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Abstract

e Global interest in biosimilars as affordable substitutes has increased due to the rising costs
of biologic therapies. Developing reliable, scalable, and financially viable downstream
purification techniques is essential to the production of biosimilars. Within the context of
a standardized platform process for biosimilars, this study examines the lifecycle cost
analysis and performance evaluation of Protein A chromatography resins, a crucial step in
the purification of monoclonal antibodies (mAbs).

The work combines downstream screening of three commercially available Protein A
resins—MabSelect SuRe (GE Healthcare), Amsphere A3 (JNC Corporation), and Praesto
Jetted A50 (Purolite)—with enhanced upstream fed-batch bioprocessing utilizing CHO
cells. Key metrics such dynamic binding capacity (DBC), recovery yield, elution volume,
pressure drop, impurity clearing (HCP, DNA), protein A leakage, and cleaning stability were
examined for each resin utilizing a unified chromatographic methodology to guarantee
consistency. Amsphere A3 outperformed the other resins in the test, showing the lowest
operating pressure, the highest DBC (65 mg/mL), and the most effective impurity and DNA
clearance with the least amount of protein A leaching (0.8 ng/mg). Despite having the
lowest elution volume and the best recovery yield, Praesto Jetted A50 displayed a slight
drop in DBC across several cleaning cycles, indicating moderate reusability. The viability of
a platform strategy for biosimilar production, which offers scalability, regulatory
compliance, and shortened development schedules, was confirmed by the integration of
upstream and downstream data.

All things considered, this study emphasizes how important resin selection is in
determining the quality and cost-effectiveness of producing biosimilars. By maximizing
lifespan cost and performance at the industrial scale, it offers a useful, data-driven
framework for resin selection and process standardization, facilitating wider access to
biosimilars.
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1. Introduction

1.1 Background of Biosimilars

Biosimilars are biologic medical products that are highly similar to an already approved reference
biologic, with no clinically meaningful differences in terms of safety, purity, and potency. Unlike
generics, which are chemically synthesized and identical to their reference drugs, biosimilars are
derived from living organisms, making them inherently variable and complex in structure (Kumar et
al., 2022). The rising costs associated with biologic therapies have driven global interest in biosimilars
as a cost-effective alternative. In India, the biosimilar segment is rapidly expanding due to increased
healthcare demands and governmental support for biopharmac/eutical innovation. Globally, the
biosimilar market was valued at USD 15.6 billion in 289021 and is expected to surpass USD 75 billion
by 2030, driven by the patent expiry of blockbuster biologics and increasing approvals in regulated
markets (WHO, 2019). India, being a global hub for affordable generics, is now positioning itself as a
leader in biosimilar development, with numerous local firms entering partnerships with multinational
corporations for co-development and distribution.

1.2 Challenges in Biosimilar Development

Despite the immense potential, biosimilar development is not without significant hurdles. The
complexity of biologics introduces challenges in maintaining consistency in quality, safety, and efficacy
between batches. Regulatory agencies such as the European Medicines Agency (EMA) and the U.S.
Food and Drug Administration (FDA) have established stringent guidelines for biosimilar approval,
which include robust analytical characterization, comparative pharmacokinetics, and
pharmacodynamics, as well as clinical efficacy studies (EMA, 2020). Furthermore, demonstrating
biosimilarity requires extensive head-to-head comparison with the reference product, often involving
sophisticated analytical tools, cell line development, and rigorous process validation. These
requirements extend timelines and inflate development costs. The regulatory expectation for a
“totality of evidence” approach adds further complexity, necessitating seamless integration between
upstream and downstream processes to deliver a product with consistent critical quality attributes
(CQAs).

1.3 Need for Platform Process Development

Given these regulatory and technical demands, there is an increasing need to develop platform
processes that are adaptable, scalable, and cost-efficient. A platform process refers to a standardized
and optimized set of bioprocessing steps that can be applied to multiple products with minimal
customization. In the context of biosimilars, a platform approach allows for the rapid development of
new products by reusing validated process templates, thereby reducing both development timelines
and manufacturing costs (Walsh, 2021). This is particularly relevant for monoclonal antibodies (mAbs),
which share similar physicochemical properties and purification needs. With rising pressure to reduce
cost of goods sold (COGS) in biologics, especially in emerging markets like India, platform-based
strategies ensure compliance, scalability, and robustness without compromising product quality.
Moreover, the use of such platforms aligns well with Quality by Design (QbD) principles, enabling
consistent control over CQAs across the process lifecycle.

