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Abstract  

Monoclonal antibodies have been established as a major product class of biotechnology-based drugs. The increasing 

demand of monoclonal antibodies has led pharmaceutical companies to adopt efficient production processes. Transferring 

monoclonal antibody production to the industrial manufacturing requires adequate effort in process development.  

The strategy to reduce development time and cost comprises high-throughput process development which is especially 

central for the rapid optimization of the purification process. Chromatography process is the backbone of the purification 

process that can deliver high purity but it requires significant resources. Combined with high-throughput process 

development approach, the chromatography process is easy to develop and scale-up from laboratory to manufacturing 

scale. Design of experiments helps high-throughput process development workflow to provide decision-support techniques. 

This approach ensures significantly decreased time and material needs while improving the chromatography process.  

Protein A affinity chromatography is one of the most important chromatographic steps because of its great performance 

and capabilities. Most of the working parameters can be predefined and are identical for several monoclonal antibodies. 

However, some parameters like elution pH, loading capacity, resin type need further optimization for each monoclonal 

antibody.  

In this study, the loading and elution parameters were screened for Protein A chromatography to identify the best 

purification conditions using the combination of Design of Experiments and high-throughput process development 

approach in micro-volume columns. Developed working parameters were used for scale-up and tested under robust 

process conditions. Specific chromatography conditions were applied in pilot-scale and data comparison was done with 

micro-volume columns, lab-column scale to validate high-throughput strategy approach. 

Keywords: protein a chromatography; monoclonal antibody; high-throughput screening; design of experiments; 

scale-up; manufacturing 

Abbreviations 

AEX : Anion Exchange Chromatography  

CHO: Chinese Hamster Ovary  

DoE: Design of Experiments;  

DBC: Dynamic Binding Capacity;  

HTPD: High-throughput Process Development;  

HMW: High Molecular Weight;  

HCPs: Host Cell Proteins;  

mAbs: Monoclonal Antibody;  

MMC: Mixed-Mode Chromatography PA: Protein A;  

rPA: Residual Protein A.  

Introduction 

Monoclonal antibody (mAb)-based drugs have become great tools to 

effectively treat many diseases such as cancer, rheumatic diseases, viral 

diseases, and other nervous system pathologies [1,2]. These are target 

specific parts of unregulated pathways and interfere with immunological 

processes [2]. Purification of mAbs is performed on standardized 

platforms including centrifugation, filtration, chromatography, virus 

inactivation. During production and purification of mAbs, impurities are 

encountered which can result from product itself and the process. Product 

impurities are aggregates and post-translational modifications [3, 4] 
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whereas host cell proteins (HCPs), residual DNA (rDNA) or Protein A 

are process impurities [4, 5]. Protein A chromatography is the initial 

capture step in manufacturing of mAbs and process impurities like HCPs 

and rDNA are generally removed during this step [3, 6, 7]. Protein A 

purification depends on the highly specific interactions between the Fc 

region of the mAb and the Protein A resin.  

Purification process starts by loading the supernatant to the column at 

neutral pH. Then, wash step is applied to get rid of impurities such as 

HCPs, rDNA and the mAb is eluted by decreasing the buffer pH [8]. A 

process flowchart for a typical Protein A chromatography is shown Figure 

1.  

 

Figure 1: Process Flowchart for Protein A Chromatography 

95-99% yield and >70% volume reduction can be achieved through 

Protein A chromatography. After the capture process, polishing steps like 

ion exchange chromatography or mixed-mode chromatography (MMC) 

are applied in the purification platform to remove the remaining impurity 

traces as well as residual Protein A (rPA) [9, 10].  

High-throughput process development (HTPD) defines to increase the 

number of experiments while using significantly decreased time and 

material consumption compared to traditional development. Instead of 

laboratory column scale, the process parameters and sensitivity can be 

identified by micro-volume columns with high-throughput 

chromatography approach. With HTPD, Design of Experiments (DoE) is 

a systematic and efficient method to find optimum process conditions 

[11]. This combination has been successfully used for characterization of 

purification step performance with process parameters like working pH, 

loading percentage and process performance [3]. It also provides a 

representative model for understanding of manufacturing process.  

