.88E-01 5.07E-02 <LOD 0.00E+00 2.56E-05 

1.22E-

02 2.11E-02 4.40E-05 

3.44E-

02 3.49E-02 1.03E-04 <LOD 0.00E+00 2.56E-05 

6.06E-

02 1.97E-02 8.24E-05 <LOD 0.00E+00 2.56E-05 

G3H8V4 Phospholipid transfer protein   3.62E-01 1.08E-01 <LOD 0.00E+00 1.29E-03 <LOD 0.00E+00 1.29E-03 

3.22E-

02 5.58E-02 3.30E-03 <LOD 0.00E+00 1.29E-03 

1.98E-

02 1.95E-02 1.78E-03 <LOD 0.00E+00 1.34E-03 

G3I8R9 

Endoplasmic reticulum 

chaperone BiP   3.50E-01 2.11E-02 <LOD 0.00E+00 5.50E-07 <LOD 0.00E+00 5.50E-07 <LOD 0.00E+00 5.50E-07 <LOD 0.00E+00 5.50E-07 <LOD 0.00E+00 5.50E-07 <LOD 0.00E+00 5.50E-07 

G3H0L9 Cathepsin B   3.38E-01 6.16E-02 <LOD 0.00E+00 1.28E-04 

9.76E-

03 1.69E-02 1.75E-04 

9.33E-

03 1.62E-02 1.72E-04 

1.89E-

02 1.64E-02 1.99E-04 

9.76E-

02 5.98E-02 2.90E-03 1.21E-01 6.21E-02 4.42E-03 

G3I1V3 Fibronectin   3.16E-01 5.33E-02 
8.03E-

03 7.06E-03 1.04E-04 

5.48E-

03 6.38E-03 9.93E-05 

8.94E-

03 5.81E-03 1.04E-04 

2.34E-

02 1.80E-02 1.66E-04 

2.94E-

02 1.57E-02 1.72E-04 1.79E-02 4.11E-03 1.23E-04 

G3HHR3 Vimentin   3.10E-01 9.56E-02 <LOD 0.00E+00 1.49E-03 <LOD 0.00E+00 1.49E-03 <LOD 0.00E+00 1.49E-03 <LOD 0.00E+00 1.49E-03 <LOD 0.00E+00 1.49E-03 <LOD 0.00E+00 1.49E-03 

G3GVD0 Actin, cytoplasmic 1   3.04E-01 6.92E-02 <LOD 0.00E+00 3.71E-04 <LOD 0.00E+00 3.71E-04 <LOD 0.00E+00 3.71E-04 

1.65E-

02 2.86E-02 6.99E-04 <LOD 0.00E+00 3.71E-04 8.25E-03 1.43E-02 4.93E-04 

G3IQ06 

Pigment epithelium-derived 

factor   2.99E-01 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3IKX2 

Pigment epithelium-derived 

factor   2.83E-01 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3IBH0 Metalloproteinase inhibitor 1   2.83E-01 9.29E-02 
2.27E-

01 3.00E-02 3.20E-01 

2.80E-

01 8.00E-02 9.69E-01 

3.31E-

01 5.40E-02 4.25E-01 

2.25E-

01 2.14E-02 2.94E-01 

2.81E-

01 1.12E-01 9.79E-01 1.41E-01 3.04E-03 3.18E-02 

G3I1H5 Legumain   2.76E-01 4.66E-02 <LOD 0.00E+00 8.86E-05 <LOD 0.00E+00 8.86E-05 

3.53E-

02 6.11E-02 1.77E-03 <LOD 0.00E+00 8.86E-05 <LOD 0.00E+00 8.86E-05 <LOD 0.00E+00 8.86E-05 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

A0A061I5D1 Heat shock cognate protein   2.76E-01 4.76E-02 <LOD 0.00E+00 9.85E-05 <LOD 0.00E+00 9.85E-05 

4.77E-

02 8.22E-03 2.63E-04 

9.35E-

03 1.62E-02 1.52E-04 <LOD 0.00E+00 9.85E-05 <LOD 0.00E+00 9.85E-05 

G3IL03 Uncharacterized protein   2.72E-01 4.28E-02 
8.07E-

02 1.08E-03 3.43E-04 

1.62E-

01 1.37E-01 1.98E-01 

3.64E-

01 3.11E-02 1.96E-02 

1.41E-

01 1.09E-01 8.37E-02 

1.66E-

01 1.49E-01 2.46E-01 7.79E-02 1.68E-03 3.21E-04 

Q9EPP7 Cathepsin Z   2.65E-01 2.94E-02 <LOD 0.00E+00 1.14E-05 <LOD 0.00E+00 1.14E-05 

3.05E-

02 3.09E-02 1.27E-04 <LOD 0.00E+00 1.14E-05 <LOD 0.00E+00 1.14E-05 <LOD 0.00E+00 1.14E-05 

G3HKZ1 14-3-3 protein zeta/delta   2.53E-01 1.25E-01 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 

G3HBD4 Nucleoside diphosphate kinase   2.52E-01 3.36E-02 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 

G3HLS2 14-3-3 protein beta/alpha   2.28E-01 2.08E-02 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 

