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Throughout the 20th century, the notion of ‘quality’ underwent major changes. The concept of ‘Quality
by Testing’, i.e. evaluating the quality of a product by testing it for some pre-defined parameters after
completing the manufacturing process, started to be replaced by the enhanced approach of Quality by
Design (QbD). In this concept, idealized by Joseph Juran [1], quality is initially conceived for the product,
and then the product is manufactured and evaluated to reach that quality. Driven by the need to reduce
costs and to encourage companies to improve their understanding of their products and manufacturing
processes, pharmaceutical regulatory agencies, through the ICH (International Council on Harmonization),
published the ICH Q8 guideline, highlighting the QbD strategy for pharmaceutical development [2]. This
represented a significant step in replacing the existing quality paradigms in the conventional manufacturing
of pharmaceutical products and paved the way to support development and production activities within
a scientific, flexible environment, with a high level of quality, without the need for extensive regulatory
surveillance. The higher level of understanding gained during development allows out-of-specification
batches to be foreseen and ensures that the desired quality will be obtained at the end of the manufacturing
process. The two pillars of the QbD concept are quality risk management and multivariate study of the
outcomes (quality parameters) as functions of the inputs (materials, formulation and process inputs). At
this point, Chemometrics emerged officially as a strategy to support the pharma regulatory requirementsthe beginning of a joyful and long-life union.
Soon analytical researchers realized that the QbD concepts could be readily applied to the analytical
method development, since it is also a ‘process’ with quality requirements to be fulfilled. This generated
what is nowadays called ‘Analytical Quality by Design’ (AQbD) [3-5]. The development of increasingly
efficient analytical methods presents itself as a fundamental aspect in the pharmaceutical industry, since
the analysis of drugs in raw materials, intermediates and finished products is necessary in practically the
entire process of the development and production of medicines. High Performance Liquid Chromatography
(HPLC) is the most commonly used technique in the pharmaceutical industry [6], along with the modern
version of Ultra High Performance Liquid Chromatography (UHPLC). Therefore, the majority of efforts in
AQbD are directed towards these techniques.
In the same way as with QbD, AQbD is driven by quality risk management and understanding of the
quality parameters of the method as functions of the inputs (experimental) variables. To implement the
principles of AQbD, one must first define all of the requirements that the method must meet in terms of
quality; that is, define the Analytical Target Profile (ATP), which includes both procedure attributes and
validation parameters, depending on the purpose of the method and the guidelines being followed. From
the ATP, the attributes that are critical for the proper performance of the method should be identified;
these are called Critical Quality Attributes – CQA. Some examples of CQA include the adequate retention
in the column (measured by the retention factor, k); appropriate resolution among all target peaks in the
chromatogram (measured by the resolution Rs or separation factor, α); adequate symmetry for integration
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(measured by tailing factor or an equivalent parameter); plate number; number of peaks observed in the
chromatogram, etc. In addition, a target value or acceptance limit must be established for each of them.
The next step involves identifying the critical experimental variables that influence these quality
attributes, using prior knowledge and risk assessment tools (e.g. Ishikawa diagram), and then assigning a
risk to each of them – which can be done either by a formal risk analysis tool such as FMEA (Failure Mode
Effect Analysis) or through risk analysis tables. An important aspect is the justification of the risk assigned
to each variable according to analytical knowledge of the samples being analyzed and the analytical
technique used. The high-risk variables are called Critical Procedure Parameters (CPP) or Critical Method
Parameters (CMP) and some examples are: column type (chemical composition of the stationary phase
and column length), composition of the mobile phase (type of organic modifier, pH of the aqueous phase,
ion-pairing reagent type), gradient slope or gradient time, temperature of the column, flow rate, etc.
The QbD strategy recommends the study of the CQA as a function of the CPP in a multivariate way and,
for this reason, the tools of Design of Experiments – (DOE) are fundamental in this strategy. This procedure
has several advantages over the univariate OFAT (One-factor-at-a-time) method, which is normally timeconsuming and often does not bring satisfactory solutions, due to interactions of the variables involved
(i.e., the response obtained by changing variable A depends on the level of variable B), which can only
be identified using multivariate methods. In addition, in the OFAT method, the results are only obtained at
the points where the experiments are carried out, not allowing characterization of the entire experimental
domain. On the other hand, multivariate methods may allow an understanding of how the CQA changes
depending on the variation of the levels of CPP through the estimation of mathematical models which
allow the visualization of results by plotting response surfaces, and the prediction of responses within the
experimental domain without the need for extra laboratory work.
Since chromatographic method development involves many variables, different DOE methods can be
used according to the nature of these variables (statistically independent/non-independent variables), the
goal of the experiment and the number of variables involved. As a general practical guide, the primary
variables that affect selectivity in liquid chromatography - type of stationary phase, nature of organic
modifier (typically methanol (acidic property), acetonitrile (dipolar) or tetrahydrofuran (basic) in reversed
phase liquid chromatography) and pH range (acidic, neutral, basic ranges) - should be screened in the
first step of method development. Since initial guidance is the objective of this step, economical designs,
such as fractional factorial or optimal designs are recommended. Optimal designs are versatile computergenerated designs that set the experiments according to a given pre-defined mathematical criterion, for
example, D-, G-, A-, I-optimality criteria. They are especially welcome in situations when constraints need
to be imposed on the design region, when a nonstandard model is necessary to adequately explain the
response or when the number of experiments should be restrained to estimate a pre-defined model [7].