After the determination of the operating process parameters with high-

throughput chromatography approach, lab-scale column trials are applied 

for optimization and evaluation of the robustness of the process 

parameters as well as of the impurity levels [12].  

Scale-up of chromatographic purification is applied by increasing the 

column diameter and volumetric flow rate while bed height and linear 

flow rate are constant. For the determination of the column diameter, 

production volume and loading volume need to be estimated in order to 

use optimal volume of the related resin [13]. During this, reproducibility 

of the process and impurity levels are compared [14]. When scale-up 

studies are deemed successful by the comparison of scale-up and lab-scale 

column studies using a full analytical data set, the chromatography 

process can be considered ready for full-scale manufacturing. General 

concept of scale-up for mAb chromatography process is shown in Figure 

2. 

 

Figure 2: Scale-up strategy for chromatography 
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The study of parameters such as dynamic binding capacity (DBC), flow 

rate and type & pH of elution or wash buffers are important for Protein A 

chromatography design. DBC shows the maximum amount of protein 

which can be loaded onto the resin. Combination of DBC and flow 

conditions is useful for avoiding product loss [15]. Other study parameters 

such as lifetime of the resin, wash buffer condition, cleaning or 

sanitization procedures are also considered to evaluate of Protein A 

chromatography process [15,16]. 

In this work, Protein A resin and parameter screening was performed with 

HTPD technology. Resin type, loading and elution conditions were 

identified using combinations with DoE to use scale-up studies. During 

scale-up studies, different loading strategies were tested to create robust 

process conditions. Optimized working parameters were applied in pilot-

scale and data comparison was done with micro-volume columns and lab-

column scale. 

Material and Methods 

1.  Protein A Resin and Parameter Screening with High-Throughput 

Chromatography 

Monoclonal antibody, IgG1 (pI: 8 - 8.5), was produced using recombinant 

Chinese Hamster Ovary (CHO) cells. CHO cells were grown in Mobius® 

3L single-use bioreactors (Merck KGaA, Darmstadt, Germany) with the 

following set points: pH 7 - 7.1, 37 °C, dissolved oxygen between 30-60 

% of air. Clarified CHO cell culture supernatant was achieved with 

Millistak+® Pod Disposable Depth Filter System (Merck KGaA, 

Darmstadt, Germany) with a concentration of 2.55 mg/ml.  Protein A resin 

and parameter screening parameters were designed with Design Expert 

Software 12 (Stat-Ease, Inc., Minneapolis, MN). Response surface 

modeling with L-optimal approach was used. Factors entered in the 

software were as follows: elution pH (3.20 - 3.60) at 0.1 M acetic acid, 

loading percentage between 40%-80% and resin type. Responses were set 

as yield and HCPs. 100 µl (0.5 cm x 0.5 cm) OPUS® PipetColumns 

(Repligen Corporation) were used for screening with electronic 

Multipipette® E3x (Eppendorf). PipetColumns, which are also called 

micro-volume columns, containing eight various types of Protein A (PA) 

resins were used for screening. During loading step, DBC data was used 

for each resin from previous studies. Flow rate was 4µl/sec at a residence 

time of 25 sec. Micro-volume columns were washed with 20 mM sodium 

phosphate, 1 M NaCl pH 6 and 20mM sodium phosphate pH 7 at 5 CV, 

respectively.  

2.  Confirmation Runs with Scale-up Studies 

After screening, prediction of implementation deduced from Protein A 

resin and parameter screenings was done by performing chromatography 

runs with (1.13 cm x 10 cm) 10 ml pre-packed column and (44 cm x 10 

cm) 80 ml packed column. The resin was packed into Vantage® L 

Laboratory Column (Merck KGaA, Darmstadt, Germany), according to 

the instruction of the vendor. DBC was performed with related Protein A 

column at a residence time of 6 minutes. Working template which comes 

from screening was adapted on both ÄKTA Avant 25 and ÄKTA Avant 

150, except elution pH and loading percentage. A different loading 

percentage for worst-case scenarios was applied in 80 ml packed column, 

only. The loading strategy is shown in Table 1.  CHO supernatant had a 

concentration of 1.90 mg/ml for 10 ml pre-packed column whereas 1.03 

mg/ml for 80 ml packed column.  