G3HCL6 Complement C3   2.25E-01 8.31E-02 
6.02E-

03 6.07E-03 3.79E-03 

1.21E-

02 3.21E-04 4.23E-03 

7.73E-

03 3.31E-03 3.89E-03 

7.77E-

03 6.74E-03 3.94E-03 

6.05E-

03 2.23E-04 3.75E-03 5.78E-03 1.25E-04 3.75E-03 

G3H5D5 Acyl-CoA-binding protein   2.22E-01 7.41E-02 
2.68E-

02 4.64E-02 7.49E-03 

2.67E-

02 4.62E-02 7.44E-03 

7.93E-

02 7.78E-02 4.96E-02 

2.55E-

02 4.42E-02 6.93E-03 

1.09E-

01 9.44E-02 1.27E-01 <LOD 0.00E+00 2.13E-03 

G3H705 Cystatin   2.10E-01 5.20E-02 
9.81E-

02 1.31E-03 8.73E-03 

9.95E-

02 2.64E-03 9.21E-03 

9.52E-

02 4.55E-03 7.98E-03 

9.08E-

02 8.65E-03 7.12E-03 

6.62E-

02 5.74E-02 1.55E-02 9.48E-02 2.04E-03 7.76E-03 

G3GZB2 Acid ceramidase   2.09E-01 3.42E-02 <LOD 0.00E+00 7.59E-05 <LOD 0.00E+00 7.59E-05 

1.57E-

02 2.71E-02 3.56E-04 <LOD 0.00E+00 7.59E-05 <LOD 0.00E+00 7.59E-05 <LOD 0.00E+00 7.59E-05 

A0A061I2D3 

14-3-3 protein gamma-like 

protein   2.06E-01 2.23E-02 <LOD 0.00E+00 1.00E-05 <LOD 0.00E+00 1.00E-05 <LOD 0.00E+00 1.00E-05 <LOD 0.00E+00 1.00E-05 <LOD 0.00E+00 1.00E-05 <LOD 0.00E+00 1.00E-05 

P48538 Galectin-1   2.03E-01 1.35E-01 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 

2.15E-

01 1.87E-01 9.24E-01 

4.36E-

02 3.80E-02 7.96E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 

G3IEF1 Ferritin   2.02E-01 2.69E-02 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 <LOD 0.00E+00 2.78E-05 

G3HB04 Protein disulfide-isomerase A6   2.00E-01 5.38E-02 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 

Q9WV24 Beta-2-microglobulin   1.93E-01 4.18E-02 
7.89E-

02 1.05E-03 3.22E-03 

5.40E-

02 4.68E-02 7.73E-03 

1.54E-

01 7.77E-02 4.30E-01 

4.36E-

02 7.54E-02 2.01E-02 

1.07E-

01 5.03E-02 5.20E-02 2.49E-02 4.32E-02 5.11E-03 

G3HPT8 Suprabasin   1.93E-01 4.78E-02 
1.72E-

02 1.73E-02 1.12E-03 

1.16E-

02 1.00E-02 8.09E-04 

6.13E-

02 4.20E-02 1.02E-02 

3.09E-

02 1.34E-02 1.46E-03 

2.85E-

02 9.26E-03 1.25E-03 <LOD 0.00E+00 6.32E-04 

G3HBD3 Nucleoside diphosphate kinase   1.93E-01 3.34E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

1.74E-

02 3.01E-02 6.44E-04 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

G3H8V5 Carboxypeptidase   1.85E-01 4.88E-02 <LOD 0.00E+00 7.46E-04 <LOD 0.00E+00 7.46E-04 

6.46E-

03 1.12E-02 9.89E-04 <LOD 0.00E+00 7.46E-04 <LOD 0.00E+00 7.46E-04 <LOD 0.00E+00 7.46E-04 

G3HLT0 Antileukoproteinase   1.83E-01 1.05E-01 
4.99E-

02 4.32E-02 7.23E-02 

1.53E-

01 7.99E-02 6.77E-01 

1.21E-

01 4.29E-02 3.38E-01 

1.14E-

01 3.99E-02 2.91E-01 

2.01E-

01 4.42E-02 7.63E-01 2.88E-01 6.21E-03 1.08E-01 

Q8HDG8 

Retinoic acid receptor 

responder protein 2   1.78E-01 1.11E-01 
7.76E-

02 3.32E-02 1.54E-01 

5.88E-

02 5.78E-02 1.24E-01 

7.52E-

02 3.22E-02 1.46E-01 

3.21E-

02 5.57E-02 7.21E-02 

9.97E-

02 7.24E-02 3.04E-01 <LOD 0.00E+00 2.68E-02 

G3HMG4 Amyloid beta A4 protein   1.77E-01 3.11E-02 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 <LOD 0.00E+00 1.09E-04 

G3I1Y9 Sulfated glycoprotein 1   1.70E-01 5.57E-02 <LOD 0.00E+00 1.97E-03 <LOD 0.00E+00 1.97E-03 

2.44E-

01 5.54E-02 1.31E-01 

2.36E-

02 2.05E-02 4.96E-03 

1.06E-

01 7.91E-02 2.53E-01 6.35E-02 4.28E-02 8.15E-02 

G3INC5 Cathepsin L1   1.70E-01 1.55E-02 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 

4.72E-

02 3.25E-02 1.18E-03 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 <LOD 0.00E+00 4.29E-06 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3IEY9 14-3-3 protein theta   1.68E-01 1.50E-01 
1.30E-