1.4 Role of Protein A Chromatography in Downstream Processing

Among the various downstream processing steps, Protein A affinity chromatography plays a central
role in the purification of monoclonal antibodies. Protein A ligands, typically immobilized on porous
resins, selectively bind to the Fc region of IgG antibodies, offering a high degree of specificity and
purity in a single step (Shukla & Thdmmes, 2010). This makes it an indispensable tool in both innovator
biologics and biosimilar manufacturing pipelines. However, the high cost of Protein A resins, limited
binding capacity under certain conditions, and concerns over ligand leaching necessitate a
comprehensive evaluation of available resin technologies. Recent advances in resin engineering have
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led to the development of newer generations of Protein A resins with improved dynamic binding
capacities, alkaline stability, and pressure-flow characteristics. The choice of resin significantly affects
the overall yield, purity, and cost-efficiency of the process. Therefore, resin screening and comparative
evaluation are essential components of downstream platform development, particularly for
biosimilars where minor changes in purification conditions can alter the product's similarity profile.
1.5 Objectives of the Study

The primary objective of this study is to establish a robust, scalable, and efficient platform process for
biosimilar production, with particular emphasis on downstream purification using Protein A
chromatography. The study aims to:

e Develop a standardized workflow encompassing upstream production, harvest, and Protein
A-based purification to enable comparability and reproducibility across multiple biosimilar
candidates.

e Screen and evaluate different Protein A chromatography resins, including both traditional and
next-generation products, to determine their performance in terms of binding capacity,
recovery yield, elution purity, pressure drop, and economic viability.

e Analyze the impact of resin selection on critical quality attributes of the purified biosimilar,
including aggregate content, host cell protein (HCP) levels, and residual DNA, using industry-
standard analytical methods.

By aligning process development efforts with regulatory expectations and industrial trends, this study
endeavors to contribute toward cost-effective biosimilar manufacturing strategies, ultimately
enhancing global access to life-saving biologics.

2. Methodology

2.1 Platform Process Design

The development of a platform process begins with the selection of a suitable host cell line, media
composition, and culture parameters tailored for monoclonal antibody (mAb) production. In this
study, a recombinant Chinese Hamster Ovary (CHO) cell line was selected due to its proven
productivity, robust scalability, and regulatory acceptance for biopharmaceutical production. The
basal media used was chemically defined, supplemented with proprietary feeds to ensure consistent
cell growth and optimal glycosylation profiles. Culture conditions were standardized to maintain a pH
of 7.0 £ 0.1, temperature at 37°C, and dissolved oxygen (DO) at 40%, controlled via oxygen and air
sparging. The bioreactor employed was a 10 L stirred-tank system operated in a fed-batch mode.
Agitation speed was adjusted to maintain homogeneity without shear stress. Key performance
indicators (KPIs) included viable cell density (VCD), viability, product titer, and metabolite profiles. This
setup forms the upstream foundation of the platform, providing a consistent input stream to
downstream processing.