R# 
Loading 

Percentage (%) 

R270 100 

R271 100 

R272 90 

R275 80 

R277 80 

R281 80 

R282 10 

R283 10 

Table 1: The loading strategy plan with loading percentages 

3. Pilot-Scale Studies 

Two manufacturing scale, called as non-GMP (1) and non-GMP (2), 

Protein A chromatography runs were conducted with Mobius® Flex 

Ready Solution using Smart Flexware™ Assemblies for 

Chromatography. CHO cells were grown in Mobius® 200 L single-use 

bioreactors (Merck KGaA, Darmstadt, Germany). Supernatants from two 

bioreactors were used for Protein A chromatography. Clarification was 

performed with Mobius® FlexReady Solution for Large Scale 

Clarification (Merck KGaA, Darmstadt, Germany) with a concentration 

of 0.94 mg/ml and 1.19 mg/ml, respectively. Prepacked column (Repligen 

Corporation) was used for Protein A chromatography at the pilot-scale 

production. Manufacturing runs were applied in a similar fashion to the 

confirmation run template. 

4. Analytical Characterization 

Nano Drop™ One (Thermo Fisher Scientific) was used to measure mAb 

concentration using 280 nm. SE-UPLC (Waters Corporation) was 

performed to measure aggregates, high molecular weight percentage 

(HMW %) with BEH SEC200 (4.6 x 300 mm. 1.7 µm. 200 Å), (Waters 
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Corporation) and 20 mM Phosphate Buffer, 188 mM NaCl, pH 7.4 mobile 

phase. Flow rate was 0.25 ml/min and qualified using reference mAb. 

CHO HCPs were measured using ELISA method using Cygnus kit with 

sample diluent (Cat. #I028), (#F550, Cygnus Technologies, Southport, 

NC). Another Cygnus kit (#F600, Cygnus Technologies, Southport, NC) 

was used to measure residual Protein A . 

Results and Discussion 

1. Protein A Resin and Parameter Screening with High-Throughput 

Chromatography 

After designing with the software, a total of 37 experiments were run and 

analysis were transferred to Analysis of Variance (ANOVA) in the DoE 

software. During analysis, the target for HCP value was minimized to 

reduce impurities whereas yield was maximized for the achievement of 

the process. The importance of responses for both HCP and yield were 

selected as high (5 point). The supernatant CHO HCP value was 4675243 

ppm. The solution from DoE software with desirability was shown in 

Figure 3.

 

 

Figure 3: The solution parameters from DoE for Protein A chromatography 
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Protein A chromatography is the best first capture step for mAb 

purification due to high selectivity and yielding high purity. For subtypes 

of IgG1, Protein A chromatography is preferable [17]. Increased usage of 

Protein A resins has resulted in the emergence of variety of Protein A 

resins to the market. Therefore, evaluation of the performance of Protein 

A resins has become very important.  

The aim of Protein A resin screening was to find the best resin type 

amongst eight different Protein A resins using micro-volume columns. 

This study helped to select the suitable resin type for the relevant-mAb. 

Protein A resins comprise of a base matrix and ligands which are 

classified as native or recombinant, extracted from Staphylococcus aureus 

or expressed in Escherichia coli, respectively [18]. The type of the base 

matrix and Protein A ligand is very essential for Protein A 

chromatography. The results showed that the best resin type is PA 5 for 

the mAb used in this study. PA 5 has an agarose-based base matrix. It 

gives high stability, binding capability, and reduction of impurities 

(HCPs) during purification [19]. 

Elution of the product from Protein A resin, which is essentially the 

reverse process of binding, was carried out using a low pH buffer. pH 

elution affects the binding sites directly by reducing their affinity. This 

principle is the most common way to elute the mAb from the resin. During 

the screening of elution conditions, pH value range was kept narrow to 

find the best elution condition that is suitable for the base matrix and 

Protein A ligand. 

The feed composition effect on Protein A resin impacts HCPs. Also, the 

number of HCPs is associated with the resin life-time performance. After 

loading the column, HCP clearance is maximized with washing steps. 

First, washing buffer with high ionic strength was applied for HCPs 

reduction. Then, second wash was applied with neutral pH and low ionic 

strength to maximize clearance without disrupting the interaction between 

mAb and Protein A ligand [1].  