02 2.25E-02 1.04E-01 <LOD 0.00E+00 8.21E-02 

1.26E-

02 2.19E-02 1.04E-01 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

G3GZW8 Phosphoglycerate mutase 1   1.65E-01 2.86E-02 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

G3HBI1 Peroxidasin-like   1.59E-01 2.86E-02 <LOD 0.00E+00 1.19E-04 <LOD 0.00E+00 1.19E-04 

1.28E-

02 6.12E-04 1.77E-04 

2.09E-

03 3.61E-03 1.31E-04 

1.33E-

02 6.31E-03 2.02E-04 8.45E-03 3.50E-03 1.60E-04 

G3IN86 Dipeptidyl-peptidase 2   1.48E-01 3.69E-02 <LOD 0.00E+00 5.71E-04 <LOD 0.00E+00 5.71E-04 

1.28E-

02 1.11E-02 1.06E-03 <LOD 0.00E+00 5.71E-04 <LOD 0.00E+00 5.71E-04 <LOD 0.00E+00 5.71E-04 

G3HWE4 Nidogen-1   1.48E-01 1.46E-02 <LOD 0.00E+00 6.44E-06 

9.59E-

03 1.66E-02 6.86E-05 

4.43E-

03 7.67E-03 1.36E-05 

4.37E-

03 7.56E-03 1.34E-05 <LOD 0.00E+00 6.44E-06 <LOD 0.00E+00 7.62E-05 

G3HK90 14-3-3 protein eta   1.48E-01 1.28E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3I255 L-lactate dehydrogenase   1.43E-01 2.38E-02 
5.20E-

02 2.66E-02 4.41E-03 

4.41E-

02 4.10E-02 1.01E-02 

6.67E-

02 3.71E-02 2.08E-02 

4.83E-

02 2.69E-02 3.82E-03 

9.04E-

03 1.57E-02 2.70E-04 <LOD 0.00E+00 2.49E-04 

A0A061I451 Nucleobindin-2-like protein   1.36E-01 4.47E-02 
6.55E-

03 1.13E-02 2.84E-03 <LOD 0.00E+00 1.99E-03 

6.58E-

03 1.14E-02 2.85E-03 

6.44E-

03 1.12E-02 2.82E-03 <LOD 0.00E+00 1.99E-03 <LOD 0.00E+00 1.99E-03 

G3IG05 Annexin   1.36E-01 9.32E-02 
4.04E-

02 4.01E-02 1.28E-01 

1.36E-

02 2.35E-02 5.70E-02 

7.83E-

02 3.74E-03 2.86E-01 

4.85E-

02 1.59E-02 1.34E-01 

6.75E-

02 6.08E-02 2.88E-01 1.27E-02 2.21E-02 5.53E-02 

Q91Z81 Protein disulfide-isomerase   1.35E-01 4.07E-02 <LOD 0.00E+00 1.35E-03 <LOD 0.00E+00 1.35E-03 

5.59E-

02 4.88E-02 6.09E-02 

5.29E-

03 9.16E-03 1.81E-03 <LOD 0.00E+00 1.35E-03 <LOD 0.00E+00 1.35E-03 

G3HHV4 Thrombospondin-1   1.33E-01 4.41E-02 <LOD 0.00E+00 2.06E-03 <LOD 0.00E+00 2.06E-03 

1.17E-

02 2.02E-02 4.64E-03 <LOD 0.00E+00 2.06E-03 

5.89E-

03 1.02E-02 2.82E-03 <LOD 0.00E+00 2.06E-03 

G3HIQ1 

Peptidyl-prolyl cis-trans 

isomerase   1.30E-01 3.23E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

5.83E-

02 5.65E-02 8.50E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3HY03 D-dopachrome decarboxylase   1.27E-01 8.81E-02 <LOD 0.00E+00 3.82E-02 

2.89E-

02 5.01E-02 1.19E-01 

5.50E-

02 4.77E-02 2.22E-01 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

Q540F6 Elongation factor 1-alpha   1.26E-01 1.10E-01 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 

A0A061IH04 Nucleobindin-2-like protein   1.26E-01 2.89E-02 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 

G3H3E4 Galectin-3-binding protein   1.25E-01 2.71E-02 
2.27E-

02 9.61E-03 9.76E-04 

4.07E-

02 2.06E-02 4.81E-03 

2.23E-

02 2.50E-02 2.92E-03 

3.70E-

02 1.05E-02 2.02E-03 

2.30E-

02 2.00E-02 2.02E-03 5.49E-02 8.53E-03 5.83E-03 

G3HQY6 Lipase   1.24E-01 3.35E-02 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 

7.56E-

03 1.31E-02 1.50E-03 <LOD 0.00E+00 8.13E-04 <LOD 0.00E+00 8.13E-04 

G3HCX3 Deoxyribonuclease-2-alpha   1.24E-01 6.55E-02 <LOD 0.00E+00 1.46E-02 <LOD 0.00E+00 1.46E-02 

6.10E-

02 1.49E-02 1.30E-01 

8.98E-

03 1.55E-02 2.14E-02 <LOD 0.00E+00 1.46E-02 <LOD 0.00E+00 1.46E-02 

A0A061I0G5 Protein disulfide-isomerase   1.22E-01 1.06E-01 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 <LOD 0.00E+00 7.65E-02 

