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ABSTRACT

The ICH Q14 guideline introduces a structured framework for analytical method development based on Analytical Quality
by Design (AQbD) principles, aiming to ensure robust, reliable, and fit-for-purpose methods throughout the product lifecycle.
However, implementing ICH QI4 remains challenging due to the lack of complete examples and training resources, making
it difficult for organizations to translate theory into practice. Although previous studies have applied AQbD to capillary
electrophoresis method development, many have focused only on specific aspects such as the design of experiments (DoEs)
or analytical target profile (ATP), leaving a gap in providing comprehensive, practical tools for the entire analytical lifecycle.
This manuscript presents a novel, user-friendly approach to implementing ICH Q14 and AQbD, offering ready-to-implement
tools and methodologies that simplify the process of method design, optimization, validation, and implementation. Through
a stepwise process, the approach provides practical solutions for integrating AQbD principles into everyday workflows,
bridging the gap between theoretical concepts and real-world applications. The approach has been thoroughly tested in
diverse industrial settings, demonstrating its reliability and effectiveness. This work aims to facilitate the adoption of AQbD
in analytical method development by providing structured tools, lessons learned, and best practices that align with ICH Q14
guidelines.

Abbreviations: Ad, adenovirus; Ad26, adenovirus serotype 26; Ad35, adenovirus serotype 35; AEX, anion exchange; AEX-HPLC, anion exchange HPLC; AF4, asymmetric flow field-flow fractionation;
APCS, analytical procedure control strategy; AQbD, analytical quality by design; ATP, analytical target profile; BGE, background electrolyte; CCD, central composite design; CH, clarified harvest; CMP,
critical method parameter; CQA, critical quality attribute; CR, crude harvest; CRS, chemical reference substances; DF, diafiltration/ultrafiltration product; DM-3-CD, dimethyl-B-cyclodextrin; DNA,
deoxyribonucleic acid; DoE, design of experiments; DS, drug substance; DSP, downstream processing; FCCD, face centered central composite design; FDA, Food and Drug Administration; FMEA,
failure-mode effect analysis; HA, hemagglutinin; HDMS-g-CD, hexadecyl-modified -cyclodextrin; ICH, The International Council for Harmonization; IPC, in-process control; LH, lysed harvest; LSL,
lower specification limit; MODR, method operable design region; nCMP, non-critical method parameter; OD260, absorbance spectrophotometry at 260 nm; OFAT, one factor at a time; PAR, proven
acceptable ranges; pCMP, potential critical method parameter; QC, quality control; qPCR, quantitative polymerase chain reaction; QTPP, quality target product profile; rCE-SDS, capillary gel
electrophoresis with sodium dodecyl sulfate under reducing conditions; RP-LC, reversed phase liquid chromatography; RSM, response surface model; SDS-PAGE, SDS-polyacrylamide gel
electrophoresis; SRID, single radial immunodiffusion; SSC, system suitability control; SST, system suitability test; S-y-CD, sulfated y-cyclodextrin; TETA, triethylenetetramine; USL, upper specification
limit; USP, upstream processing; UV, ultraviolet.
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1 | Introduction

The International Council for Harmonization (ICH) Q14 guide-
line introduced a structured framework for the development of
analytical procedures by Analytical Quality by Design (AQbD)
principles [1]. ICH Q14 aims to ensure that analytical methods
are robust, reliable, and fit-for-purpose throughout the entire
product lifecycle. Despite its clear benefits, the practical imple-
mentation of ICH Q14 is challenging due to the lack of complete
examples and official training material, adding to the difficulty of
translating theory into practice for many organizations.

In recent years, several studies have successfully applied AQbD
principles to capillary electrophoresis method development, even
before the publication of the ICH Q14 guideline [2-29]. Many
existing studies, though not specifically focused on CE, focus
primarily on demonstrating theoretical benefits [9, 30-36] or
only parts of the AQbD process, such as an analytical target
profile (ATP) or a design of experiments (DoEs) [5, 12, 13, 17,
22-24, 27, 37-49]. Although these studies have made valuable
contributions to the field, there remains a gap in providing a
complete overview of the whole analytical life-cycle and practical
tools to facilitate the implementation of ICH Q14 and AQbD
principles. In this manuscript, we present a novel, straightfor-
ward, practical approach to implementing ICH Ql4, providing
tools and methodologies specifically designed to simplify the
adoption of AQbD principles in analytical method development.
Our approach offers ready-to-implement solutions that align
with the ICH Q14 guideline, facilitating the design, optimization,
validation, and implementation of new analytical methods in
a more accessible and reproducible manner. Our focus is on
practical applicability and ease of integration into everyday
workflows by breaking down the workflow in smaller, ready to
use steps, and on bridging the gap between theoretical AQbD
concepts and real-world implementation.

Here, a stepwise approach is presented that has been thoroughly
tested over many years across various companies, demonstrating
its reliability and effectiveness in diverse industrial settings.
Structured and user-friendly tools are discussed, continuously
comparing our approach with the ICH Q14 guidelines. Through-
out, we share lessons learned and best practices for each of the
steps to smoothen the roll-out of AQbD within an organization,
illustrated with examples from the current literature.

2 | ICH Q14 and AQbD

The ICH QIl4 guideline describes a systematic approach that
integrates AQbD principles to ensure the robustness and relia-
bility of analytical methods. This process begins with defining
the ATP, which outlines the purpose of the method and sets
performance criteria, ensuring that the method is aligned with
the product’s critical quality attributes (CQAs). Next, knowledge
and risk management tools are used to identify the method
parameters that could impact the performance and to prioritize
the parameters that need to be experimentally investigated.
During the method development phase, systematic experimenta-
tion, including DoE, is recommended to evaluate the influence
of method parameters on method performance. This approach
allows to explore a range of conditions and optimize the method

efficiently. From this, a design space can be established, defining
the boundaries within which the method performs reliably. By
operating within this design space, flexibility is ensured without
compromising the method’s robustness. A comprehensive control
strategy is then implemented, comprising of suitable controls and
system suitability tests (SSTs), to ensure the method consistently
meets its predefined criteria during routine use. The method can
subsequently be validated, confirming that it adhered to the ATP
by evaluating parameters such as accuracy, precision, linearity,
and robustness. Finally, the method is subjected to lifecycle
management, with continuous monitoring and adjustment to
maintain its performance over time. This lifecycle approach
ensures that the method remains effective as part of ongoing
quality control (QC).

Although the annexes of ICH Q14 describe mock examples of
each of the steps described above, we encountered difficulty in
implementing the ICH Q14 approach. Figure 1 shows a simplified
and structured proposed stepwise approach for using AQbD,
in compliance with ICH Ql4. The flow sketched in Figure 1
represents the full method development cycle. Although it is
well understood that in reality, method development is not a
linear process but may involve several reiterations at different
levels, we presented the flow in a linear manner for transparency
purpose. Similarly, the equal length of the steps does not mean
that these steps take equal time or effort. On many occasions,
these steps are not performed within the same time frame or
by the same individuals. Where there is a significant amount of
prior knowledge, method development typically starts midway.
The “Use” and “Improve” steps are typically at QC or initiated by
QC; however, often support from the method development team
is requested. In the following paragraphs, we will demonstrate
this work flow with examples from literature. The most complete
example in literature comes from a capillary zone electrophoresis
method development for adenovirus (Ad) quantification, using
AQbD and ICH QIl4, based on a series of published studies and
theses [6, 8, 28, 29, 50].

3 | The AQbD-Flow
3.1 | Method Request and ATP

The whole process of analysis starts with formulating a question
for which the answer implies the need for analysis. Although
this is obvious, it is often a bypassed step in the whole process.
An appropriate ATP can only be described if the full purpose of
the analysis, and thus the original question asked, is understood,
as well as the ultimate role of the analytical results that will
be created. In the ATP, the intended purpose of the analytical
procedure and the characteristics of the product are captured and
translated into the performance criteria (e.g., accuracy). The ATP
example in ICH Q14 [1] and most ATPs described in literature
[2, 3, 32] only describe the method requirements as listed in ICH
Q2 R2 [51], such as accuracy, precision, specificity, and reportable
range. However, a more comprehensive approach should also
consider additional factors, such as business requirements, along-
side method performance. It is furthermore useful to prioritize
the ATP requirements to support the technologies selection. The
ATP should not only capture the requirements from the requester
but also incorporate the needs of the method developer and the
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FIGURE 1 | Analytical quality by design workflow, translating the ICH Q14 components into user-friendly, smaller, and ready-to-use steps. Note that

equal length of the steps does not imply equal effort, as some steps may require more time or resources than others. Source: Reprinted with permission,

Kantisto B.V (https://www.kantisto.nl).

end-user, with analytical development in the driver’s seat to guide
the process to obtain a complete and accurate ATP (see Table 1).
The ATP should be defined on the basis of a quality attribute
or the characteristics of the process or product, remaining
independent of specific techniques or analytical capabilities. The
ATP serves as a critical handshake between the method developer
and the project team, ensuring mutual agreement on the purpose
and intended use of the method. By establishing this shared
understanding, both analytical development and the project team
can identify the need for further method development should
the ATP requirements evolve. Additionally, the ATP provides
clear guidance for method development, validation, and transfer,
steering the selection of suitable analytical techniques. This
approach also enhances understanding of variability sources and
clarifies how input parameters influence the reportable results.
A well-defined ATP minimizes additional work and frustrations,
brings clarity and focus on achieving the target rather than pur-
suing a “perfect” analysis, and reduces the need for assumptions
throughout the method development process.

The ATP used for the method development for determining Ad
particles is summarized in Table 1. A method was requested to
determine the Ad particle concentration throughout the whole
upstream and downstream processing. The time-to-result, that
is, the whole process of sampling, sample registration, analysis,
result review, and reporting to the requester, was an important
criterion because the production process is on-hold during an
in-process control (IPC) analysis. Long lead times could lead
to product degradation in the cell culture or process media.
The accuracy of the measured Ad concentration was another
important requirement, because the determined concentration
was used to further steer and plan the production process. To
develop an accurate ATP, it is crucial to gather information not
only from the requester but also from the method developer, the
current end-user, and potentially future end-users. End-users,
who are often from a different group or location than the method
developers, will ultimately use the developed method to generate
results.

The following references show other examples of published ATPs
with business requirements [10, 12, 20, 52] or ATPs without busi-
ness requirements [2, 3, 14, 16, 53] for CE development. Simeoni
et al. [52] used an ATP for capillary gel electrophoresis with
sodium dodecyl sulfate under reducing conditions (rCE-SDS),

aiming to replace SDS—polyacrylamide gel electrophoresis (SDS-
PAGE). The ATP not only specifies method requirements like
accuracy and precision but also includes operating conditions,
environmental factors, and business requirements. Pasquini et al.
[20] outlined an ATP for a micellar electrokinetic chromatog-
raphy method aimed at determining sitagliptin. In addition to
specifying requirements for accuracy, precision, and sensitivity,
they emphasized the importance of a short analysis time. Borman
et al. [37] use an ATP to select a suitable method to determine
three CQAs for the analysis of Ad vectors (infectivity, identity,
and transgene expression), and they include business drivers in
their ATP like analysis time, number of samples, complexity of the
technology, and business risks. Jackson et al. [38] show how an
ATP can be derived from a quality target product profile (QTPP).
They also give three ATP examples, focusing on how to set
meaningful requirements for specificity, accuracy, and precision.