The results showed that resin type is significantly affecting the process (p 

< 0.0001). As discussed above, agarose-based Protein A resins achieved 

significant reduction of HCPs. 

Parameter screening of the purification process for mAbs requires the 

consideration of many parameters like removal of impurities and ready 

suitability of large-scale production. DoE offered screening, optimization, 

and design of robust parameters. After 37 experiments, the best 

parameters for Protein A chromatography were selected as in the range 

for DoE analysis as following: 0.1 M acetic acid pH 3.2. During the 

selection of best parameters, removal of impurities and yield was 

considered. Experimental template with results is given in Supplementary 

Data. 

Supplementary Data 
 

Factor 1 Factor 2 Factor 3 Response 1 Response 2 

Run A:Elution 

pH 

B:Loading 

Percentage (%) 

C:Resin 

Type 
Yield (%) HCP (ppm) 

1 3.44 40 PA 3 39.42 4191 

2 3.51 49.2027 PA 7 82.00 3776 

3 3.29 70.6 PA 7 88.00 3512 

4 3.6 73.4 PA 2 79.00 866 

5 3.294 49.4 PA 4 73.00 475 

6 3.596 53 PA 3 77.00 589 

7 3.51 49.2027 PA 7 87.00 3583 

8 3.596 53.8 PA 5 86.00 876 

9 3.32 79.6 PA 5 82.00 673 

10 3.4 40 PA 8 82.00 1453 

11 3.24 44 PA 3 84.00 1026 

12 3.2 80 PA 4 79.00 320 

13 3.6 60 PA 8 78.60 1327 

14 3.208 68.2 PA 1 81.00 954 

15 3.2 60 PA 8 77.38 349 

16 3.5 41 PA 6 86.19 1007 

17 3.20347 64 PA 6 83.08 1119 

18 3.59319 52.6 PA 2 94.99 360 

19 3.51 70.8 PA 4 76.91 634 

20 3.294 49.4 PA 4 78.97 667 

21 3.328 80 PA 3 76.19 595 

22 3.568 80 PA 3 75.26 511 

23 3.51 70.8 PA 4 74.58 1510 

24 3.6 40 PA 4 74.38 1788 

25 3.6 80 PA 7 63.54 2785 

26 3.4 80 PA 8 59.23 405 

27 3.328 79.4912 PA 2 69.92 509 

28 3.24 43.2769 PA 5 98.88 223 

29 3.46 40.2 PA 1 93.11 777 

30 3.546 77.8 PA 6 78.77 1341 

31 3.372 60 PA 3 73.50 1093 

32 3.234 43.5845 PA 2 88.09 263 
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Factor 1 Factor 2 Factor 3 Response 1 Response 2 

Run 
A:Elution 

pH 

B:Loading 

Percentage 

(%) 

C:Resin 

Type 
Yield (%) HCP (ppm) 

33 3.2 40 PA 7 84.85 2984 

34 3.568 75.6 PA 1 80.80 1936 

35 3.394 57 PA 5 77.27 660 

36 3.29 70.6 PA 7 78.16 1906 

37 3.20347 64 PA 6 95.31 1408 

Experimental template with results for Protein A Resin and Parameter Screening 

2.  Confirmation Runs with Scale-up Studies 

Firstly, the solution offered by the DoE software was performed with a 10 

ml pre-packed column (1.13 cm x 10 cm). During the confirmation run, 

residence time was selected as 6 minutes since back pressure in the 

column may occur during loading if a shorter residence time is used, 

which may lead to product loss at the industry scale. Therefore, DBC was 

calculated at a residence time of 6 minutes before the confirmation runs, 

as it depends on residence time, based on product loading time and flow-

rate. In industrial scale, product loading is applied as between 70-80% of 

their DBC due to safety factor and protection of resin life-time [20]. The 

results showed that confirmation runs results were similar for, HCPs, 

HMW% and yield (Figure 4) meaning that the designed model is suitable 

for process development platform. 

 

Figure 4: The confirmation runs results for 10 ml pre-packed column (1.13 cm x 10 cm) 
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The manufacturing scale purification process has limitations affecting the 

production capacity. For chromatography, these limitations are overcome 

by controlling the working pH, flow rate, temperature, and buffer volume 

[21]. Loading percentage is the major consideration since it is defining 

the process performance and the quality of the mAb. Therefore, a different 

loading strategy was performed with 80 ml packed column (44 cm x 10 

cm) to overcome this limitation. This work-process can be also called a 

“worst-case scenario”. 