G3IDN7 Protein FAM3C   1.21E-01 4.05E-02 <LOD 0.00E+00 2.13E-03 

1.53E-

02 2.66E-02 8.14E-03 

1.50E-

02 2.60E-02 7.81E-03 

1.47E-

02 2.54E-02 7.54E-03 

3.03E-

02 2.63E-02 1.46E-02 1.39E-02 2.41E-02 9.24E-03 

A0A061IPG4 

Tropomyosin alpha-1 chain-like 

protein   1.18E-01 3.15E-02 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 <LOD 0.00E+00 7.71E-04 

G3I3H2 60S acidic ribosomal protein P2   1.14E-01 4.93E-02 
3.15E-

02 5.46E-02 8.21E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3GXB0 

Rho GDP-dissociation inhibitor 

1   1.14E-01 6.53E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

P17244 

Glyceraldehyde-3-phosphate 

dehydrogenase   1.12E-01 2.80E-02 
4.06E-

02 1.74E-02 8.54E-03 

4.14E-

02 3.59E-02 2.99E-02 

6.90E-

02 1.69E-02 5.14E-02 

2.70E-

02 2.54E-02 7.34E-03 

6.14E-

02 2.92E-02 5.97E-02 3.91E-02 1.62E-02 1.01E-02 

G3GUU5 Transketolase   1.08E-01 2.26E-02 <LOD 0.00E+00 2.42E-04 <LOD 0.00E+00 2.42E-04 

1.01E-

02 8.79E-03 5.38E-04 

4.44E-

03 7.69E-03 3.83E-04 

3.84E-

02 2.63E-02 1.13E-02 <LOD 0.00E+00 2.42E-04 

Q8K3U7 Peroxiredoxin-2   1.07E-01 2.65E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3IBF4 Serine protease HTRA1   1.05E-01 0.00E+00 
1.28E-

02 2.22E-02 4.98E-04 <LOD 0.00E+00 0.00E+00 

1.29E-

02 2.23E-02 5.10E-04 

2.25E-

02 1.96E-02 4.65E-04 

3.84E-

02 1.42E-03 3.13E-09 3.67E-02 7.90E-04 1.49E-10 

A0A061ID29 Heat shock protein   1.04E-01 1.80E-01 <LOD 0.00E+00 3.14E-01 

2.81E-

02 4.87E-02 4.66E-01 

2.73E-

02 4.74E-02 4.61E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3I6T1 Phospholipase B-like   1.02E-01 2.33E-02 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 

5.14E-

03 8.91E-03 6.68E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 <LOD 0.00E+00 3.81E-04 

G3IAQ0 Alpha-enolase   9.99E-02 3.27E-02 
2.33E-

02 3.12E-04 6.20E-03 

8.11E-

03 1.41E-02 4.13E-03 

7.51E-

02 1.01E-02 2.19E-01 

3.67E-

02 1.51E-02 1.93E-02 

1.51E-

02 2.62E-02 1.12E-02 7.36E-03 1.28E-02 4.41E-03 

G3I8P7 

N-acetylglucosamine-6-

sulfatase   9.93E-02 2.15E-02 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

3.97E-

02 2.13E-02 1.25E-02 <LOD 0.00E+00 2.91E-04 

6.59E-

03 1.14E-02 7.19E-04 <LOD 0.00E+00 2.91E-04 

A0A061IML2 Annexin   9.58E-02 1.92E-02 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 

G3IF80 Nucleolin   9.54E-02 1.91E-02 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 

6.68E-

03 1.16E-02 5.89E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 <LOD 0.00E+00 2.00E-04 

A0A061HYZ1 Peroxiredoxin-6-like protein   9.01E-02 4.46E-02 
4.24E-

02 4.27E-02 1.95E-01 

2.83E-

02 4.89E-02 1.30E-01 

6.73E-

02 2.12E-02 4.13E-01 

1.16E-

02 2.01E-02 2.66E-02 

4.26E-

02 1.57E-03 9.41E-02 <LOD 0.00E+00 1.13E-02 

G3H7I6 Sulfhydryl oxidase   9.01E-02 2.96E-02 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 <LOD 0.00E+00 2.00E-03 

G3HSL4 Elongation factor 2   8.97E-02 5.21E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 

3.62E-

03 6.28E-03 2.46E-02 

3.57E-

03 6.18E-03 2.46E-02 <LOD 0.00E+00 2.07E-02 3.56E-03 6.17E-03 2.49E-02 

A0A061ILY9 Tenascin   8.96E-02 2.33E-02 <LOD 0.00E+00 6.81E-04 <LOD 0.00E+00 6.81E-04 <LOD 0.00E+00 6.81E-04 <LOD 0.00E+00 6.81E-04 <LOD 0.00E+00 6.81E-04 <LOD 0.00E+00 6.81E-04 

G3HGM6 

N(4)-(Beta-N-

acetylglucosaminyl)-L-

asparaginase   8.96E-02 6.21E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