3.2 | Technologies Selection

After the ATP is defined (combinations of), suitable technologies
are selected that are estimated to be able to fulfill the quality
requirements described in the ATP. The technologies selection
process should prevent that commonly used and established
technologies are automatically chosen, without considering bet-
ter or newer, state-of-the-art technologies. We suggest including
business requirements like required sample throughput, available
budget, end-user, and time-to-result, as these requirements could
play a critical role in selecting the right technologies or method
development choices. The technologies should encompass the
whole analysis flow, that is, sample preparation, separation,
detection, calibration, and quantification (if required). Each
technology is scored insomuch, and it can fulfill the separate ATP
requirements. Prioritization of the ATP requirements helps rank
the selected technologies and selecting the most appropriate ones.

During technologies selection, common pitfalls often arise from
preconceived ideas or rigid preferences, such as “I need an SEC
method for aggregates” or “I need an RP method for purity”,
which can overly constrain choices. Other challenges include
adherence to established practices (“We always do it like this”),
assumptions about regulatory expectations (“The FDA says this
is the gold standard”), personal biases (“My professor says that
this technique is not robust”), or limited prior experience (“I
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tried this for xyz and it did not work”). Additionally, a lack of
accessible resources, like application notes, studies, or kits, can
further impede the unbiased assessment of alternative methods.

A key lesson is the importance of being a true partner in
development and avoiding the automatic use of traditional
methods or favored technologies. It is essential to challenge the
reliance on perceived authority or past practices to ensure that the
most appropriate technology is chosen. Technologies selection
should involve experts, not just project or line management,
to ensure that decisions are based on expertise and not on
routine. Authorities may request “state-of-the-art” methods, so it
is important to encourage the use of newer technologies where
they offer clear benefits. Demonstrating the successful use of
new technologies can also justify further budget allocation and
continued investment.

The technologies selection of the method development for Ad
particles is given in Table 2. Seven possible technologies were
selected that might be suitable to meet the requirements from
the ATP in Table 1 based on in-house methods, pharmacopoeia,
contract research organizations, prior knowledge, and scientific
literature: quantitative-polymerase chain reaction (Q-PCR) [54],
anion-exchange chromatography (AEX-LC) [55], asymmetric
flow field-flow fractionation (AF4), CZE, reversed phase liquid
chromatography (RP-LC) [56], size exclusion chromatography
(SEC), and absorbance spectrophotometry at 260 nm (OD260)
[57, 58]. The techniques were evaluated and scored against the
ATP requirements, according to priority, based on a theoretical
assessment and/or feasibility experiments. Colors were used to
indicate the estimated risk (high, medium, and low) to not meet
the requirement from the ATP. Three out of the seven techniques
met the priority 1 ATP requirements “Process intermediate(s)
and matrix,” meaning that only qPCR, RPLC, and CZE were
possibly able to quantify the Ad concentration in all process
intermediates and in the final product, independent of the
sample matrix. All techniques were able to directly or indirectly
quantify the Ad concentration albeit that OD260 is not specific
for virus particles and AF4 cannot distinguish among different
Ad types. However, direct quantification (intact virus particles)
was preferred over indirect quantification (measuring a specific
protein or encapsulated DNA content) as indirect quantification
required assumptions about protein or DNA copies per virus
particle, potentially introducing a bias. The qPCR method was
available in-house, but the time-to-result, the precision, and
accuracy did not meet the ATP requirements. The CZE method
was assessed to meet all the requirements of the ATP and was the
technique of choice to continue method development. However,
the CZE method development had to be started from scratch in
a field where little experience was available at the time. This
comprised a risk, and therefore the qPCR method was optimized
in parallel to lower the risk of not delivering a fit-for-purpose
method in time.

No further technology examples were found in the literature for
CE method development, as mostly technologies selection was
done before focusing on the presented CE method. Borman et al.
[37] published a study on analytical technologies selection for
Ad vector infectivity, identity, and transgene expression analysis.
They first provide an overview of potential technologies alongside
the quality attributes each can assess, detailing the advantages

and limitations of each approach. Each technology was then
evaluated against the ATP requirements using a 10-point scoring
system to determine whether the technologies meet, partially
meet, exceed, or fail to meet these requirements. This example
furthermore illustrates that with different requirements on the
method, even if the analyte is the same, different technologies are
appropriate.

3.3 | Critical Method Parameters (CMPs)

A CMP is a method parameter (e.g., the capillary type) that
has a significant effect on one or more ATP requirements
(e.g., specificity or accuracy) and the reportable results of a
method [48]. It should be noted that the word “critical” in this
connotation does not imply adverse or disapproving judgment.
The word “critical” in English also has a neutral meaning in
expressing both merits and faults, and in science, the adjective
expresses importance and/or seriousness. In other words, a CMP
is important to the progress or success of the method. It is
therefore important to control and optimize all CMPs to fully
understand the mechanisms of action and to assure a robust
analytical procedure. Identifying CMPs cannot be done without
scientific knowledge and experience on the technologies and the
analytical request.

ICH Q14 suggests identifying analytical parameters (by Ishikawa
diagrams [60]) and to use risk assessment tools as described
in ICH Q9 Annex 1 to assess the potential impact and to
identify and prioritize experiments [1]. It is laborious to perform
a risk assessment on all method parameters because many
analytical procedures consist of more than 50 parameters that
could potentially be optimized. In our AQbD-flow, non-critical
method parameters (nCMPs) are filtered out first by using a
criticality assessment tool prior to performing a risk assessment.
This approach aligns with ICH Q8 on pharmaceutical develop-
ment [59], where CQAs are defined prior to conducting a risk
assessment. The process is described in detail in the following
paragraphs.

3.3.1 | Mapping Method Parameters

Method parameters can be mapped by using an Ishikawa diagram
(e.g., 1, 49), a mind map (e.g., 39), or just a simple list. Although
usually focusing on the instrumental parts first, the 6Ms (method,
material, machine, mankind, mother nature, and measurement)
can aid in categorizing the method parameters. Alternatively,
one may use general sections from an analytical procedure
to categorize the method parameters like materials/chemicals,
sample treatment, and so forth. For the Ad CZE method example,
a mind map was used to visually map all method parameters,
such as the materials/chemicals, equipment, sample treatment
conditions, the separation conditions, and data processing param-
eters, but also other parameters like the temperature in the lab
and the sample matrix. A total of approximately 60 parame-
ters were mapped for the CZE method for Ad determination
(Figure 2).

Other examples of Ishikawa diagrams for CE method develop-
ment are presented in [22, 61]. Orlandini et al. [61] presented
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FIGURE 2 | Partofamind map for the CZE method. Source: Adapted from [29] with permission from author.

TABLE 3 | Scoring table for criticality assessment.

Certainty
Low Medium High
Effect Low pCMP nCMP nCMP
Medium pCMP pCMP CMP
Significant CMP CMP CMP

Note: Blue: CMP, orange: PCMP, and green: NCMP.

Abbreviations: cmp, critical method parameter; nCMP, non-critical method
parameter; pCMP, potential critical method parameter.

Source: Adapted from [28, 39] with permission from authors.

an Ishikawa diagram for an MEEKC method, distinguishing
between parameters requiring optimization through DoE and
those fixed based on preliminary experiments or prior knowledge.
Pasquini et al. [22] published an Ishikawa diagram for a chiral
CE method. They used the diagram to classify each method
parameter as a controlled parameter (C), a noise parameter (N),
or a parameter to be investigated experimentally (X).

3.3.2 | Criticality Assessment

After listing all method parameters, the first filtering step is
the criticality assessment. The goal of this assessment is to
categorize each method parameter as CMP, nCMP, or potential
critical method parameter (pCMP). A scoring table like in
Table 3 can be used to score the overall effect (from low to
high) of a method parameter on any of the ATP requirements

and the certainty on the overall effect (from low to high).
For example, it was highly certain that the buffer pH has a
significant effect on the separation of the Ad from its matrix
components (ATP requirement: specificity) and was therefore
a CMP. Another example: The capillary length does not affect
the resolution in CZE, so this method parameter was scored as
noncritical.

nCMPs can be set from prior knowledge or expertise and ignored
during the risk assessment and method development because
they have a low effect on the ATP requirements. For pCMPs, it
is recommended to perform feasibility experiments to get more
knowledge (i.e., certainty) to be able to categorize the pCMP
as either CMP or nCMP for the method at hand. Rescoring
the parameters is essential when new knowledge is obtained
during the AQbD process, which might change an nCMP into a
pCMP or CMP in a later stage. At the final stage of the AQbD
process, sufficient knowledge is available about the method and
all method parameters should either be nCMP or CMP. Table 4
provides part of the criticality assessment performed for the Ad
particle determination as illustration. For the Ad CZE method
example, all pCMP (2) and CMPs (14) were included in the
risk assessment because all these parameters have a medium or
significant effect on the ATP requirements. Filtering through the
criticality assessment meant that the following risk assessment
was performed on 16 method parameters only instead of all 60
method parameters, excluding 44 nCMPs in an early stage in the
process.

No other published examples of criticality assessments for CE
method development were found.
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TABLE 4 | An overview of part of the CZE method parameters evaluated in the criticality assessment.

Effect (low, medium, Certainty (low, Proceed to risk
Method parameters significant) medium, high) assessment? Score
Separation buffer pH Significant High Yes CMP
Separation buffer type Significant High Yes CMP
Capillary coating Significant High Yes CMP
Capillary conditioning Significant High Yes CMP
Sample type and matrix Significant High Yes CMP
UV detection wavelength Significant High Yes CMP
Injection mode Significant High Yes CMP
Capillary storage Significant High Yes CMP
Capillary cassette Significant High Yes CMP
temperature
BGE degassing Significant Medium Yes CMP
BGE filtration Significant Medium Yes CMP
Injection volume Medium High Yes CMP
Applied voltage Medium High Yes CMP
Sample tray temperature Medium High Yes CMP
Sample treatment Medium Low Consider pCMP
(removal of DNA)
Benzonase storage Medium Medium Consider pCMP
CE vials Low Medium No nCMP
CE UV lamp equilibration Low High No nCMP
time
Pipette step for sample Low High No nCMP
transfer
Capillary length Low High No nCMP
Capillary diameter Low High No nCMP
Capillary detection Low High No nCMP
window diameter
Sample buffer Low High No nCMP
concentration
Benzonase type Low High No nCMP

Note: Blue: CMP, orange: PCMP, and green: NCMP.

