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A Quantitative Rationale for Hybrid Buffer Preparation
Strategies in Biopharmaceutical Manufacturing

Biopharmaceutical manufacturing continues to evolve as
upstream titres increase, therapeutic modalities diversify
and continuous processing approaches gain wider adoption.
These advances place increasing demand on downstream
operations, where buffer preparation remains a critical
aspect of manufacturing productivity. Traditionally, buffers
were rarely a focal point of strategic discussions, but this
paradigm is changing as deficiencies in buffer availability,
quality or timing disrupt schedules, increase labour
burden and delay batch release. As process productivity
and portfolio complexity grow, buffer logistics become
proportionally more complex, making buffer strategy a
foundational element of operational performance rather
than a peripheral concern.

Historically, made-in-house (MIH) buffer preparation, based
on powder dispensing, dilution with water for injection (WFI) and
manual adjustment of pH and conductivity, has been the default
approach in many facilities. At scale, MIH can offer favourable
raw material economics and a high degree of internal control.
However, as production volumes increase, MIH approaches
can introduce significant challenges, including ergonomic and
environmental health and safety (EHS) risks associated with
powder handling, increased facility footprint requirements for
hold vessels and downstream delays linked to quality control
(QC) testing and release. Deviations or failed releases in buffer
preparation can propagate through an entire manufacturing
campaign, amplifying operational risk.

These challenges are compounded in facilities that support
multiple programmes or modalities. A manufacturing site
dedicated to a single high-volume monoclonal antibody may be
well served by MIH strategies, but the addition of cell and gene
therapy programmes, niche recombinant proteins or clinical-
scale campaigns alters the optimisation landscape. In such
environments, MIH may be inefficient for small or intermittent
buffer demands while lacking the flexibility required for rapidly
changing schedules. As a result, reliance on a single buffer
preparation method increasingly proves insufficient.

Buffer Preparation Strategies
Modern facilities typically select among three buffer preparation
strategies in addition to MIH:

« In-line dilution (ILD)
+ In-line conditioning (ILC)
«  Ready-to-use (RTU) buffers

As described above, MIH involves internal preparation using
powders or liquid concentrates, typically in stainless steel or
single-use vessels. ILD generates working-strength buffers by
diluting concentrated stock solutions on demand, while ILC
produces buffers by blending defined acid, base and salt streams

to achieve target pH and conductivity in real time. RTU buffers are
procured as fully formulated 1X solutions from external suppliers.

Each approach presents distinct advantages and limitations.
MIH often offers the lowest raw material cost for large volumes
but is constrained by labour, footprint and release timelines.
RTU buffers can minimise operational burden and EHS risk for
low-volume or high-variability applications, but may introduce
higher material costs and storage requirements. ILD and ILC can
reduce footprint and improve responsiveness, but they require
investment in equipment, automation and analytical verification,
as well as robust operational expertise.

Decision Drivers Beyond Material Cost

While direct material cost is frequently the starting point for
buffer strategy discussions, effective decision-making requires
a broader, multi-criteria perspective. Cost considerations must
include not only raw materials but also capital investment,
consumables, labour and quality compliance activities. Supply
chain factors such as storage footprint, warehouse capacity and
buffer availability under just-in-time conditions are equally
important. Operational strategy further encompasses speed
of delivery, recipe flexibility and EHS considerations related to
powder handling and the use of concentrated acids or bases.

An MIH-only strategy may appear favourable when evaluated
solely on raw material cost, but often becomes less attractive
once labour intensity, space utilisation and deviation risk are
incorporated. Conversely, RTU buffers may appear costly until the
operational value of reduced preparation time, improved safety or
avoidance of schedule disruptions is considered. ILD and ILC can
offer substantial gains in agility and footprint efficiency, provided
that metering accuracy, automation integration and verification
strategies are appropriately implemented. Consequently, the
optimal buffer preparation strategy is context-dependent and
may evolve as facility priorities change.

Advantages of Hybrid Buffer Strategies

Increasingly, biomanufacturers are implementing hybrid buffer
strategies and quantitative, multi-criteria assessments consistently
demonstrate that hybrid buffer strategies outperform single-
method approaches across a range of operational scenarios. By
aligning buffer preparation methods with demand characteristics,
hybrid models enable cost efficiency where volume is high
and operational flexibility where variability or risk is greatest.
High-volume, stable buffers are often best served by MIH or ILC
approaches, which leverage economies of scale and continuous
supply. Medium-volume buffers frequently align well with ILD
strategies that balance footprint reduction with cost control.
Low-volume or specialised buffers are often best addressed
through RTU solutions that minimise operational complexity and
EHS exposure.