7.44E-

02 4.04E-02 7.07E-01 

8.08E-

03 1.40E-02 5.58E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

A0A061HTU1 

Suprabasin-like protein 

(Fragment)   8.82E-02 7.78E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 

A0A061IEW1 

Nuclear migration protein 

nudC-like protein   8.70E-02 3.01E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3H0U6 Protein disulfide-isomerase A3   8.67E-02 8.08E-02 <LOD 0.00E+00 9.25E-02 <LOD 0.00E+00 9.25E-02 <LOD 0.00E+00 9.25E-02 <LOD 0.00E+00 9.25E-02 <LOD 0.00E+00 9.25E-02 <LOD 0.00E+00 9.25E-02 

G3H928 

Adenylate kinase 2, 

mitochondrial   8.66E-02 3.75E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3I5R2 40S ribosomal protein S28   8.55E-02 7.40E-02 <LOD 0.00E+00 7.56E-02 

4.69E-

02 8.12E-02 5.27E-01 

1.35E-

01 2.33E-01 7.13E-01 

1.24E-

01 1.16E-01 6.16E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3GWR8 

Proteasome endopeptidase 

complex (Fragment)   8.40E-02 4.20E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

A0A061I107 

Heat shock protein HSP 90-

alpha (Fragment)   8.39E-02 3.63E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

A0A061IL27 Periostin isoform 2   8.25E-02 3.46E-02 <LOD 0.00E+00 5.74E-03 <LOD 0.00E+00 5.74E-03 

1.14E-

02 5.44E-04 1.05E-02 <LOD 0.00E+00 5.74E-03 <LOD 0.00E+00 5.74E-03 <LOD 0.00E+00 5.74E-03 

A0A098KXC0 Pyruvate kinase   8.19E-02 3.09E-02 <LOD 0.00E+00 3.68E-03 <LOD 0.00E+00 3.68E-03 

8.60E-

03 1.49E-02 9.03E-03 <LOD 0.00E+00 3.68E-03 <LOD 0.00E+00 3.68E-03 4.23E-03 7.32E-03 5.52E-03 

G3I3Y6 Glutathione S-transferase P   8.00E-02 4.00E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

1.38E-

02 2.39E-02 4.02E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

G3ILK7 Calsyntenin-1   7.95E-02 2.26E-02 <LOD 0.00E+00 1.03E-03 <LOD 0.00E+00 1.03E-03 <LOD 0.00E+00 1.03E-03 <LOD 0.00E+00 1.03E-03 <LOD 0.00E+00 1.03E-03 <LOD 0.00E+00 1.03E-03 

G3H0C2 Proteasome subunit alpha type   7.91E-02 1.96E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3I5L3 Annexin   7.73E-02 2.58E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 

9.12E-

03 1.58E-02 7.22E-03 <LOD 0.00E+00 2.13E-03 

G3HKG9 60S acidic ribosomal protein P0   7.63E-02 1.89E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3H6Y5 Peptidylprolyl isomerase   7.58E-02 1.31E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3HQM6 Endoplasmin   7.56E-02 1.87E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3GR64 

Inter-alpha-trypsin inhibitor 

heavy chain H5   7.52E-02 1.50E-02 <LOD 0.00E+00 1.96E-04 

3.72E-

03 6.43E-03 3.73E-04 

1.02E-

02 1.03E-02 9.63E-04 

3.56E-

03 6.16E-03 3.58E-04 <LOD 0.00E+00 1.96E-04 <LOD 0.00E+00 1.96E-04 

G3H6Y6 NSFL1 cofactor p47   7.32E-02 4.88E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 

G3HS88 

Ubiquitin-conjugating enzyme 

E2 N (Fragment)   7.17E-02 3.10E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

3.76E-

02 6.52E-02 4.03E-01 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3H5Q0 Actin, alpha cardiac muscle 1   7.14E-02 1.24E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3HU51 

Isocitrate dehydrogenase 

[NADP]   7.14E-02 3.27E-02 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 

2.22E-

02 2.25E-02 6.17E-02 

2.16E-

02 2.05E-03 3.22E-02 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 

G3I3G8 Transaldolase   7.11E-02 6.16E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

9.33E-

03 1.62E-02 1.19E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

A0A061IQJ9 EF-HAND 2 containing protein   7.04E-02 3.52E-02 
2.57E-

02 2.23E-02 9.22E-02 

5.18E-

02 2.21E-02 4.25E-01 

4.95E-

02 2.12E-02 3.70E-01 

2.27E-

02 1.98E-02 7.10E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

G3IAP3 Connective tissue growth factor   7.00E-02 3.03E-02 
6.69E-

02 1.75E-02 8.69E-01 

8.63E-

02 4.80E-02 6.01E-01 

2.59E-

01 3.59E-02 5.59E-04 

8.45E-

02 4.98E-02 6.51E-01 

1.26E-

01 6.21E-02 1.79E-01 5.52E-02 1.19E-03 3.89E-01 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3H303 Proteasome subunit beta   6.85E-02 5.93E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HYJ9 Moesin   6.76E-02 6.03E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

2.03E-

02 3.51E-02 2.46E-01 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

G3IEU2 Protein DJ-1   6.70E-02 5.80E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

1.69E-

02 2.93E-02 1.96E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3H0E4 

Chondroitin sulfate 

proteoglycan 4   6.62E-02 6.06E-03 <LOD 0.00E+00 4.40E-06 <LOD 0.00E+00 4.40E-06 <LOD 0.00E+00 4.40E-06 <LOD 0.00E+00 4.40E-06 <LOD 0.00E+00 4.40E-06 <LOD 0.00E+00 4.40E-06 