Abbreviations: BGE, background electrolyte; CMP, critical method parameter; nCMP, non-critical method parameter; pCMP, potential critical method parameter;

UV, ultraviolet.
Source: Adapted from [28, 29] with permission from the authors.

3.3.3 | Risk Assessment

The criticality assessment identifies each method parameter as
nCMP, pCMP, or CMP based on its effect and the certainty of
the scoring. Subsequently, a risk assessment is performed to
determine and reduce the risks of a (p)CMP setting being wrong
and resulting in decreased performance or incorrect results. To
define a risk, we need to understand how a CMP affects the
ATP requirements by understanding the cause and effect. For
example, if the CE capillary is not properly coated (cause),
then matrix and/or virus adsorption to the capillary wall could
occur (cause), impacting the bias and precision (effect on ATP
requirements). If we understand the cause and effect, we can

begin scoring the probability that this cause and effect will
actually happen. The final risk score is calculated by multiplying
probability and the effect and can range from very low risks
to very high risks. There are different scoring systems for low
and high probabilities and low and high effects [1, 62]. The
scoring system itself is of limited interest as the tool’s main
purpose is to rank risks, allowing method development to begin
with the most impactful parameters. The classical failure-mode
effect analysis (FMEA) also includes scoring the detectability [62,
63]. We have learned that mitigating the probability is usually
sufficient to reduce the overall risk score, and therefore we
recommend not scoring the detectability to simplify the risk
assessment process.
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Table 5 shows part of the risk assessment for some of the CMPs
of the Ad CZE method development example with the highest
risk scores. In this stage, prior to method development, feasibility
and screening experiments were defined for each of the method
parameters with a high risk score. For example, the separation
buffer pH had a potential effect on multiple ATP requirements
(e.g., precision, bias, and selectivity) and was therefore assessed
separately in the risk assessment (rows 2, 3, and 5 in Table 5).
The separation buffer type, separation buffer pH, sample type and
matrix, and capillary coating were identified as high-risk CMPs
(with scores of 60-80 out of 100) and were prioritized to study
first during method development, after which the risk assessment
was updated. As an example, the capillary coating was identified
as a CMP with a high risk score of 80, as Ad could adsorb to the
capillary’s inner wall, affecting precision and bias (Table 5, row
1). Consequently, multiple capillaries and coatings were tested
with various background electrolytes (BGEs) during method
development (see chapter 3.4.1). A PVA-coated capillary from
Agilent was selected as a mitigation strategy, as it demonstrated
good virus recovery and separation. This PVA capillary was
preferred over other neutral-coated options due to the availability
of a high-sensitivity bubble cell (improved S/N) and ease of
operation (precut capillaries that do not require storage in water
to prevent air contact). Following this mitigation, the risk score
was reduced from 80 to 20 by selecting the PVA-coated capillary
(Table 5 row 1).

After the experiments were completed, the risks (effect multiplied
by probability) were reassessed, significantly reducing the risk
score ranges from 60-80 to 6-30. The ultimate goal of the risk
assessment and following method development is to reduce the
risks of all CMPs and pCMPs by implementing appropriate
mitigations. A risk can be mitigated in several ways: (1) Define,
for example, by setting the incubation temperature between 35°C
and 39°C; (2) Describe, such as gently pipetting up and down with
a P100 pipette for 10 cycles; and (3) Control, for instance, by using
an Ad control sample with a known concentration of 10'! VP/mL
to confirm accuracy within 90%-110% (see also chapter 3.4.4). An
analytical procedure is considered in control when all CMPs are
known, the cause-and-effect relationships are well understood,
and all risks have been mitigated.

The risk assessment is a recurring process, and during each
cycle, it has a different purpose (Figure 3). The first time the
risk assessment is executed during the AQbD process, it is
focused on prioritizing the initial experiments based on the
parameters with the highest risk. During the actual method
development step (see Section 3.4), the risk assessment is used
to find mitigations for all CMPs, and it is used to define
a control strategy for each of the CMPs. Other reasons to
reevaluate the risk assessment include changes to the ATP,
increased knowledge and experience (e.g., from troubleshooting),
the identification of new CMPs, or transitioning to a new AQbD
stage. Ultimately, the risk assessment document is a living
document and a compact version of the method development
report. Although some CE publications discuss the use of
risk assessments within an AQbD approach [19, 20], no other
examples providing an example of a risk assessment table were
found.

3.4 | Method Development

ICH Q14 suggests, in their advanced approach, to explore method
parameter ranges and their interactions using multivariate exper-
iments (e.g., DoEs) [1]. The outcome of multivariate method
development could be a fixed set point for a method parameter
(e.g., tris concentration of 200 mM) or a range (e.g., PAR of
MODR). An MODR (method operable design region) consists of
combined ranges for two or more variables where the analytical
procedure is demonstrated to be suitable for its intended use.
Proven acceptable ranges (PAR) for the analytical method can
be established through the univariate assessment of individual
parameters.

In the presented AQbD-flow, three types of DoEs are used:
screening designs, optimization designs, and robustness designs.
Screening designs can be used when the criticality assessment
and risk assessment resulted in a large amount of CMPs and
pCMPs. A screening DoE is a fast and effective tool to identify
the pCMPs and CMPs with the most effect on a response (e.g.,
the separation between the main analyte and its impurities). The
optimization DoE is used to find an optimal set point or a range
for all the CMPs (e.g., incubation temperature between 36°C and
39°C, or 0.04% w/v Tween-80). The robustness design can be
used to test the effect of slightly changed settings of the CMPs,
demonstrating that small changes do not impact the method
responses or result. Both the optimization and robustness designs
should not only study the main effects of method parameters
but also interaction effects and frequently the quadratic effects.
In the context of analytical method development, the focus
during DoE should shift toward the reportable value (e.g., %
purity, concentration), rather than merely optimizing separation
descriptors (e.g., resolution, tailing factor, and S/N). This shift
aligns with the goal of ensuring that the analytical procedure
meets its intended purpose with robust performance, taking into
account factors such as measurement uncertainty and the consis-
tency of reportable results. By emphasizing the final reportable
value, method development becomes more aligned with real-
world applications, where ensuring accuracy, precision, and
reliability of the result is crucial for decision-making throughout
the product lifecycle. Despite the well-established benefits of
DoE in enhancing method development and improving analytical
procedures, its adoption remains limited. One reason for this
could be the perceived complexity and resource demands of DoE,
which can deter its widespread use in environments where quick
method development is prioritized. Additionally, many analysts
still rely on traditional approaches, such as the one factor at a
time (OFAT) method, due to familiarity and (perceived) shorter
timelines, even though DoE can offer more reliable and efficient
results in optimizing methods.

The risk assessment such as in Table 5 is used to facilitate the
method development. For each of the CMPs, experiments are
defined to generate more knowledge or to mitigate possible cause
and effect (the risk). After each experiment, the risk is rescored. If
the risk score is acceptably low, then the CMP can be considered
“in control.” If the risk score is still too high after rescoring, then
more experiments or other control measures (e.g., introducing a
control sample) are needed to reduce the risk.
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FIGURE 3 | Recurrent risk assessment cycle. The cycle starts with the ATP followed by a technologies selection and a criticality assessment to
define the nCMPs, pCMPs, and CMPs. A risk assessment is performed on the pCMPs and CMPs by (1) describing the cause of effect, (2) quantifying
the probability and effect, (3) defining mitigations for the risks (4) reassessing the risk by rescoring the probability and effect. Reasons to reevaluate
the risk assessment include changes to the ATP, increased knowledge and experience (e.g., from troubleshooting), the identification of new CMPs, or
transitioning to a new AQbD stage. The recurrent risk assessment cycle starts from the critical method parameters step onwards in Figure 1 and is

frequently adapted and reassessed during all following steps in the AQbD process. ATP, analytical target profile; CMP, critical method parameter; pCMP,

potential critical method parameter. Source: Reprinted with permission, Kantisto B.V.

3.4.1 | Screening Experiments

The compositions of the BGE and the type of capillary were CMPs
for the Ad CZE method. Ad particles and/or matrix components
(e.g., proteins) can adsorb to the inner walls of bare fused silica
capillaries [64, 65]. To prevent undesired adsorption, various
uncoated, dynamically and statically coated, charged, and neutral
capillary coatings were screened in combination with a wide
range of BGEs, ranging in ionic strength, pH, co- and counterions,
and surfactants [6, 28, 29, 66]. A set of representative samples
and controls were defined to evaluate the potential of the BGEs
and capillaries to analyze Ad particles. A blank was used as
negative control, a crude harvest sample (with cell debris) was
used as worst-case sample, an anion exchange (AEX) sample
was selected for its high salt concentration, a purified Ad sample
was taken as best-case sample, and a known IgG was taken
as system suitability control (SSC) sample. Each sample was
spiked with o-phthalic acid as internal standard. The tested cap-
illaries included neutral-coated capillaries, fluorocarbon-coated
capillaries, polyvinyl alcohol (PVA)-coated capillaries, and bare-
fused silica capillaries, paired with the following additives:
triethylenetetramine (TETA), polysorbate-20, or SDS. The capil-
laries were evaluated on the basis of their ability to detect and
potentially separate the Ad from its matrix components. The
tested BGEs were selected on the basis of literature research
as well as a BGE designed from CE fundamentals and best
practices [15, 66]. The designed BGE contained a mixture of
tris and tricine. Tris was previously used in Ad formulations,
whereas tricine was used in AEX chromatography. Both tris
and tricine buffer in the desired pH range, thus resulting in a
BGE with strong buffering capacity. The combination of tris and
tricine results in low-conducting buffers, so the concentrations
can be increased to improve buffering capacity and sensitivity
and reduce potential electromigration dispersion. The screening
showed that, as expected, a capillary coating was essential to
prevent virus adsorption. Additionally, a pH range of 6.0-8.5 was
necessary to avoid virus degradation. The best initial results were
obtained with the BGE made of 200 mM tris-200 mM tricine (pH

Internal

mAU std Ad26
c- | N— _a

\l HEPES Ad26
b

Ad35

c
L M
2 6 10 14 min

FIGURE 4 | Typical electropherograms obtained during method
optimization for (a) Ad26 reference material, (b) Ad26 AEX sample,
(c) Ad35 CR sample, and (d) Ad35 CR sample after repeated injection.
Conditions: BGE 200 mM tris-200 mM tricine (pH 8.1), PVA-coated
capillary with effective length of 24.5 cm; applied voltage, —15 kV. Other
conditions see reference [6]. Source: Reprinted from Talanta [6] with
permission from Elsevier.

8.1) and PVA-coated capillary with an effective length of 24.5 cm,
based on scoring the detection and repeatability of the Ad peak
area and migration time, as well as the performance of the IgG
and the internal standard (see Figure 4). Using tris—tricine at fixed
concentrations (rather than titrating the buffer) reduced the risk
scores for the CMP buffer pH from 60-80 to 6-10 (see rows 2 and
5 in Table 5), because the probability that the bias and precision
were affected was reduced significantly.