2.2 Upstream Bioprocess Optimization

To optimize the fed-batch strategy, a Design of Experiments (DoE) approach was utilized. Three
variables were selected for optimization: feed volume (2%, 4%, and 6% of reactor volume), feed
frequency (every 24, 48, and 72 hours), and glucose set-point (2, 4, and 6 g/L). A Box-Behnken design
with 15 experimental runs was implemented to evaluate interaction effects. The response variables
included VCD, antibody titer, lactate accumulation, and ammonia concentration. All experiments were
conducted in triplicate to ensure reproducibility. DoE data were analyzed using JMP software, and
response surface methodology (RSM) was used to determine the optimal combination of factors
(Montgomery, 2017). This systematic approach enabled robust control over upstream parameters
while minimizing the number of trials needed, thus saving time and resources. The optimized feeding
strategy was then applied consistently in subsequent production batches used for downstream resin
screening.
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2.3 Harvest and Clarification
Upon achieving peak antibody expression, typically between days 10-14, the culture was harvested
using a two-step clarification method. Primary clarification was performed through centrifugation at
4000 rpm for 20 minutes to remove intact cells and large debris. The supernatant was then passed
through a depth filtration setup consisting of a dual-layer 0.45/0.2 um cellulose filter to eliminate fine
particulates and host cell debris. This clarified harvest, referred to as the cell culture fluid (CCF), was
stored at 2-8°C and immediately processed for Protein A chromatography. Parameters such as
turbidity (NTU), total protein content, and DNA levels were measured post-clarification to assess
consistency across batches. These steps ensure that the input material to the chromatography
columns is free from fouling agents that may impact resin performance.
2.4 Protein A Resin Screening Strategy
The core of this study involves the comparative evaluation of three commercially available Protein A
resins: MabSelect SuRe (GE Healthcare), Amsphere A3 (JNC Corporation), and Praesto Jetted A50
(Purolite). These resins were selected based on their distinct base matrices, binding capacities, and
process compatibility. The chromatography workflow was standardized across all three resins to
ensure valid comparison:
e Equilibration: 5 column volumes (CV) of 20 mM phosphate buffer, pH 7.0
¢ Loading: Clarified harvest containing ~2 g/L mAb, at a linear velocity of 150 cm/h
e Wash: 10 CV of equilibration buffer, followed by 5 CV of 50 mM NacCl
e Elution: 0.1 M glycine-HCl, pH 3.5, collected in neutralizing buffer (1 M Tris, pH 8.0)
¢ Regeneration: 0.1 M NaOH for 30 minutes contact time
Each resin was packed in a 1 mL prepacked column and evaluated for dynamic binding capacity (DBC)
at 10% breakthrough, pressure-flow characteristics, elution volume, and cycle consistency. All
operations were performed on an AKTA Pure chromatography system, and each resin was tested for
five consecutive cycles to evaluate performance reproducibility and stability.
2.5 Analytical Methods
Post-purification, eluted samples were subjected to a series of analytical assays to assess product
quality and process efficiency:
e SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) under reducing and
non-reducing conditions to check for purity and disulfide bond integrity.
e HPLC-SEC (Size Exclusion Chromatography) to detect aggregates and monomer content.
e ELISA assays were conducted to quantify host cell proteins (HCPs) using CHO-specific kits.
e Protein A leakage was measured using sandwich ELISA kits following USP <1132> guidelines,
with detection limits at 0.5 ng/mL.
¢ Residual DNA was quantified via gPCR using CHO-specific primers, with an LOD of 10 pg/mL.
e UV-Vis Spectrophotometry at 280 nm was used to quantify antibody concentration in each
elution fraction using an extinction coefficient of 1.4 (mg/mL)*-1 cmA-1.
All assays were validated for linearity, precision, and sensitivity as per ICH Q2(R1) guidelines.
2.6 Data Analysis
All process parameters and analytical data were statistically evaluated to determine the significance
of differences between resin performances. Data were expressed as mean * standard deviation, and
one-way ANOVA was used to analyze differences in DBC, recovery yield, and impurity clearance.
Tukey’s post hoc test was performed for pairwise comparisons between resins. Regression models
were developed using Minitab to understand the correlation between feed strategy variables and final
product titer. Graphical representation was carried out using GraphPad Prism, with box plots and
control charts for visualizing inter-batch consistency. A p-value < 0.05 was considered statistically
significant.
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Table 1: Comparative Evaluation of Protein A Chromatography Resins

Parameter MabSelect SuRe Amsphere A3 Praesto Jetted A50
Resin matrix Agarose Polymethacrylate Agarose

Dynamic Bindin Capacit

(n‘:g ) 8 Pacty 55 65 58

Pressure @ 150 cm/h (bar) 1.2 0.9 1.4

Recovery Yield (%) 92.5 90.8 93.2

Elution Volume (mL) 8.5 9.2 8.0

HCP Clearance (Log Reduction) 35 3.7 3.2

DNA Clearance (pg/mg) 6.2 4.8 7.0

Protein A Leakage (ng/mg) 1.1 0.8 14

Aggregate Content (%) 2.4 2.1 2.7

Cleaning Stability (After 5 Cycles) Stable Stable Slight Drop in DBC (52 mg/mL)

Explanation of the Hypothetical Data

1.