A second step encompasses the use of design methods to estimate the coefficients of a prediction
model, with pre-defined CQA as responses, and temperature, flow rate, gradient time (or slope) and pH (in
a narrower range) typically being the input variables. For this purpose, Full Factorial, Central Composite,
Box-Behnken, Doehlert and optimal designs can be used. It should be highlighted that Full Factorial
designs only allow the estimation of linear models, whereas the other methods mentioned allow higher
order coefficients to be estimated. Mixture designs can be used for optimization of the mobile phase
composition, considering solvents with different characteristics as the mixture ingredients – the selection
can be made using the well-known Snyder’s selectivity triangle for liquid chromatography. A detailed
description of DOE methods applied to chromatography can be found in many references [8-11].
In order to ensure that quality parameters are achieved for all compounds in the same chromatographic
run, a procedure for the simultaneous optimization of several responses can be employed. Even though
many ‘response functions’ attempt to describe the overall separation by a single value, experience shows
that the best way is to model individual responses and then combine them using a multiple response
optimization method, such as the contour map overlay and the desirability functions of Derringer and Suich
[12-13]. These methods allow a very important precept of QbD to be achieved, which is the ‘Design Space’
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(DS) or ‘Method Operable Design Region’ (MODR), defined as the “multidimensional combination of
variables that influence a method and that guarantee the quality of the data produced by it” [14]. According
to this definition, the MODR is considered a robust work region, since the experimental variations within
this region do not cause changes in the quality attributes of the method. It is worth mentioning that, at this
stage, a careful statistical analysis of the mathematical models from the selected DOE that generated the
MODR must be done, using, for example, analysis of variance (ANOVA), confidence intervals and analysis
of residuals.
The major benefit of building an MODR is to incorporate the robustness into the development, instead of
evaluating it in the validation step, as is currently done. This avoids undesirable surprises during validation
and may allow changes to be made over the method’s lifecycle in a safe way, without the need for regulatory
approval [15,16]. An important step of increasing interest is the evaluation of MODR uncertainty limits.
Monte-Carlo simulations, Bayesian modelling and bootstrapping are useful tools to accomplish this task
and ensure the robustness within the MODR [17,18]. Estimates of confidence intervals for the predicted
responses also represent a way to take into account the uncertainty of MODR.
A concrete proof that this approach is the future of analytical development by liquid chromatography
is the launching of commercial software for method optimization and data treatment, already connected
to or integrated with analytical instruments. The most representative example is Fusion QbD LC method
development (S-Matrix, California, EUA) which provides a full range of DOE tools to support liquid and
supercritical fluid chromatography method development and which is integrated in the software of major
instrument manufacturers, such as Empower (Waters Technologies), Chromeleon (Thermo Scientific) and
OpenLab Chem Station (Agilent). Fusion QbD mainly works with optimal designs (other designs are also
available) to select the minimum number of runs to obtain information in a two-step approach - Screening
and Optimization. The sequence of runs is organized by the software and information is exported to the
instrument. After completion, chromatographic peaks should be integrated by the user and the results
exported back to Fusion. Then, the software allows a complete statistical data analysis, including model
selection and evaluation by ANOVA and residual graphs; response surfaces are built and desirability
functions combined with Monte Carlo simulations allow the MODR to be determined with uncertainty
boundaries. Also, predicted chromatograms can be plotted in real-time according to the variations made
within the studied experimental region. This certainly represents the state-of-the art in the LC method
development.
Another outcome that highlights the importance of AQbD is the fact that this strategy has been
recognized by official entities all over the world. In June 2019, the British Medicines and Healthcare
products Regulatory Agency (MHRA) published the results of a public consultation on the use of AQbD
principles to pharmacopeial standards for medicines. This was accompanied by the publication of a
technical review of an MHRA project to explore the application of AQbD to a pharmacopeial assay procedure
[19]. Responses to that public consultation declared that the MHRA will support and complement the
evolution of developing regulatory science, with the application of AQbD concepts [20]. The United States
Pharmacopeia (USP) has published a proposed new General Chapter <1220> The Analytical Procedure
Lifecycle aiming at describing the current thinking of the USP Validation and Verification Expert Panel
which advises the General Chapters – Chemical Analysis Expert Committee with regard to future trends
in analytical procedure development, qualification, and continued monitoring. This general chapter article
had the purpose of describing an alternative approach to the classical process of analytical validation and
subsequent verification and transfer, describing these activities as a continuum and closely interrelated
events rather than as discrete actions [21]. This is only possible by using AQbD concepts, in particular
modelling of the CQA as functions of the CPP and the establishment of the MODR. A similar document is
expected to be published this year by the ICH for public consultation, the ICH Q14 Analytical Procedure
Development guideline, which is based on the principles of the ICH Q8, i.e. sound scientific and risk-based
approval, as well as post-approval change management, now for analytical procedures [22].
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CONCLUSIONS AND FUTURE PERSPECTIVES
The strategy of varying the experimental conditions in a univariate way and selecting the “best
chromatogram” is becoming unacceptable within the context of modern analytical chemistry and quality
environments. The use of DOE and the application of multivariate methods to method development are
key elements in the context of the Analytical Quality by Design initiative - these will be strictly necessary
tools for analytical development in the future, and can no longer be avoided, especially after being adopted
by regulators. The development of methods using the univariate strategy, in addition to being very timeconsuming, does not always bring satisfactory solutions, because interactions can occur between the
many variables involved, which can only be identified using multivariate methods. In addition, results
are only obtained at the points where the experiments were carried out, not allowing an overview of the
complete experimental domain. In the current method development strategy, robustness is only tested in
the validation step; nevertheless, once this stage is reached, one may realize that the method is not robust
even to small fluctuations in the experimental conditions meaning that it is necessary to go back to the
development stage. With the proposed strategy, the robustness is naturally incorporated into the method
development stage.
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