Despite using a PVA coated capillary, repeated injections of the
crude harvest sample impacted the Ad peak area and migration
time (see figure 2 in reference [6]). This effect was mainly seen for
crude harvest samples containing cell debris and cellular DNA,
but all types of Ad samples analyzed thereafter were impacted.
The decrease in peak area and shifts in migration time for the
Ad may be due to adsorption caused by the degradation of the
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PVA coating or by the adsorption of matrix components onto the
capillary wall. A second screening design was set up to reduce the
impact of adsorption by studying the Ad peak area and migration
time by varying the cassette temperature, BGE additives (non-
ionic detergents and dynamic coating), capillary conditioning
(duration, rinsing direction, type of reagent, and concentration),
and BGE composition. Adsorption could only be prevented by
using a combination of the following settings: a PVA-coated
capillary with a BGE containing 0.2% (v/v) polysorbate-20, a
capillary cassette temperature of 15°C, and rinsing between runs
with 10 mM phosphoric acid in the opposite direction of the
separation. These conditions allowed for the analysis of over 400
samples on a single capillary without any loss in Ad peak area,
resulting in repeatability of Ad corrected peak area between 2.5%
and 5% relative standard deviation (RSD). These results were
well within the ATP requirement for precision: < 10% RSD. The
knowledge obtained from the second screening design reduced
the risk scores for the CMP coating to an acceptable risk score of
30 (see row 1 in Table 5).

The following publications provide additional examples of
screening and scouting approaches for CE method development:
[12, 20, 67]. Milan et al. [67] described an example of an OFAT
screening strategy for the development of chiral CE method,
followed by a face centered central composite design (FCCD) for
the optimization process. The OFAT approach was successfully
applied to screen the influence of five analytical parameters (BGE
concentration, CD concentration, applied voltage, system tem-
perature, and injection pressure) on three analytical responses
(chiral resolution and migration times of the enantiomers).
Niedermeier et al. [12] used a fractional factorial resolution V+
screening design to study the capillary temperature, applied
voltage, ammonium acetate concentration, acetic acid concentra-
tion, and HDMS-BCD concentration for a nonaqueous capillary
electrophoresis method. Coefficient plots were used to identify
the CMPs.

3.4.2 | Method Optimization

For the Ad CZE method development, a full factorial optimization
design was used to study the tris concentration, tricine concentra-
tion, separation voltage, and capillary effective length, aiming to
optimize Ad separation efficiency and minimize total run time.
This was particularly important to meet the ATP requirement
of achieving results in less than 4 h. The tris concentration was
varied from 50 to 200 mM, whereas the tricine concentration
ranged from 250 to 400 mM. The applied voltage was tested
simultaneously at —15, —20, —25, and —30 kV. The study was
conducted using effective capillary lengths of either 24.5 cm (long-
end) or 8.5 cm (short-end). The best results were achieved at
125 mM tris, 338 mM tricine (pH 7.7), analyzed with an effective
capillary length of 8.5 cm. Figure 5 shows the contour plot of
the selected optimum. The separation between the Ad peak and
the impurities remains robust across variations in separation
voltage (—15 to —25 kV), tris concentration (100-200 mM), and
tricine concentration (250-400 mM). The pH was maintained
between 7.5 and 7.7 under all tested conditions. Total run time
was reduced from 15 to 3.5 min (see figure 3b in reference
[6]), which was crucial for delivering a time-to-result of < 4 h.
The results of this optimization design, and specifically of the

mitigations implemented, led to risk scores as low as 10 out of 100
after reevaluating the risks associated with buffer pH and BGE
composition (refer to rows 3 and 4 in Table 5).

The following publications describe other CE methods that were
optimized by DoE: [5, 12, 19, 20, 27, 42, 46-49, 53, 67, 68]. Yao et al.
[42] optimized a CZE method for the quantification of Escherichia
coli L-asparaginase and its acidic variants by using a three-
level central composite design (CCD). Regressions coefficient
plots were used to find factors (i.e., method parameters) with
significant effect on three different responses (peak to valley
ratio, RSD of peak area, and migration time). Subsequently,
contour plots were used to find the optimal BGE concentration
and pH for the three responses described above. Niedermeier
et al. [12] employed a central composite face-centered design to
optimize the chiral separation of four phenothiazines by non-
aqueous capillary electrophoresis. Probability maps of the design
space were evaluated to optimize the voltage, hexadecyl-modified
B-cyclodextrin (HDMS--CD) concentration, and ammonium
acetate concentration. Pasquini et al. [20] used a DoE with a
response surface model (RSM) to optimize the composition of
the BGE, namely, the concentration of borate buffer and of the
added organic solvents. Contour plots and risk of failure maps
were used to define the MODR for the solvent-modified micellar
electrokinetic chromatography method.

3.4.3 | Method Robustness

The ICH QIl4 describes that if evaluation of robustness was
already conducted during development, it does not need to be
repeated during validation as discussed in ICH Q2 [1]. ICH
Q2 further underlines that robustness testing is part of method
development rather than part of method validation [51].

In analytical methods, robustness can be viewed as experimen-
tal robustness or holistic (or system) robustness. Experimental
robustness, often assessed via DoE, tests the impact of deliberate
changes in CMPs, identifying tolerance ranges where results
remain reliable. In contrast, holistic robustness emphasizes the
method’s reliability and steadiness in routine use, focusing on
control strategies and mitigations rather than parameter testing.
Although experimental robustness isolates parameter effects,
holistic robustness ensures consistent performance through
comprehensive control of the entire process. Together, these
approaches provide a balanced view of robustness in method
development.

The robustness testing of the CZE method, performed using
the same DoE model developed during method optimization,
assessed the allowable variability in critical parameters such as
tris concentration, tricine concentration, and separation volt-
age. Variations within the established tolerance ranges did not
negatively affect the method’s performance, demonstrating that
the method remains robust despite small deviations in these
parameters. This testing was crucial for ensuring that the method
could tolerate typical variations encountered during routine
use while still meeting the ATP requirements. The robustness
of the selected crude sample pretreatment conditions for the
Ad CZE method was tested with a full factorial design. The
benzonase concentration was varied from 7 to 9 U/mL, the MgCl,
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a value of 150, and the blue contour is the migration time (run time) with a value of 6 min. Source: Reprinted from Talanta [6] with permission from

Elsevier.

concentration from 1 to 1.8 mM, and the incubation times at 37°C
from 25 to 35 min. The robustness DoE showed that the sample
treatment conditions were robust at the selected conditions for
small variations due to operator errors or day-to-day variance.

Continuously, during screening, optimization, and robustness,
testing the risk assessment (from Table 5) was used and updated
to define knowledge gaps, to prioritize experiments, and to
capture increasing knowledge and understanding for all CMPs.
Ultimately, the relationships between the method parameters
and the reportable values were understood. All the risk scores
were lowered from 60-80 to 6-30, reducing the risk of a CMP to
affecting the ATP requirements to acceptable levels. In general at
the end of the method development step, good understanding of
the CMPs and their influence on the reportable results should be
established. The final method should be verified against the ATP
requirements and all ATP requirements should be met.

Additional examples of robustness studies with CE can be found
in references: [5, 12, 15, 17, 22-24, 27, 42-45]. Carcu-Dobrin
et al. [43] demonstrated the robustness of a chiral capillary
electrophoresis method for Verapamil enantioseparation using
a Plackett-Burnham design. Five parameters were evaluated:
BGE concentration, pH, cyclodextrin concentration, voltage, and
temperature. Their findings indicated no significant effect of any
parameter on chiral resolution or enantiomer migration time,
confirming the method’s robustness. Niedermeier et al. [12] used
a Plackett-Burman design to test robustness across capillary tem-
perature, voltage, ammonium acetate, acetic acid, and HDMS-
B-CD concentrations for the analysis of desipramine, revealing
significant impacts of ammonium acetate on migration time and
resolutions, and CD concentration on enantiomer resolution;

therefore, careful BGE preparation is recommended. Harnisch
et al. [53] assessed the robustness of a capillary electrophoresis
method developed for determining impurities in dapoxetine
hydrochloride. To ensure robustness beyond the design space,
they applied a Plackett-Burman design to examine additional
parameters across specified ranges. They evaluated sodium phos-
phate buffer concentration, pH, sulfated y-cyclodextrin (S-y-CD)
concentration, dimethyl-S-cyclodextrin (DM-3-CD) concentra-
tion and manufacturer, voltage, and capillary temperature. Scaled
and centered coefficient plots showed, as expected, that S-y-CD
concentration and voltage significantly impacted the current.
However, the results for DM-B-CD were unexpected, as the
manufacturer significantly affected analyte migration times and
resolution values for both the EOF and impurities. To ensure
consistency in QC, the authors recommend using DM-3-CD from
the same manufacturer.

3.4.4 | Control Strategy

The analytical procedure control strategy (APCS) of the analytical
method ensures that the analytical procedure continues to meet
the ATP requirements during routine use throughout the entire
life-cycle. The APCS is the result of a combination of all the
knowledge obtained during method development (screening,
optimization, and robustness) and all the mitigations for all the
CMPs in the risk assessment. ICH Q14 mentions that the APCS
should be defined before validation (ICH Q2) and should be
confirmed after validation has been finalized [1]. Every analytical
method needs at least an SST with SSC samples to monitor critical
aspects of the analytical method. Usually negative controls
(blank) and positive controls (sample or reference) are included

946

Electrophoresis, 2025

85U80|7 SUOWIWOD A0 3|cedljdde au Aq pausenob aJe Sapoie VO ‘@SN JO SN 10} AReiq18ulUQ AB|1AA UO (SUORIPUCD-PUe-SWLRY/Woo" A3 1M Afeiq1jeu|uo//Sdny) SUORIPUOD pue swie | 8 88s *[5Z0z/TT/8T] uo Arigi]auljuo A8|Im ‘0TT8'Sde/200T 0T/I0p/L00 A8 1w Aeiq 1 jaul U0 S eUINO OB 105 [ A leue//:sdny Wwolj pepeojumod ‘Y T-ET ‘G202 ‘€89222ST



System suitability test

Test Rationale Criteria
Fill capillary with BGE . Check the BGE preparation and capillary . Current: 40 — 60 pA
lit t, block:
and apply voltage fhaituihierkacs)
O Test injection ) Negative triangular chloride peak between 0.4-0.7
2 Injections: blank O Check for system contamination min

Signal < 0.45 mAU between 1.0-3.5 min

6 injections: adenovirus SSC| |«

Confirm precision and bias .
Check for capillary coating quality
(absence of adenovirus adsorption) .