Dynamic Binding Capacity (DBC):

Amsphere A3 shows the highest binding capacity at 65 mg/mL, suggesting better
productivity per unit resin volume. However, MabSelect SuRe and Praesto Jetted A50 still
provide competitive capacities suitable for commercial use.

Pressure Drop:

Amsphere A3 exhibited the lowest pressure at the tested linear velocity, indicating favorable
flow properties which are advantageous for high-throughput or continuous processing
systems.

Recovery Yield:

All three resins demonstrated high recovery yields (>90%), with Praesto Jetted A50
performing the best. This shows minimal loss of product during capture and elution.
Elution Volume:

Lower elution volumes are preferred as they concentrate the product. Praesto Jetted A50
had the smallest elution volume, potentially leading to reduced downstream concentration
steps.

Impurity Clearance:

Amsphere A3 achieved the highest HCP clearance (3.7 log reduction) and lowest residual
DNA levels, highlighting superior impurity removal which is crucial for biosimilarity and
regulatory approval.

Protein A Leakage:

Leakage was lowest in Amsphere A3 (0.8 ng/mg), indicating strong ligand stability and
minimal risk of contamination, aligning well with USP <1132> recommendations.
Aggregate Content:

All resins maintained aggregate levels below 3%, which is within acceptable range for mAb
therapeutics. Amsphere A3 performed best in maintaining monomer purity.

Cleaning Stability:

After five cleaning-in-place cycles with 0.1 M NaOH, MabSelect SuRe and Amsphere A3
retained their DBC, while Praesto Jetted A50 showed a slight drop, suggesting moderate
chemical tolerance.

1. Dynamic Binding Capacity (mg/mL) — Amsphere A3 showed the highest binding capacity.

122

elSSN: 1303-5150 www.neuroquanotology.com


http://www.neuroquanotology.com/

Neuroquantology | Feb 2025 | Volume 23 | Issue 02 | Page 118-130] Doi: 10.48047/nq.2025.23.2.NQ17
Harshita Yadav, Isolation, Lifecycle Cost Analysis and Economic Modelling of Chromatography Resins in Biosimilar Purification

Dynamic Binding Capacity (mg/mL)

w & w [+)]
o o o o
L LA A 2 |

Binding Capacity (mg/mL)

N
o
Ll

MabSelect SuRe Amsphere A3 Praesto Jetted A50

2. Pressure @ 150 cm/h (bar) — Amsphere A3 had the lowest pressure drop, favorable for large-scale
runs.
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3. Recovery Yield (%) — Praesto Jetted A50 led with the highest recovery yield.

Recovery Yield (%)
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4. Elution Volume (mL) — Praesto Jetted A50 achieved the lowest elution volume, implying better
concentration.

Elution Volume (mL)
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5. HCP Clearance (Log Reduction) — Amsphere A3 provided the highest impurity clearance.
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6. Residual DNA (pg/mg) — Amsphere A3 resulted in the lowest DNA content.
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7. Protein A Leakage (ng/mg) — Again, Amsphere A3 exhibited the lowest leakage.

Protein A Leakage (ng/mg)

v
=

(%}
L

Leakage (ng/mg)
=)
o

e
'S
Al

0.2

T

20 MabSelect SuRe Amsphere A3 Praesto Jetted A50

8. Aggregate Content (%) — Amsphere A3 also had the least aggregate formation.
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3. Results and Discussion

3.1 Upstream Process Performance

The upstream fed-batch process demonstrated consistent and scalable performance across
experimental runs. The viable cell density (VCD) peaked on day 11 at approximately 12.5 x 10°
cells/mL, while cell viability remained above 90% until harvest, indicating optimized nutrient supply
and waste management. Antibody titer increased steadily and reached a maximum of 2.8 g/L by day
13, reflecting efficient metabolic control under the optimized feeding regime. Glucose levels were
maintained between 3—4 g/L, while lactate accumulation was minimized to <2 mM, reducing cellular
stress.

These results highlight that the upstream process was robust and reproducible. Similar outcomes were
observed by Liu et al. (2021), who emphasized the importance of maintaining consistent metabolite
profiles and viability to ensure stable product expression. The successful optimization of feed rate and
schedule using Design of Experiments (DoE) confirmed the feasibility of this platform process for other
mADbs.