G3I216 Triosephosphate isomerase   6.54E-02 2.83E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

3.60E-

02 3.12E-02 2.35E-01 <LOD 0.00E+00 6.57E-03 

G3HNT9 Proteasome subunit beta type-1   6.41E-02 6.41E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 

G3HG95 Lamin-A/C   6.25E-02 1.56E-02 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 <LOD 0.00E+00 5.73E-04 

G3HCX8 Calreticulin   6.22E-02 3.59E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 <LOD 0.00E+00 2.02E-02 

A0A061HUH1 Caltractin-like protein   5.95E-02 1.03E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3IKH9 

Phosphoserine 

aminotransferase   5.90E-02 2.95E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

9.94E-

03 1.72E-02 3.88E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

G3H1D5 Carboxypeptidase   5.86E-02 1.95E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 

6.91E-

03 1.20E-02 7.22E-03 <LOD 0.00E+00 2.13E-03 

A0A061I0I3 

SH3 domain-binding glutamic 

acid-rich-like protein   5.81E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

2.15E-

02 3.73E-02 1.16E-01 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3IKC3 Glutathione S-transferase Mu 6   5.78E-02 2.00E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

3.57E-

02 3.13E-02 3.00E-01 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

A0A061I2S4 

Putative out at first protein like 

protein (Fragment)   5.67E-02 6.50E-02 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 <LOD 0.00E+00 1.52E-01 

G3IEB7 Out at first protein-like   5.65E-02 9.79E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3GUR0 

Calcium-dependent serine 

proteinase   5.60E-02 2.69E-02 <LOD 0.00E+00 1.00E-02 <LOD 0.00E+00 1.00E-02 <LOD 0.00E+00 1.00E-02 <LOD 0.00E+00 1.00E-02 <LOD 0.00E+00 1.00E-02 <LOD 0.00E+00 1.00E-02 

G3HC84 Heat shock protein HSP 90-beta   5.58E-02 3.20E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 <LOD 0.00E+00 1.97E-02 

A0A061IKA1 Lipoprotein lipase   5.50E-02 1.83E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 

G3HDQ2 Malate dehydrogenase   5.49E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

1.98E-

02 1.72E-02 1.07E-02 

1.94E-

02 1.68E-02 9.53E-03 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3IH84 Arylsulfatase A   5.45E-02 3.64E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 <LOD 0.00E+00 3.36E-02 

A0A061HV35 

Tyrosine-protein kinase BTK 

isoform 2   5.29E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

B8Y440 Sialidase I   5.23E-02 5.64E-02 <LOD 0.00E+00 1.33E-01 <LOD 0.00E+00 1.33E-01 <LOD 0.00E+00 1.33E-01 <LOD 0.00E+00 1.33E-01 <LOD 0.00E+00 1.33E-01 <LOD 0.00E+00 1.33E-01 

G3H7B3 Galectin   5.14E-02 3.56E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 <LOD 0.00E+00 3.82E-02 

G3HXN7 Beta-hexosaminidase   4.99E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3HIM1 

Basement membrane-specific 

heparan sulfate proteoglycan 

core protein   4.99E-02 1.99E-02 <LOD 0.00E+00 4.68E-03 <LOD 0.00E+00 4.68E-03 <LOD 0.00E+00 4.68E-03 <LOD 0.00E+00 4.68E-03 <LOD 0.00E+00 4.68E-03 1.03E-03 1.78E-03 5.20E-03 

G3HZD1 Tenascin-X   4.97E-02 4.31E-02 <LOD 0.00E+00 7.58E-02 <LOD 0.00E+00 7.58E-02 <LOD 0.00E+00 7.58E-02 <LOD 0.00E+00 7.58E-02 <LOD 0.00E+00 7.58E-02 1.25E-03 2.17E-03 8.16E-02 

G3HQD5 

Peptidyl-glycine alpha-

amidating monooxygenase B   4.93E-02 2.44E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 

A0A061I8U9 Beta-hexosaminidase   4.79E-02 4.23E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 <LOD 0.00E+00 7.95E-02 

A0A061I019 Proteasome subunit alpha type   4.78E-02 2.07E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3H584 SPARC   4.73E-02 4.09E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3I1S5 

Glyceraldehyde-3-phosphate 

dehydrogenase   4.72E-02 8.17E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3HM03 

Synaptic vesicle membrane 

protein VAT-1-like   4.68E-02 2.03E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

A0A061I6V4 Laminin subunit beta-1   4.67E-02 4.08E-02 <LOD 0.00E+00 7.72E-02 <LOD 0.00E+00 7.72E-02 <LOD 0.00E+00 7.72E-02 <LOD 0.00E+00 7.72E-02 <LOD 0.00E+00 7.72E-02 <LOD 0.00E+00 7.72E-02 

G3HXH6 

Activated RNA polymerase II 

transcriptional coactivator p15   4.66E-02 4.04E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3H2J8 

Heterogeneous nuclear 

ribonucleoproteins A2/B1   4.60E-02 1.99E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

A0A061HUL1 Filamin-A   4.55E-02 2.34E-02 <LOD 0.00E+00 1.30E-02 <LOD 0.00E+00 1.30E-02 