Adenovirus peak (with a UV spectrum match >950)
between 1.8-2.5 min
Adenovirus concentration: 0.85-1.15 x 10** vp/ml

at1x 10" vp/ml

0 Migration time repeatability: <1%RSD
) Peak area repeatability: <5%RSD

at 7.3 x 10" vp/ml

0 Check for carry-over O Negative triangular chloride peak between 0.4-0.7
1 injection: blank min
0 Signal < 0.45 mAU between 1.0 and 3.5 min
1 injection; Calibrant . Used to determine the concentration of . Adenovirus peak (with a UV spectrum match >950)

the SSC and samples (if the SST passed)

between 1.8-2.5 min

v

v

System suitability test — passed

System suitability test - failed

v

v

Sample analysis

Troubleshooting

Calibrant (as assay control)
analyzed after every 5
samples

FIGURE 6 | System suitability test to assure proper performance of the CZE method during an analytical run. Source: Reprinted from Electrophoresis

[8] with permission from Wiley.

in the control strategy to monitor the equipment, the calibration,
the sample and control preparation, the separation, the data
processing, and/or the result. The SST with all its acceptance
criteria should be based on the CMPs that require control as
identified in the risk assessment and the ATP. This automatically
means that there is no such thing as a generic SST, and all
methods should have SSTs that are meaningful and verify fitness
for intended purpose on the day of analysis.

Figure 6 shows the SST for the developed CZE method for the Ad
concentration determination. For this method, during the time
from pulling a sample for IPC testing until return of the result to
production, the process is on hold. Therefore, the time to result
should be as short as possible. During method development, this
resulted in the choice to offer capillary lifetime rather than of
introducing a complex sample preparation procedure (other than
sample dilution) for downstream process and product samples.
As the clock starts ticking when the IPC sample arrives in the
lab, the system suitability will be performed earlier on the day
the IPC sample is expected. To reduce the risk that the actual
IPC sample fails, the requirements on the SST were set rather
stringently. The SST starts with filling the capillary with BGE after
which a voltage is applied. Method development and robustness
showed that currents between 40 and 60 pA are acceptable for
this application, demonstrating that the capillary is not blocked
and cut at the right length. Next, two blank samples are analyzed

to check for contamination. An SSC (Ad sample) with a known
concentration is injected six times to verify method performance
before each analytical run, ensuring a precision of < 5% RSD
for the Ad peak area and a total error (bias and intermediate
precision combined) of < 15% for virus particle concentration,
in line with the ATP requirements (see Figure 6 and Table 1).
Thereby, the peak width is an indicator for the quality and status
of the capillary wall. After the SSC, another blank is measured to
check for carry-over. Then, a one-point calibration is performed
by analyzing the calibrant. Additionally, the calibrant is measured
after every five test samples and at the end of each sequence.
A reduction in Ad concentration in the control sample during
the sequence signals degradation of the capillary coating and/or
Ad adsorption. A concentration change of + 10% is acceptable
for this application. Samples are only analyzed after a valid SST.
When the SST criteria fail, investigation and troubleshooting are
executed after which the SST is restarted. Routine application
of the CZE method (n = 525 analytical runs) revealed an initial
SST failure rate of approximately 20% (n = 105). This indicates
that troubleshooting and retesting of the SST were necessary in
one out of every five runs before sample analysis can proceed.
Despite the 20% failure rate for SST runs, 99.4% of the sample data
was generated on the same day. The stringent SST requirements
effectively prevented the analysis of samples on a CE system that
was not functioning properly, reducing the risk of a failed IPC
sample analysis and ensuring compliance with ATP requirements
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FIGURE 7 | Comparison of the qPCR results (logl0 VP/mL) versus CZE results (logl0 VP/mL) of six process intermediates and the final product.
The red line represents the unit line. Source: Reprinted from Electrophoresis [8] with permission from Wiley. qPCR, quantitative polymerase chain

reaction.

and short hold-times for the production process. Trending and
monitoring of ATP requirements (e.g., accuracy), CMPs (e.g., lot
number of capillary), and/or responses (e.g., resolution between
Ad peak and impurities) are crucial to control the analytical
method over time [69].

3.5 | Method Implementation

The optimized CZE method was installed and implemented
in different laboratories at analytical development, process
development, analytical support, and QC (development and
manufacturing). A common approach for training new operators
in the industry is a standardized 1-2-3 approach: (1) observe,
(2) perform under supervision, and (3) perform without direct
supervision. This limited approach is often very well suited for
established technologies like HPLC, because the operators are
educated on or familiar with other HPLC applications. When
implementing a new technology, such as CE in this example,
it is necessary to take a holistic approach to training, covering
the fundamentals and best practices of the technique, along
with instruction on the specific instruments and software, and
eventually training the specific application. The CMPs, along
with their control strategy and mitigations, form the basis for
training new users and represent the most essential information
in an analytical procedure. It is recommended to perform a
co-validation between the receiving and sending laboratory to
prevent that the validation is performed by the most experienced
method developers and therefore show flattered results rather
than setting realistic expectations for future use, see chapter 3.6.

The optimized CZE method was implemented to replace qPCR
for the determination of the Ad concentration in process samples.
Comparability of CZE and qPCR was assessed through an
equivalence study for all process intermediates. A total of 131
different upstream and downstream processing samples were
tested using both qPCR and CZE, as illustrated in Figure 7,
which shows a bivariate plot of qPCR versus CZE for various
process intermediates. The 95% prediction confidence interval for
the difference between CZE and qPCR measurements generally

ranged from —0.18 loglO to 0.16 logl0 VP/mL. Previous qPCR
comparability studies established acceptance limits of —0.2 logl0
to 0.21ogl0 VP/mL. The CZE results fell comfortably within these
acceptance limits, indicating that CZE and qPCR results were
interchangeable.

Other examples of method application and implementation are
published here: [12, 22,42, 52, 53, 70]. Simeoni et al. [52] executed a
technology bridging between rCE-SDS and SDS-PAGE. A method
bridging study demonstrated that the new release method (rCE-
SDS) is exchangeable with the current SDS-PAGE method for
detecting therapeutic monoclonal antibody variants under reduc-
ing conditions, with rCE-SDS offering higher sensitivity, enabling
consistent impurity quantification, and allowing specification
limits alignment with SDS-PAGE, while also providing additional
information on NG-HC content. Van Tricht et al. [70] developed a
capillary gel electrophoresis method to quantify viral proteins in
influenza virus and virosome samples as an alternative to SDS—
PAGE, HPLC, and single radial immunodiffusion (SRID). The
CGE method was successfully applied to B/Brisbane inactivated
virus and virosome samples. The hemagglutinin (HA) concentra-
tion in the virosome and inactivated virus samples, determined
by CGE, closely matched the SRID-determined titers, confirming
the method’s accuracy and reliability. Niedermeier et al. [12]
applied a developed nonaqueous CE (NACE) method to commer-
cially available levomepromazine chemical reference substances
(CRS) and Neurocil tablets. The method showed advantages
over previous techniques, particularly in its ability to detect
dextromepromazine down to the 0.01% level and reduce oxidation
of the sulfoxide. The NACE demonstrated good applicability for
determining the stereochemical purity of levomepromazine.

3.6 | Method Performance

ICH Q14 recommends that analytical procedures are validated in
accordance with ICH Q2(R2). The ATP serves as a foundation
for deriving the appropriate analytical procedure attributes and
acceptance criteria for analytical procedure validation. For prac-
tical reasons and in line with a risk-based approach, it may not
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be necessary or feasible to validate the entire MODR. However,
the sections of a PAR or MODR intended for routine use in
the analytical procedure must be supported by validation data.
Validation approaches for MODRs can be found in annex B of
ICH QI4. Validation of the analytical procedure is required only
for performance characteristics not addressed by data from the
development phase [1].

In method validation, several common errors can compromise
the reliability and applicability of analytical procedures. One
frequent issue is the use of incorrect significant figures, which
can distort statistical calculations, data accuracy, and interpre-
tation. Another problem arises when validation efforts focus too
narrowly on certain parts of the method, overlooking critical steps
such as sample preparation. Sample preparation is a frequent
source of errors and uncertainties, yet it is often excluded
from validation procedures. Additionally, some validations are
designed to showcase the maximum capability of a method rather
than providing realistic expectations for routine performance.
This approach can result in overestimating the method’s relia-
bility under typical operating conditions. Moreover, validations
are often conducted by highly experienced operators instead of
the intended end-users, which may mask challenges that less
skilled personnel might face. Finally, a “checklist” mentality can
dominate the process, where the focus is on meeting formal
requirements rather than evaluating whether the method is truly
fit for its intended purpose. Addressing these issues is essential
to ensure that validation results genuinely reflect the method’s
performance in real-world applications.

The Ad CZE method was validated according to ICH Q2. Speci-
ficity was established by confirming peak identity and verifying
the presence of intact Ad particles. Both adenovirus serotype
26 (Ad26) and adenovirus serotype 35 (Ad35) were effectively
separated from all matrix components in each of the process
intermediates, as well as from other Ad types (Figure 12 in [50].
The method’s repeatability (n = 18) yielded a RSD of 2.1% to
4.8% for the corrected peak area and 0.55% to 0.82% for the
migration time. The intermediate precision (n = 18) showed
an RSD of 7.8% for the corrected peak area and 2.5% for the
migration time. The accuracy, assessed through spiked recovery
(three replicates at three levels), ranged from 95% to 110%. In
conclusion, all predefined acceptance criteria from the ATP were
met, confirming that the method is suitable for determining Ad
concentration in vaccine products.

After method validation, it can be concluded that the method’s
performance, specifically regarding precision and bias, was
acceptable during the validation experiments. However, these
experiments do not guarantee that future results obtained using
the method will maintain the same quality. Hubert et al. [71] and
Rozet et al. [72-74] proposed an alternative statistical method-
ology to predict the quality of future results by evaluating the
total error of an analytical method. The total error was assessed
for the Ad CZE method by using an accuracy profile. The total
error, which is the sum of the random error (precision) and
the systematic error (bias), of an analytical method predicts the
method’s ability to produce accurate future results. Figure 8
shows the accuracy profile of the CZE method. The -expectation
tolerance intervals, derived from the intermediate precision and
bias of the analytical method, are statistical intervals in which

Accuracy profile (total error)
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FIGURE 8 | Accuracy profile of the adenovirus concentration deter-
mination. The orange line represents the relative bias. The blue lines
represent the 90% f3-expectation tolerance intervals (prediction for future
results) and the dotted black lines represent the acceptance limits of 20%.
Source: Reprinted from [29] with permission from the author.

it is expected that each future result will fall with 8 probability
(typically 90%). The LOQ and range of the method can be
determined by selecting the lowest and highest concentration
levels (with tolerance intervals) that are within the acceptance
limits.

The following publications describe more examples of CE method
performance experiments [5, 12, 67].