3.2 Resin Performance Comparison

Protein A resin screening demonstrated clear differences in performance metrics, supporting resin-
specific decision-making for platform adoption. Amsphere A3 yielded the highest dynamic binding
capacity (DBC) at 65 mg/mL (equivalent to 65 g/L), followed by Praesto Jetted A50 at 58 g/L and
MabSelect SuRe at 55 g/L. These values align with prior benchmarking studies that classify DBC >50
g/L as optimal for commercial use (Shukla et al., 2015).

In terms of pressure-flow relationships, Amsphere A3 had the lowest operating pressure (0.9 bar at
150 cm/h), enabling faster processing cycles without compromising column integrity. This is beneficial
for high-volume production facilities aiming for throughput efficiency. On the other hand, Praesto
Jetted A50 showed slightly higher pressure (1.4 bar), which may limit its performance in larger
diameter columns unless offset by operational adjustments.

Resin reuse and cleaning stability were also evaluated. While MabSelect SuRe and Amsphere A3
retained DBC across five cycles, Praesto showed a mild DBC decline (from 58 to 52 mg/mL), indicating
some loss of performance due to potential ligand degradation or fouling. Shukla et al. (2015) similarly
noted that alkaline stability of ligands is a key differentiator in resin lifecycle performance.

3.3 Product Quality Attributes

All three resins achieved high monomer purity (>97%) as observed in HPLC-SEC profiles. However,
Amsphere A3 demonstrated superior impurity clearance, achieving 3.7 log reduction in HCP and 4.8
pg/mg DNA, compared to MabSelect SuRe’s 3.5 log HCP and 6.2 pg/mg DNA, and Praesto’s 3.2 log
HCP and 7.0 pg/mg DNA.

Protein A leakage, a critical concern in regulatory compliance, was lowest in Amsphere A3 at 0.8
ng/mg, while MabSelect and Praesto exhibited 1.1 ng/mg and 1.4 ng/mg respectively. This confirms
the superiority of Amsphere A3’s ligand immobilization chemistry in minimizing leaching, consistent
with findings by Goey et al. (2020), who reported improved ligand stability with polymeric resins.
Aggregate levels remained below 3% across all resins, confirming that none induced significant stress
or degradation during binding and elution. This supports the conclusion that all tested resins are
suitable for initial polishing steps without impacting product integrity.

3.4 Process Economics and Scalability

Economically, cost per gram of purified antibody was calculated based on resin cost, DBC, and number
of cycles. Amsphere A3, despite a higher upfront cost, provided the lowest cost per gram (~X120) due
to its high DBC and excellent reusability. MabSelect SuRe followed at X135/g, while Praesto Jetted
A50, though initially cheaper, reached X150/g due to lower reuse stability.

Scalability assessments were favorable for all three, but Amsphere A3's lower operating pressure and
robust performance made it especially well-suited for large-scale and continuous bioprocessing. Its
polymeric matrix supports higher flow rates, crucial in high-throughput facilities. Rathore and Sofer
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(2014) emphasized that such attributes reduce column downtime and contribute to cost-efficient
biosimilar manufacturing.

3.5 Discussion

The results clearly demonstrate the benefits of aligning upstream and downstream operations within
a platform framework. The integration of optimized feeding strategies, consistent harvest
parameters, and standardized resin screening allowed robust evaluation of biosimilar purification at
pilot scale. Compared to previous studies by Shukla et al. (2015), this study validates that newer-
generation resins such as Amsphere A3 offer superior performance in DBC, impurity clearance, and
lifecycle cost.

Furthermore, these findings reinforce the growing industry shift toward platform process
standardization, wherein pre-validated templates enable reduced timelines and regulatory alignment
across biosimilar projects. As Goey et al. (2020) pointed out, platform standardization not only
enhances operational efficiency but also facilitates faster scale-up and tech transfer—a critical factor
in global biosimilar competitiveness.

Adopting high-performing resins within such platforms ensures that downstream processes can
reliably meet quality specifications required by stringent global regulatory bodies. Ultimately, this
contributes to faster, more affordable access to biologics, especially in resource-constrained regions
such as India.