The results for 80 ml packed column (44 cm x 10 cm) shown in Figure 5 

demonstrated that loading percentage should be considered because it 

affects the production plant in means of mAb-based drug yield per batch 

and manufacturing costs. Thus, the manufacturing scale of a specific mAb 

should be designed stable considering loading percentage. 

 

 

Figure 5: The results for different loading percentages in Protein A chromatography 

The traditional approach for the removal of rPA is performing polishing 

steps such as anion exchange chromatography (AEX) or mixed-mode 

chromatography (MMC) after the Protein A step [22]. mAb aggregation 

is also a common problem during the process development. Aggregates 

should be removed or minimized by the chromatography steps for 

preparation of drug substance. The removal of aggregation is a key 

concern for the quality, safety, and efficacy of the product. Although low 

pH or acidic buffer have been shown to cause aggregation [23], in this 

study, the aggregate levels were not too high. In mAb-based drugs, 

aggregation targets are desirable as ≤1% for avoiding possible 

immunogenicity [24].  

3. Pilot-Scale Studies 

After Protein A resin and parameter screening and their confirmation 

runs, the following parameters were optimized and pilot-scale runs were 

performed; resin type, loading percentage and elution pH. The results for 

confirmation between two pilot-scale studies were shown in Table 2.  

 

 200 L Non-GMP (1)  200 L Non-GMP (2)  

 

Protein A Chromatography 

 (Cycle 1) 

Protein A Chromatography 

 (Cycle 2) 

Protein A Chromatography 

 (Cycle 1) 

Protein A Chromatography 

 (Cycle 2) 

HCPs (ppm) 716 829 NA* 315 

HMW (%) 1,75 1,71 1,62 1,65 

rPA (ppm) 0,86 0,85 1,70 1,02 

Yield (%) 92 91 93 84 

*not measured 

Table 2: The results of pilot-scale studies with optimized parameters 
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Scale-up process has some considerations for the manufacturing of mAbs.  

For purification, the usage of endotoxin free components and 

implementation of viral clearance steps are the key factors of the 

manufacturing, and they should be controlled and monitored for scale-up 

studies.  

Chromatography process has other considerations during scale-up. The 

chromatographic resins should be chemically and physically robust and 

easy to clean. The resin life-time should also be determined for 

purification safety [25, 26].  

Column packing at the pilot scale has some disadvantages; since higher 

pressure drops, and foaming can occur because the resin is agitated during 

the packing. Bed height instability is also another concern. Prepacked 

columns are easy to set up, validate and clean during the pilot-scale 

production. Therefore, a prepacked column was used for Protein A 

chromatography at pilot-scale [27]. 

Pilot-scale chromatography systems are automated systems with sensors, 

air detectors and valves. These systems may increase dead volumes which 

can affect the yield achieved when compared with the purification step at 

small-scales [27]. This issue was observed in 200 L non-GMP (2) Cycle 

2- Yield (84%).  

Conclusion 

The increasing demand of mAb-based pharmaceuticals have led the 

development of Protein A chromatography to become very crucial. For 

this reason, it is very essential to develop an effective process in a fast 

manner. Using micro-volume columns combined with DoE provided 

screening of Protein A resins and parameters in a short time. In this study, 

firstly, Protein A resin and parameter screening was performed to be used 

in a unique mAb production. PA 5 resin which has an agarose-based base 

matrix was selected as a suitable resin with the parameters of 0.1 M acetic 

acid pH 3.2. These conditions were applied from the laboratory scale to 

the pilot-scale for Protein A chromatography. Comparability between 

laboratory scale and pilot-scale was also observed. HTPD strategy was 

combined with DoE, Protein A resin and parameters were found for 

efficient Protein A chromatography. The purpose of confirmation runs 

was to scout appropriate parameters for manufacturing scale. Therefore, 

these runs were performed before scaling up. Protein A resin and 

parameters were found to be suitable for scaling up. Regarding to this, 

non-GMP studies were achieved successfully to produce unique mAb. 
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