With this as a baseline, Table 1 summarises eight criteria
commonly incorporated into such assessments, spanning cost,
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Table 1. Favourability of buffer preparation methods can be assessed across eight criteria.

supply chain and operational strategy dimensions. When
evaluating and scoring these criteria using a weighted model,
hybrid strategies are typically proven to be more favourable
than single method baselines.

While each criterion represents an important consideration,
evaluating them according to organisational priorities and
aggregating their combined impact enables the use of a weighted
score to assess overall favorability (Figure 1). A higher weighted
score indicates a buffer process that is more favourable.

Illustrative Application of a Buffer Assessment Framework

A hypothetical example illustrates how shifting priorities can
influence buffer strategy decisions and is demonstrated in
Figure 2. Consider a facility that prepares clean-in-place (CIP)
solutions in-house and initially prioritises direct raw material
cost. In this scenario, a multi-criteria assessment weighted
toward cost yields a favourable baseline score (2.81) for MIH
preparation. However, as higher-concentration CIP solutions
are introduced, EHS risks associated with handling corrosive

Ranking Criteria Rationale

= Cost control

materials increase, prompting a reassessment of priorities.
When EHS is weighted more heavily, the favorability of MIH
decreases substantially to 1.80.

A subsequent evaluation demonstrates that transitioning to
RTU CIP solutions improves the consolidated score (2.92) under
the revised priority structure, reflecting improved alignment
with safety and operational objectives.

Aligning Buffer Strategies with Facility Design and
Organisational Capabilities

MIH operations benefit from investments in contained powder
transfer systems, ergonomic aids and dust control measures,
which often yield rapid returns through reduced safety
incidents. RTU adoption requires realistic assessments of
storage capacity, secondary containment, temperature control
and shelf-life alignment with campaign schedules. Across all
methods, automation integration and validation pathways must
be clearly defined, with robust governance of recipes, master
data and change control.
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Figure 1. A buffer assessment tool allows organisations to evaluate buffer preparation methods based on their priorities and the
overweigh importance of the top three criteria.
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Figure 2. Assessments and quantitative scores using the buffer assessment tool in a hypothetical example.

Successful implementation of hybrid buffer strategies
depends on attention to technical details. For ILD and ILC
systems, metering accuracy must be validated across relevant
viscosity and temperature ranges, with dual verification
approaches such as mass flow measurement and gravimetric
checks for critical buffers. Inline pH and conductivity analytics
should be integrated with appropriate alarms and interlocks
to prevent out-of-spec blending. Single-use components offer
speed and flexibility at low to moderate volumes but may
become cost-inefficient at higher throughput, where reusable
systems with validated cleaning can offer lower total cost of
ownership.

Buffer strategy decisions are also shaped by organisational
capabilities and facility layout. Equipment placement influences
material flow, operator movement and safety, while poor layout
choices can negate the benefits of advanced preparation
technologies. Different buffer methods shift complexity across
functions. MIH relies heavily on skilled operators and QC
throughput, ILD and ILC emphasise automation and metrology
expertise, and RTU strategies increase dependence on supplier
management and incoming quality control.

As priorities shift, whether due to safety incidents, capital
constraints or pipeline changes, the buffer preparation mix must
be able to adapt without requiring wholesale facility redesign.

Facilities seeking to modernise buffer preparation without
disrupting ongoing operations can adopt a phased approach.
Initial efforts should focus on baseline characterisation of
buffer demand by volume and process step, coupled with
quantification of cost, footprint, labour and EHS impacts. Pilot
implementations can then target specific high-impact buffers,
with clearly defined performance metrics. Successful pilots

can be expanded into broader hybrid strategies, supported by
standardised recipes, aligned quality processes and supplier
agreements. Ongoing governance ensures that buffer strategies
remain aligned with evolving operational priorities.

Conclusion

The task of buffer preparation may lack visibility, but it exerts a
disproportionate influence on manufacturing performance. In
an environment characterised by higher productivity, tighter
timelines and increasing portfolio diversity, hybrid buffer
strategies provide a pragmatic and quantitatively defensible
approach. By segmenting buffer demand, applying multi-criteria
decision frameworks and maintaining flexibility as priorities
evolve, organisations can ensure that buffer operations support,
rather than constrain, the broader manufacturing strategy.

The article was originally published in European Bio-
pharmaceutical Review.
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