3.7 | Useand Improve

ICH Q14 emphasizes a risk-based approach to developing and
continuously monitoring methods, focusing on controlling CMPs
and using change control and revalidation as necessary. Con-
tinuous improvement and systematic updates are encouraged to
maintain method suitability as new data, equipment, or regula-
tory expectations evolve. By managing knowledge gained during
development and routine use, ICH Q14 aims to sustain method
performance and ensure that analytical procedures remain fit for
purpose throughout the product lifecycle [1].

In practice, this means recognizing that an analytical method
is never truly “finished.” The original developer of the method
should remain responsible for its application whenever possible,
even after transferring it to another lab, as it is only through this
transfer that the true robustness and effectiveness of the method
can be fully assessed. In the “Use and Improve” phase, two critical
elements are essential: (1) continuously monitor the performance
of a method, and (2) learn from issues and troubleshooting, and
actively seek opportunities for method improvement. Although
analytical methods are initially developed with specific purposes
and ATP requirements, users frequently apply these methods for
different or expanded applications beyond their original intent.
This adaptive use necessitates periodic assessment to confirm that
the procedure continues to meet ATP specifications and main-
tains accuracy, precision, and robustness under new conditions.
Deviations from ATP criteria can indicate the need for method
development or reassessment. Certain scenarios, such as the
introduction of a new product, a different sample matrix, a varied
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lines. Source: Reprinted from [28] with permission from the author.

concentration range, or new product combinations with potential
interference from impurities, are especially relevant as they can
directly impact the validity of the analytical result. In such cases,
method revalidation, modification, or even the development of
a new analytical procedure may be warranted to ensure that
the method remains suitable and compliant with regulatory
and scientific standards. This proactive approach to life-cycle
management enables a more resilient analytical procedure that
adapts to evolving requirements in pharmaceutical development.

Figure 9 shows a control chart of 1656 results of the Ad SSC of the
CZE method. The trending results were continuously evaluated
by interpretation of target limits, control limits, and Shewhart
tests. The lower specification limit (LSL) of 0.85¢10" VP/mL
and the upper specification limit (USL) of 1.15¢10" VP/mL were
defined in phase O based on the total error of 15% from the
method performance (Figure 8). In phase 1, a negative bias was
observed of 4%. Although within limits, an investigational study
was performed to identify the root cause and take corrective
measures before the bias would move outside the acceptable
range. The risk assessment was reevaluated to identify CMPs that
could impact accuracy. After intensive investigation, pipetting
was recognized as a potential root cause of the observed bias, as
typical Ad samples are viscous and can have a variable surface
tension. To investigate further, multiple operators were observed
during the routine use of the CZE method. It was noted that
each operator pipetted differently, and all used a prerinsing step.
The prerinsing was introduced after a retraining from a pipette
vendor, based on the good practices of pipetting Milli-Q water.
However, the viscosity and surface tension of the Ad samples and
diluent differ significantly from water, resulting in a bias. A new
pipetting routine for these Ad samples was introduced, and Phase
2 shows that the results were well within the acceptance limits
after retraining the operators. In all of the other phases, specific

reasons were found that explained increased variability (i.e.,
precision) or bias. Every time, the risk assessment was reviewed
to understand the effect of the CMPs on the ATP requirements
and to find the root cause. Maintaining control over an ana-
lytical method requires various approaches, such as retraining
operators, clarifying or rewriting the analytical procedure, and
implementing new control measures. The risk assessment should
continuously be updated with the latest insights and knowledge
and is the basis for a method-specific control strategy.

It is recommended that the causes for invalid SSTs, results, or
runs are logged. The causes of SST failure for the CZE method
were monitored, and initially in 50% (n = 53) of the cases failure
was attributed to instrument malfunction. Other causes were as
follows: 27% (n = 28) material defects (e.g., capillary coating),
15% (n = 16) software issues, 4% (n = 4) unclarities in the
test procedure, and 4% (n = 4) operator errors. Mapping the
down-time of the equipment and the time spent to solve the
issue can help prioritize the causes that need to be fixed first
by continuous improvement. In this case, most of the failures
attributed to instrument malfunction were significantly reduced
with operator retraining on CE best practices and Ad sample
handling.

At another point in time, a lower Ad concentration sensitivity
was required, and the ATP was adapted accordingly. Thanks to
the AQbD method development process, thorough understanding
of the CE principles and well-documented method development
and risk assessments resulted in a fast adaption of the method.
Sensitivity was enhanced by large-volume injection and transient-
isotachophoresis on-column sample concentration where tricine
in the BGE acts as a terminating electrolyte and chloride, always
present in any sample matrix, acts as a leading electrolyte.
Without further effort, an LOD of 5¢108 VP/mL (0.8 pmol/L) and
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an LOQ of 1.5¢10° VP/mL (2.5 pmol/L) were readily achieved for
drug substance and drug product [50].

4 | Conclusions/Concluding Remarks

This article highlights the advantages of applying AQbD in
capillary electrophoresis method development, underlining its
role in creating robust and reproducible analytical procedures.
Although demonstrated here for CE, this approach is equally
applicable to any analytical technology, offering a structured
framework for optimizing performance, minimizing risk, and
ensuring consistent quality across various methods. The pre-
sented AQbD-flow with its tools such as criticality assessment,
risk assessment, and DoE is complementary to sound knowledge
and experience of the analytical technologies used, as well as
of the application field for which the method is needed. Use of
the tools does not replace science but helps better document and
transfer all knowledge gained. To the experienced technology
expert, the AQbD-flow might seem superfluous, as an expert
makes swift, often subconscious, decisions on CMPs and risks.
However, the AQbD tools will support the expert in captur-
ing those thoughts and transferring the knowledge to others,
as the method development expert is usually not the person
performing the (QC) analysis or might not be around when
troubleshooting or method life cycle management is required.
Knowledge transfer is of utmost importance as the safety of
the patient through well-characterized and quality-controlled
medicines cannot be dependent on the availability of a single
expert.

A common misconception is confusing DoEs with AQbD.
Although DoE is a statistical tool used for process optimiza-
tion and identifying key variables, AQbD is a broader, more
comprehensive framework. It incorporates DoE as part of a
systematic, risk-based approach but also integrates knowledge
management, risk assessment, and lifecycle management, pro-
viding a holistic view of method development. The key benefits
of the AQbD approach presented here include ensuring that
all method developers follow a consistent strategy and use a
common language. The AQbD approach also helps in focusing
on the end user, which in pharmaceutical analysis typically
is a skilled operator in a manufacturing QC environment and
not a technology expert. Best practices and robustness should
be built into the final method and not be dependent on the
operator. An AQbD focus furthermore prevents methods from
being developed for the wrong purpose, ensures traceability of
data, and facilitates the seamless integration of completed tools
into the method development report, enhancing both clarity and
documentation.

Although the implementation of AQbD and ICH Q14 guidelines
offers significant advantages, they should not become mere
checkbox exercises. These frameworks are tools designed to
systematically enhance method robustness through deep scien-
tific understanding and proactive risk management. However,
they must be complemented by field-specific expertise in the
underlying technologies and analytes. Following procedural steps
without truly understanding the science behind them risks
undermining AQbD’s goal of enhancing method performance
and adaptability.

Acknowledgments

We thank Dr. Lars Geurink for extensive discussions when creating the
AQbD-flow as well as generously allowing us to use illustrations from his
thesis.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. “ICH Ql4: Analytical Procedure Development—Scientific
Guideline,” European Medicines Agency, accessed November 17,
2024, https://www.ema.europa.eu/en/ich-ql4-analytical-procedure-
development-scientific-guideline.

2. T. Cernosek, M. Dalphin, J. Sakowski, S. Behrens, and P. Wunderli,
“Application of Analytical Quality by Design to the Development
and Validation of Reduced and Non-Reduced Capillary Electrophore-
sis Analytical Procedures for mAb Purity Determination,” Journal of
Pharmaceutical and Biomedical Analysis 249 (2024): 116386.

3. L. Marzullo, R. Gotti, S. Orlandini, et al.,, “Analytical Quality by
Design-Compliant Development of a Cyclodextrin-Modified Micellar
Electrokinetic Chromatography Method for the Determination of Trime-
caine and Its Impurities,” Molecules (Basel, Switzerland) 28, no. 12 (2023):
4747.

4. B. Pasquini, S. Orlandini, M. Del Bubba, E. Bertol, and S. Furlanetto,
“The Successful Binomium of Multivariate Strategies and Electrophoresis
for the Quality by Design Separation of a Class of Drugs: The Case of
Triptans,” Electrophoresis 36, no. 21-22 (2015): 2650-2657.

5.S. Niedermeier and G. K. E. Scriba, “A Quality by Design-Based
Approach to a Capillary Electrokinetic Assay for the Determination of
Dextromepromazine and Levomepromazine Sulfoxide as Impurities of
Levomepromazine,” Journal of Pharmaceutical and Biomedical Analysis
146 (2017): 402-4009.

6. E. Van Tricht, L. Geurink, H. Backus, M. Germano, G. W. Somsen, and
C. E. Sdnger-van De Griend, “One Single, Fast and Robust Capillary Elec-
trophoresis Method for the Direct Quantification of Intact Adenovirus
Particles in Upstream and Downstream Processing Samples,” Talanta 166
(2017): 8-14.

7. C. E. Sédnger-van De Griend, “CE-SDS Method Development, Vali-
dation, and Best Practice—An Overview,” Electrophoresis 40, no. 18-19
(2019): 2361-2374.

8. E. Van Tricht, L. Geurink, F. Galindo Garre, et al., “Implementation
of At-Line Capillary Zone Electrophoresis for Fast and Reliable Deter-
mination of Adenovirus Concentrations in Vaccine Manufacturing,”
Electrophoresis 40, no. 18-19 (2019): 2277-2284.

9. S. Orlandini, G. Hancu, Z. 1. Szabo, et al., “New Trends in the
Quality Control of Enantiomeric Drugs: Quality by Design-Compliant
Development of Chiral Capillary Electrophoresis Methods,” Molecules
(Basel, Switzerland) 27, no. 20 (2022): 7058.

10. S. Krait, F. R. Schneidmadel, and G. K. E. Scriba, “Quality by Design-
Assisted Development of a Capillary Electrophoresis Method for the
Enantiomeric Purity Determination of Tenofovir,” Electrophoresis 43, no.
9-10 (2022): 964-969.

11. G. Hancu, S. Orlandini, L. A. Papp, A. Modroiu, R. Gotti, and S.
Furlanetto, “Application of Experimental Design Methodologies in the
Enantioseparation of Pharmaceuticals by Capillary Electrophoresis: A
Review,” Molecules (Basel, Switzerland) 26, no. 15 (2021): 4681.