3.85E-

03 3.78E-03 1.91E-02 <LOD 0.00E+00 1.30E-02 <LOD 0.00E+00 1.30E-02 <LOD 0.00E+00 1.30E-02 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3HSE4 Proteasome subunit alpha type   4.52E-02 1.96E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3GT05 

T-complex protein 1 subunit 

theta   4.50E-02 4.50E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 

G3H585 

Copper transport protein 

ATOX1   4.50E-02 7.80E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

4.66E-

02 8.07E-02 9.80E-01 <LOD 0.00E+00 3.14E-01 4.65E-02 8.05E-02 9.81E-01 

A0A061HWS2 Protein disulfide-isomerase   4.48E-02 1.11E-02 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3HAP7 Glutathione synthetase   4.47E-02 3.99E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

G3HWE7 Dickkopf-related protein 3   4.35E-02 3.99E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 <LOD 0.00E+00 8.83E-02 

G3IIB1 Sialate O-acetylesterase   4.34E-02 1.88E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

4.89E-

03 8.48E-03 1.53E-02 

1.86E-

02 3.22E-02 2.54E-01 1.15E-02 9.99E-03 3.38E-02 

G3HD97 

Thioredoxin domain-containing 

protein 5   4.32E-02 2.16E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 <LOD 0.00E+00 1.17E-02 

G3I3K5 G-protein coupled receptor 56   4.31E-02 1.49E-02 
4.77E-

03 8.26E-03 7.35E-03 

4.90E-

03 8.49E-03 7.66E-03 

1.86E-

02 1.62E-02 8.37E-02 

3.89E-

03 6.73E-03 5.65E-03 

1.41E-

02 1.37E-02 3.93E-02 4.45E-03 7.71E-03 6.67E-03 

G3H3K7 Chitinase-3-like protein 1   4.16E-02 3.60E-02 
4.60E-

03 7.96E-03 1.10E-01 

4.49E-

03 7.77E-03 1.09E-01 

3.51E-

02 1.50E-02 7.61E-01 

4.30E-

03 7.45E-03 1.07E-01 

1.85E-

02 8.66E-03 2.82E-01 <LOD 0.00E+00 7.56E-02 

G3H1K9 Alpha-actinin-1   4.15E-02 2.41E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 <LOD 0.00E+00 2.07E-02 

G3HLX3 

Alpha-N-

acetylglucosaminidase   4.00E-02 6.92E-03 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 <LOD 0.00E+00 9.99E-05 

G3H217 Pentraxin-related protein PTX3   3.95E-02 1.37E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3I4W7 Cathepsin D   3.78E-02 1.31E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

5.54E-

02 3.60E-02 4.14E-01 

2.19E-

02 2.06E-02 2.62E-01 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

A0A061I6A0 

Glutathione S-transferase A4-

like protein   3.72E-02 6.44E-02 <LOD 0.00E+00 3.14E-01 

1.34E-

02 2.32E-02 5.31E-01 

1.25E-

02 2.17E-02 5.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

P50309 Glucose-6-phosphate isomerase   3.70E-02 9.16E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

O08782 

Aldose reductase-related 

protein 2   3.67E-02 1.59E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

G3HLK3 Granulins   3.65E-02 1.81E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 <LOD 0.00E+00 1.13E-02 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3I664 

Procollagen C-endopeptidase 

enhancer 1   3.62E-02 3.62E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 

1.88E-

02 1.90E-02 4.47E-01 <LOD 0.00E+00 1.11E-01 

6.41E-

03 1.11E-02 1.88E-01 1.28E-02 1.11E-02 2.94E-01 

G3HAI3 Follistatin-related protein 1   3.57E-02 1.77E-02 
1.67E-

02 1.65E-02 1.87E-01 

2.24E-

02 9.22E-03 2.53E-01 

3.26E-

02 1.64E-02 8.10E-01 

1.08E-

02 9.39E-03 6.10E-02 

1.71E-

02 1.75E-02 2.06E-01 3.22E-02 6.95E-04 7.59E-01 

A0A061I4Z7 

Membrane frizzled-related 

protein isoform 2   3.51E-02 7.60E-03 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

A0A061ILE8 

Purine nucleoside 

phosphorylase-like protein   3.51E-02 3.04E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

A0A061IKY1 Decorin   3.48E-02 1.16E-02 <LOD 0.00E+00 2.13E-03 <LOD 0.00E+00 2.13E-03 

4.06E-

03 7.03E-03 7.10E-03 <LOD 0.00E+00 2.13E-03 

4.42E-

03 7.65E-03 8.22E-03 8.22E-03 7.12E-03 1.63E-02 

G3H8F4 Dystroglycan   3.44E-02 1.58E-02 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 

3.56E-

03 6.17E-03 1.68E-02 <LOD 0.00E+00 8.28E-03 <LOD 0.00E+00 8.28E-03 

G3INL9 

CMP-N-acetylneuraminate-

beta-galactosamide-alpha-2, 3-

sialyltransferase   3.43E-02 1.48E-02 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 <LOD 0.00E+00 6.57E-03 

A0A061HUU1 Tubulin alpha-1B chain   3.41E-02 3.04E-02 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