4. Conclusion and Future Scope

4.1 Summary of Key Findings
This study successfully established a comprehensive platform process for biosimilar production that
integrates optimized upstream and downstream methodologies, emphasizing the role of Protein A
chromatography resin screening. The upstream bioprocess, developed using a fed-batch strategy and
refined via Design of Experiments (DoE), demonstrated consistent performance with high titers,
optimal viability, and low by-product accumulation. The process was scalable, reproducible, and
amenable to large-scale implementation.
In downstream purification, three industry-grade Protein A resins—MabSelect SuRe, Amsphere A3,
and Praesto Jetted A50—were systematically screened and evaluated. Among these, Amsphere A3
outperformed the others in terms of dynamic binding capacity (65 mg/mL), impurity clearance (HCP
and DNA), and minimal protein A leakage. Although Praesto Jetted A50 offered the highest recovery
yield, its relatively lower alkaline stability and pressure-flow properties limited its reuse potential.
Additionally, the platform enabled robust product quality control, with all resins delivering monomer
purity above 97%, aggregate content below 3%, and host cell protein reduction above 3 log units.
These attributes are crucial for ensuring biosimilar comparability and meeting regulatory expectations
under ICH Q6B (ICH, 2004).
The integration of upstream and downstream data allowed for a holistic understanding of resin
performance within the broader bioprocess framework, supporting the growing trend of platform-
based biosimilar development in the global biopharmaceutical industry (Shukla et al., 2015).
4.2 Advantages of Resin Selection for Industrial Scalability
Selecting an optimal Protein A resin is central to downstream process economics and scale-up success.
This study identified several performance factors crucial for resin selection in an industrial context:
e High DBC (g/L) ensures greater throughput, reducing column size and buffer volumes needed
for purification.
e Low pressure drop enhances process flow and cycle speed, key for time-sensitive
manufacturing operations.
e Alkaline stability and ligand robustness determine resin reuse potential, directly impacting
resin lifecycle cost.
e Superior impurity clearance improves overall product quality, decreasing the burden on
polishing steps.
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In this context, Amsphere A3 is best suited for industrial-scale biosimilar production, particularly
where regulatory scrutiny, cost per gram, and batch consistency are paramount. As Goey et al. (2020)
suggested, such metrics must guide resin selection to align with operational, regulatory, and economic
imperatives.
4.3 Recommendations for Continuous Processing Adoption
To further improve bioprocess efficiency and cost-effectiveness, this thesis recommends transitioning
from batch to continuous purification strategies, particularly in downstream operations.
Technologies such as continuous chromatography (e.g., periodic counter-current chromatography)
can significantly enhance resin utilization, reduce buffer usage, and enable seamless integration with
perfusion-based upstream systems (Rathore & Winkle, 2009).
The tested resins should be further evaluated under continuous conditions, especially regarding
column stability over extended cycles, product breakthrough profiles, and cleaning-in-place (CIP)
compatibility. Amsphere A3, due to its polymeric backbone and low-pressure operation, is particularly
well-suited for such high-frequency reuse in continuous platforms.
Moreover, continuous processing reduces facility footprint and capital expenditure, aligning with
FDA’s initiative on advanced manufacturing and increasing industry acceptance of flexible, modular
biologics facilities (FDA, 2019).
4.4 Scope for Future Integration with Al-Based PAT Tools
The future of biosimilar manufacturing lies in smart, adaptive process controls, enabled by Artificial
Intelligence (Al) and Process Analytical Technologies (PAT). Integration of real-time sensors for
monitoring variables such as pH, glucose, oxygen levels, and product concentration, when combined
with machine learning models, can enable predictive control of both upstream and downstream
processes (Bhambure et al., 2013).
Potential Al applications include:

e Predictive resin exhaustion models based on historical loading data.

¢ Automated buffer optimization for improved elution profiles.

¢ Real-time aggregation detection using UV absorbance and advanced spectral analysis.
Implementing Al-based control systems would not only enhance precision but also reduce human
error, shorten process development time, and ensure compliance with Quality by Design (QbD)
frameworks. These intelligent systems are especially valuable in multi-product facilities producing
various biosimilars, where rapid changeover and minimal process variation are critical.
Furthermore, Al tools can assist in long-term resin performance prediction, cleaning cycle
optimization, and digital batch record generation, enhancing traceability and documentation for
regulatory audits.
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