951

85U80|7 SUOWIWOD A0 3|cedljdde au Aq pausenob aJe Sapoie VO ‘@SN JO SN 10} AReiq18ulUQ AB|1AA UO (SUORIPUCD-PUe-SWLRY/Woo" A3 1M Afeiq1jeu|uo//Sdny) SUORIPUOD pue swie | 8 88s *[5Z0z/TT/8T] uo Arigi]auljuo A8|Im ‘0TT8'Sde/200T 0T/I0p/L00 A8 1w Aeiq 1 jaul U0 S eUINO OB 105 [ A leue//:sdny Wwolj pepeojumod ‘Y T-ET ‘G202 ‘€89222ST


https://www.ema.europa.eu/en/ich-q14-analytical-procedure-development-scientific-guideline

12. S. Niedermeier and G. K. E. Scriba, “Chiral Separation of Four
Phenothiazines by Nonaqueous Capillary Electrophoresis and Qual-
ity by Design-Based Method Development for Quantification of Dex-
tromepromazine as Chiral Impurity of Levomepromazine,” Journal of
Chromatography A 1624 (2020): 461232.

13. Z. Zhang, X. Zhang, S. Li, et al., “Quality by Design-Based Capillary
Electrophoresis Method Development for the Quantitative Analysis of
Four Iridoid Compounds in Gentiana Macrophylla Radix,” Electrophoresis
44, no. 9-10 (2023): 793-806.

14. A. Modroiu, S. Krait, G. Hancu, and G. K. E. Scriba, “Quality by
Design-Guided Development of a Capillary Electrophoresis Method for
the Chiral Purity Determination of Silodosin,” Journal of Pharmaceutical
and Biomedical Analysis 222 (2023): 115117.

15. F. Krebs, H. Zagst, M. Stein, et al., “Strategies for Capillary Elec-
trophoresis: Method Development and Validation for Pharmaceutical
and Biological Applications—Updated and Completely Revised Edition,”
Electrophoresis 44, no. 17-18 (2023): 1279-1341.

16. D. A. Michels, M. Parker, and O. Salas-Solano, “Quantitative Impu-
rity Analysis of Monoclonal Antibody Size Heterogeneity by CE-LIF:
Example of Development and Validation Through a Quality-by-Design
Framework,” Electrophoresis 33, no. 5 (2012): 815-826.

17. S. Orlandini, B. Pasquini, C. Caprini, et al., “A Comprehensive
Strategy in the Development of a Cyclodextrin-Modified Microemulsion
Electrokinetic Chromatographic Method for the Assay of Diclofenac and
Its Impurities: Mixture-Process Variable Experiments and Quality by
Design,” Journal of Chromatography A 1466 (2016): 189-198.

18. S. Orlandini, B. Pasquini, M. Stocchero, S. Pinzauti, and S. Furlanetto,
“An Integrated Quality by Design and Mixture-Process Variable Approach
in the Development of a Capillary Electrophoresis Method for the
Analysis of Almotriptan and Its Impurities,” Journal of Chromatography
A 1339 (2014): 200-209.

19. S. Orlandini, B. Pasquini, R. Gotti, A. Giuffrida, F. Paternostro, and
S. Furlanetto, “Analytical Quality by Design in the Development of a
Cyclodextrin-Modified Capillary Electrophoresis Method for the Assay of
Metformin and Its Related Substances,” Electrophoresis 35, no. 17 (2014):
2538-2545.

20. B. Pasquini, R. Gotti, M. Villar-Navarro, et al., “Analytical Quality by
Design in the Development of a Solvent-Modified Micellar Electrokinetic
Chromatography Method for the Determination of Sitagliptin and Its
Related Compounds,” Journal of Pharmaceutical and Biomedical Analysis
202 (2021): 114163.

21. R. Deidda, H. T. Avohou, R. Baronti, et al., “Analytical Quality by
Design: Development and Control Strategy for a LC Method to Evaluate
the Cannabinoids Content in Cannabis Olive Oil Extracts,” Journal of
Pharmaceutical and Biomedical Analysis 166 (2019): 326-335.

22. B. Pasquini, S. Orlandini, M. Villar-Navarro, et al., “Chiral Capillary
Zone Electrophoresis in Enantioseparation and Analysis of Cinacalcet
Impurities: Use of Quality by Design Principles in Method Development,”
Journal of Chromatography A 1568 (2018): 205-213.

23. B. Pasquini, S. Orlandini, C. Caprini, et al., “Cyclodextrin- and Solvent-
Modified Micellar Electrokinetic Chromatography for the Determination
of Captopril, Hydrochlorothiazide and Their Impurities: A Quality by
Design Approach,” Talanta 160 (2016): 332-339.

24. S. Orlandini, B. Pasquini, C. Caprini, et al., “Enantioseparation and
Impurity Determination of Ambrisentan Using Cyclodextrin-Modified
Micellar Electrokinetic Chromatography: Visualizing the Design Space
Within Quality by Design Framework,” Journal of Chromatography A 1467
(2016): 363-371.

25. S. Furlanetto, S. Orlandini, B. Pasquini, C. Caprini, P. Mura, and S.
Pinzauti, “Fast Analysis of Glibenclamide and Its Impurities: Quality by
Design Framework in Capillary Electrophoresis Method Development,”
Analytical and Bioanalytical Chemistry 407, no. 25 (2015): 7637-7646.

26. S. Furlanetto, S. Orlandini, B. Pasquini, M. Del Bubba, and S.
Pinzauti, “Quality by Design Approach in the Development of a Solvent-

Modified Micellar Electrokinetic Chromatography Method: Finding the
Design Space for the Determination of Amitriptyline and Its Impurities,”
Analytica Chimica Acta 802 (2013): 113-124.

27. S. Orlandini, B. Pasquini, M. Del Bubba, S. Pinzauti, and S. Furlanetto,
“Quality by Design in the Chiral Separation Strategy for the Determi-
nation of Enantiomeric Impurities: Development of a Capillary Elec-
trophoresis Method Based on Dual Cyclodextrin Systems for the Analysis
of Levosulpiride,” Journal of Chromatography A 1380 (2015): 177-185.

28. L. Geurink, “Analytical Quality by Design Method Development
for Vaccine Characterization” [Internet] (PhD diss., Acta Universitatis
Upsaliensis, 2022), https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-
483007.

29. E. van Tricht, Advancing virus and viral protein analysis in
vaccine development and production- Method development and
implementation, Vrije Universiteit Amsterdam, The Netherlands,
2020, https://research.vu.nl/en/publications/advancing-virus-and-viral-
protein-analysis-in-vaccine-development.

30.J. Ermer, D. Aguiar, A. Boden, et al., “Lifecycle Management in
Pharmaceutical Analysis: How to Establish an Efficient and Relevant
Continued Performance Monitoring Program,” Journal of Pharmaceutical
and Biomedical Analysis 181 (2020): 113051.

31. V. Das, B. Bhairav, and R. B. Saudagar, “Quality by Design Approaches
to Analytical Method Development,” Research Journal of Pharmacy and
Technology 10, no. 9 (2017): 3188.

32. R. Peraman, K. Bhadraya, and Y. Padmanabha Reddy, “Analyti-
cal Quality by Design: A Tool for Regulatory Flexibility and Robust
Analytics,” International Journal of Analytical Chemistry 2015 (2015): 1-9.

33. M. A. Jahangir, M. Taleuzzaman, M. J. Alam, A. Soni, and S. Beg,
“Analytical Quality by Design for Capillary Electrophoresis,” in Hand-
book of Analytical Quality by Design (Elsevier, 2021), 115-132, [Internet],
https://linkinghub.elsevier.com/retrieve/pii/B9780128203323000054.

34. B. Jayagopal and M. Shivashankar, “Analytical Quality by Design—A
Legitimate Paradigm for Pharmaceutical Analytical Method Develop-
ment and Validation,” Mechanics, Materials Science & Engineering Journal
9 (2017), access through https://hal.science/hal-01504765v1.

35. S. Goswami and R. Chakraverty, “A Review on Application of Quality
by Design Concept to Analytical Techniques,” International Journal of
Current Research in Health and Biological Sciences 1, no. 3 (2016): 100-108.

36. A. Dispas, H. T. Avohou, P. Lebrun, P. Hubert, and C. Hubert, “‘Quality
by Design’ Approach for the Analysis of Impurities in Pharmaceuti-
cal Drug Products and Drug Substances,” TrAC Trends in Analytical
Chemistry 101 (2018): 24-33.

37. P. Borman, C. Campa, G. Delpierre, et al., “Selection of Analyti-
cal Technology and Development of Analytical Procedures Using the
Analytical Target Profile,” Analytical Chemistry 94, no. 2 (2022): 559-570.

38. P. Jackson, P. Borman, C. Campa, et al., “Using the Analytical Target
Profile to Drive the Analytical Method Lifecycle,” Analytical Chemistry 91,
no. 4 (2019): 2577-2585.

39.D. Van Der Burg, H. Witzig, and C. E. Sdnger-Van De Griend,
“Design of Experiments for Micellar Electrokinetic Chromatography
Method Development for the Monitoring of Water-Soluble Vitamins in
Cell Culture Medium,” Electrophoresis 44, no. 19-20 (2023): 1548-1558.

40. S. El Deeb, H. Witzig, D. Abd El-Hady, C. Singer-van De Griend, and
G. K. E. Scriba, “Recent Advances in Capillary Electrophoretic Migration
Techniques for Pharmaceutical Analysis (2013-2015),” Electrophoresis 37,
no. 12 (2016): 1591-1608.

41. S. E. Deeb, H. Wiitzig, D. A. El-Hady, H. M. Albishri, C. S. De Griend,
and G. K. E. Scriba, “Recent Advances in Capillary Electrophoretic
Migration Techniques for Pharmaceutical Analysis,” Electrophoresis 35,
no. 1(2014): 170-189.

42. H. Yao, J. Vandenbossche, C. E. Sdnger-van De Griend, et al.,
“Development of a Capillary Zone Electrophoresis Method to Quantify
E. coli L-Asparaginase and Its Acidic Variants,” Talanta 182 (2018): 83-91.

952

Electrophoresis, 2025

25U90 17 SUOWILIOD BRI 8]0l ke 3 Ad PaURAC 8.2 SIOILE YO ‘35N J0 S[NI J0J ATeJgITUIIUD A3 1A UO (SUONIPUOO-PUE-SLLIBILLICO"AB| W ATRIGIPUI U0/ STTIY) SUOIIPUOD) PUE SWS | 81 295 *[GZ0Z/TT/BT] Uo ArIqiT8u1IuO A8|1M ‘0TT8'SAR/Z00T 0T/ 0P/ AB] I ATRIGIPUIIUO'S FEUIND 0US 105 0 1A e/ /STy WO papeo|umod *pT-€T ‘G207 ‘E89222ST


https://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-483007
https://research.vu.nl/en/publications/advancing-virus-and-viral-protein-analysis-in-vaccine-development
https://linkinghub.elsevier.com/retrieve/pii/B9780128203323000054
https://hal.science/hal-01504765v1

43. M. Carcu-Dobrin, G. Hancu, L. A. Papp, I. Fiilop, and H. Kelemen,
“Development of a Chiral Capillary Electrophoresis Method for the
Enantioseparation of Verapamil Using Cyclodextrins as Chiral Selectors
and Experimental Design Optimization,” Symmetry 13, no. 11 (2021): 2186.