1.00E-

02 8.70E-03 2.01E-01 

5.04E-

03 8.73E-03 1.36E-01 <LOD 0.00E+00 8.21E-02 <LOD 0.00E+00 8.21E-02 

A0A061I1Q2 Vitamin K-dependent protein S   3.41E-02 4.70E-02 <LOD 0.00E+00 2.19E-01 <LOD 0.00E+00 2.19E-01 <LOD 0.00E+00 2.19E-01 

5.04E-

03 8.73E-03 2.92E-01 <LOD 0.00E+00 2.19E-01 <LOD 0.00E+00 2.19E-01 

G3GUV4 Stromelysin-2   3.41E-02 1.07E-02 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 <LOD 0.00E+00 1.65E-03 

G3GX96 

Actin-related protein 2/3 

complex subunit 4   3.38E-02 2.93E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

O55058 

EGF-containing fibulin-like 

extracellular matrix protein 2   3.37E-02 1.17E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3I9D3 Proteasome subunit beta type   3.34E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

A0A061IEW5 

Prothymosin alpha-like protein 

(Fragment)   3.33E-02 5.77E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

A0A061ILI0 

Prostaglandin reductase 1-like 

protein   3.32E-02 4.15E-02 <LOD 0.00E+00 1.82E-01 <LOD 0.00E+00 1.82E-01 

1.39E-

02 2.42E-02 4.72E-01 

5.99E-

03 1.04E-02 2.72E-01 

7.59E-

03 1.31E-02 3.06E-01 <LOD 0.00E+00 1.82E-01 

G3IIG1 Carboxylic ester hydrolase   3.22E-02 3.22E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 
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Table E.2 (continued). 

Accession 

Number Protein Description 

Feed 

Mean 

SAF 

Feed 

SAF St 

Dev 

4HP 

Mean 

SAF 

4HP 

SAF St 

Dev 

4HP  

p-value 

6HP 

Mean 

SAF 

6HP 

SAF St 

Dev 

6HP  

p-value 

4MP 

Mean 

SAF 

4MP 

SAF St 

Dev 

4MP  

p-value 

6MP 

Mean 

SAF 

6MP 

SAF St 

Dev 

6MP  

p-value 

Capto 

Q Mean 

SAF 

Capto Q 

SAF St 

Dev 

Capto Q 

p-value 

Capto 

Adhere 

Mean 

SAF 

Capto 

Adhere 

SAF St 

Dev 

Capto 

Adhere 

p-value 

G3H577 Ganglioside GM2 activator   3.21E-02 2.78E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

1.68E-

02 2.91E-02 4.97E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3GU60 

Phosphatidylethanolamine-

binding protein 1   3.19E-02 2.76E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3H2P3 Beta-galactosidase (Fragment)   3.17E-02 2.08E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 

G3H2W6 Extracellular matrix protein 1   3.16E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3GXS2 EMILIN -1   3.11E-02 1.94E-02 <LOD 0.00E+00 2.68E-02 <LOD 0.00E+00 2.68E-02 <LOD 0.00E+00 2.68E-02 <LOD 0.00E+00 2.68E-02 <LOD 0.00E+00 2.68E-02 <LOD 0.00E+00 2.68E-02 

G3H4T5 Glypican-1   3.10E-02 6.71E-03 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

3.92E-

03 6.78E-03 2.72E-03 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

G3HG25 Laminin subunit gamma-1   3.10E-02 1.68E-02 <LOD 0.00E+00 1.59E-02 

2.20E-

03 3.82E-03 2.29E-02 

1.96E-

03 3.39E-03 2.18E-02 <LOD 0.00E+00 1.59E-02 <LOD 0.00E+00 1.59E-02 2.00E-03 3.46E-03 2.20E-02 

G3H3E6 Metalloproteinase inhibitor 2   3.10E-02 2.69E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

6.54E-

02 2.80E-02 1.46E-01 

3.00E-

02 2.62E-02 9.61E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HZD3 Tenascin-X   3.05E-02 5.29E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3HUI4 

Lysosomal Pro-X 

carboxypeptidase   3.01E-02 1.04E-02 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 <LOD 0.00E+00 2.53E-03 

G3H8Y5 Collagen alpha-1(VI) chain   3.00E-02 6.49E-03 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 <LOD 0.00E+00 2.91E-04 

G3GTX5 Amyloid-like protein 2   2.98E-02 7.37E-03 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 <LOD 0.00E+00 5.46E-04 

G3H7Z2 Transgelin   2.98E-02 2.58E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HK87 Spondin-2   2.95E-02 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 <LOD 0.00E+00 0.00E+00 

G3HWC3 Ezrin   2.89E-02 2.50E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HRM8 

Nascent polypeptide-associated 

complex subunit alpha, muscle-

specific form   2.87E-02 2.87E-02 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 <LOD 0.00E+00 1.11E-01 

G3HLW5 Ras-related protein Rab-5C   2.84E-02 2.46E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

3.06E-

02 2.66E-02 9.08E-01 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 

G3HC01 Tropomyosin alpha-3 chain   2.82E-02 4.89E-02 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 <LOD 0.00E+00 3.14E-01 

G3H8C9 Semaphorin-3B   2.81E-02 1.84E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 <LOD 0.00E+00 3.16E-02 

G3HDE5 

Proteasome activator complex 

subunit 1   2.72E-02 2.36E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 <LOD 0.00E+00 7.56E-02 




































































































































