44. R. Meng and J. Kang, “Determination of the Stereoisomeric Impurities
of Sitafloxacin by Capillary Electrophoresis With Dual Chiral Additives,”
Journal of Chromatography A 1506 (2017): 120-127.

45. C. E. Sédnger-van De Griend, H. Wahlstrém, K. Groningsson, and
M. Widahl-Ndsman, “A Chiral Capillary Electrophoresis Method for
Ropivacaine Hydrochloride in Pharmaceutical Formulations: Valida-
tion and Comparison With Chiral Liquid Chromatography,” Journal of
Pharmaceutical and Biomedical Analysis 15, no. 8 (1997): 1051-1061.

46. F. Sii3, V. Harang, C. E. Sidnger-van De Griend, and G. K. E.
Scriba, “Development and Validation of a Robust Capillary Electrophore-
sis Method for Impurity Profiling of Calcium Levofolinate Including
the (6 R,2” S)-Diastereomer Using Statistical Experimental Design,”
Electrophoresis 25, no. 4-5 (2004): 766-777.

47. O. Stélberg, K. Sander, and C. Sdnger-van De Griend, “The Deter-
mination of Bromide in a Local Anaesthetic Hydrochloride by Capillary
Electrophoresis Using Direct UV Detection,” Journal of Chromatography
A 977, no. 2 (2002): 265-275.

48. C. E. Singer-van De Griend, A. G. Ek, M. E. Widahl-Nidsman, and
E. K. M. Andersson, “Method Development for the Enantiomeric Purity
Determination of Low Concentrations of Adrenaline in Local Anaesthetic
Solutions by Capillary Electrophoresis,” Journal of Pharmaceutical and
Biomedical Analysis 41, no. 1 (2006): 77-83.

49. P. Paul, C. Van Laeken, C. Singer-van De Griend, E. Adams, and
A. Van Schepdael, “CE-C 4 D Method Development and Validation for
the Assay of Ciprofloxacin,” Journal of Pharmaceutical and Biomedical
Analysis 129 (2016): 1-8.

50. L. Geurink, E. Van Tricht, D. Van Der Burg, et al., “Sixteen Capillary
Electrophoresis Applications for Viral Vaccine Analysis,” Electrophoresis
43, no. 9-10 (2022): 1068-1090.

51. “ICH Q2(R2): Guideline for Validation of Analytical Procedures,”
European Medicines Agency, accessed November 17, 2024,
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-
g2r2-guideline-validation-analytical- procedures-step-5-revision-
1_en.pdf.

52. P. Simeoni, M. Deissler, R. Bienert, et al., “Using Enhanced Develop-
ment Tools Offered by Analytical Quality by Design to Support Switching
of a Quality Control Method,” Biotechnology and Bioengineering 120, no.
11 (2023): 3299-3310.

53. H. Harnisch and G. K. E. Scriba, “Capillary Electrophoresis Method
for the Determination of (R)-Dapoxetine, (3S)-3-(Dimethylamino)-3-
Phenyl-1-Propanol, (S)-3-Amino-3-Phenyl-1-Propanol and 1-Naphthol as
Impurities of Dapoxetine Hydrochloride,” Journal of Pharmaceutical and
Biomedical Analysis 162 (2019): 257-263.

54. L. Ma, H. A. Bluyssen, M. De Raeymaeker, et al., “Rapid Determina-
tion of Adenoviral Vector Titers by Quantitative Real-Time PCR,” Journal
of Virological Methods 93, no. 1-2 (2001): 181-188.

55. P.W. Shabram, D. D. Giroux, A. M. Goudreau, et al., “Analytical Anion-
Exchange HPLC of Recombinant Type-5 Adenoviral Particles,” Human
Gene Therapy 8, no. 4 (1997): 453-465.

56. E. van Tricht, P. de Raadt, A. Verwilligen, et al., “Fast, Selective and
Quantitative Protein Profiling of Adenovirus-Vector Based Vaccines by
Ultra-Performance Liquid Chromatography,” Journal of Chromatography
A 1581 (2018): 25-32.

57.J. A. Sweeney and J. P. Hennessey Jr., “Evaluation of Accuracy and
Precision of Adenovirus Absorptivity at 260 Nm Under Conditions of
Complete DNA Disruption,” Virology 295, no. 2 (2002): 284-288.

58.J. V. Maizel Jr., D. O. White, and M. D. Scharff, “The Polypeptides of
Adenovirus: 1. Evidence for Multiple Protein Components in the Virion
and a Comparison of Types 2, 7A, and 12,” Virology 36, no. 1 (1968): 115-125.

59. “ICH Q8(R2): Pharmaceutical Development—Considerations for
Technical Requirements,” European Medicines Agency, accessed
November 17, 2024, https://www.ema.europa.eu/en/documents/
scientific-guideline/international-conference-harmonisation-technical-
requirements-registration-pharmaceuticals-human-use-considerations-
ich-guideline-g8-r2-pharmaceutical-development-step-5_en.pdf.

60. K. Ishikawa, “What Is Total Quality Control,” English edition,
Prentice Hall Direct, 1985.

61. S. Orlandini, S. Pinzauti, and S. Furlanetto, “Application of Quality by
Design to the Development of Analytical Separation Methods,” Analytical
and Bioanalytical Chemistry 405, no. 2-3 (2013): 443-450.

62. “ICH Q9: Quality Risk Management [Internet]”. European
Medicines Agency, accessed November 17, 2024, https://www.ema.
europa.eu/en/documents/scientific-guideline/international-conference-
harmonisation-technical-requirements-registration-pharmaceuticals-
human-use-ich-guideline-q9-quality-risk-management-step- 5-first-
version_en.pdf.

63. K. D. Sharma and S. Srivastava, “Failure Mode and Effect Analysis
(FMEA) Implementation: A Literature Review,” Journal of Advanced
Research in Aeronautics and Space Science 5, no. 1-2 (2018): 1-17.

64. C. A. Lucy, A. M. MacDonald, and M. D. Gulcev, “Non-Covalent
Capillary Coatings for Protein Separations in Capillary Electrophoresis,”
Journal of Chromatography A 1184, no. 1 (2008): 81-105.

65. H. Stutz, “Protein Attachment Onto Silica Surfaces—A Survey of
Molecular Fundamentals, Resulting Effects and Novel Preventive Strate-
gies in CE,” Electrophoresis 30, no. 12 (2009): 2032-2061.

66. C. E. Sidnger-van De Griend and A Van Schepdael, “Method Develop-
ment and Validation of Capillary Electromigration Methods,” in Capillary
Electromigration Separation Methods [Internet] (Elsevier, 2018), 235-267,
https://linkinghub.elsevier.com/retrieve/pii/B9780128093757000101.

67. A. Milan, G. Hancu, D. Lupu, M. Budédu, V. Garaj, and H. Kelemen,
“Venlafaxine Chiral Separation by Capillary Electrophoresis Using
Cyclodextrin Derivatives as Chiral Selector and Experimental Design
Method Optimization,” Symmetry 12, no. 5 (2020): 849.

68. M. N. El-Attug, J. Hoogmartens, E. Adams, and A. Van Schepdael,
“Optimization of Capillary Electrophoresis Method With Contactless
Conductivity Detection for the Analysis of Tobramycin and Its Related
Substances,” Journal of Pharmaceutical and Biomedical Analysis 58 (2012):
49-57.

69. M. K. Parr and A. H. Schmidt, “Life Cycle Management of Analytical
Methods,” Journal of Pharmaceutical and Biomedical Analysis 147 (2018):
506-517.

70. E. Van Tricht, L. Geurink, B. Pajic, et al., “New Capillary Gel
Electrophoresis Method for Fast and Accurate Identification and Quan-
tification of Multiple Viral Proteins in Influenza Vaccines,” Talanta 144
(2015): 1030-1035.

71. C. Hubert, S. Houari, E. Rozet, P. Lebrun, and P. Hubert, “Towards a
Full Integration of Optimization and Validation Phases: An Analytical-
Quality-by-Design Approach,” Journal of Chromatography A 1395 (2015):
88-98.

72. E.Rozet, R. D. Marini, E. Ziemons, et al., “Total Error and Uncertainty:
Friends or Foes?,” TrAC Trends in Analytical Chemistry 30, no. 5 (2011):
797-806.

73. E. Rozet, A. Ceccato, C. Hubert, et al., “Analysis of Recent Pharmaceu-
tical Regulatory Documents on Analytical Method Validation,” Journal of
Chromatography A 1158, no. 1-2 (2007): 111-125.

74. E. Rozet, S. Rudaz, R. D. Marini, E. Ziémons, B. Boulanger, and P.
Hubert, “Models to Estimate Overall Analytical Measurements Uncer-
tainty: Assumptions, Comparisons and Applications,” Analytica Chimica
Acta 702, no. 2 (2011): 160-171.

953

25U90 17 SUOWILIOD BRI 8]0l ke 3 Ad PaURAC 8.2 SIOILE YO ‘35N J0 S[NI J0J ATeJgITUIIUD A3 1A UO (SUONIPUOO-PUE-SLLIBILLICO"AB| W ATRIGIPUI U0/ STTIY) SUOIIPUOD) PUE SWS | 81 295 *[GZ0Z/TT/BT] Uo ArIqiT8u1IuO A8|1M ‘0TT8'SAR/Z00T 0T/ 0P/ AB] I ATRIGIPUIIUO'S FEUIND 0US 105 0 1A e/ /STy WO papeo|umod *pT-€T ‘G207 ‘E89222ST


https://www.ema.europa.eu/en/documents/scientific-guideline/ich-q2r2-guideline-validation-analytical-procedures-step-5-revision-1_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use-considerations-ich-guideline-q8-r2-pharmaceutical-development-step-5_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use-ich-guideline-q9-quality-risk-management-step-5-first-version_en.pdf
https://linkinghub.elsevier.com/retrieve/pii/B9780128093757000101

	A Practical Approach to Implementing ICH Q14: Tools for Analytical Quality by Design in Capillary Electrophoresis Method Development
	1 | Introduction
	2 | ICH Q14 and AQbD
	3 | The AQbD-Flow
	3.1 | Method Request and ATP
	3.2 | Technologies Selection
	3.3 | Critical Method Parameters (CMPs)
	3.3.1 | Mapping Method Parameters
	3.3.2 | Criticality Assessment
	3.3.3 | Risk Assessment

	3.4 | Method Development
	3.4.1 | Screening Experiments
	3.4.2 | Method Optimization
	3.4.3 | Method Robustness
	3.4.4 | Control Strategy

	3.5 | Method Implementation
	3.6 | Method Performance
	3.7 | Use and Improve

	4 | Conclusions/Concluding Remarks
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement

	References


