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initiatives are described as applications for
many types of processes, such as in the
pharmaceutical industry, biotechnology
field, and for analytical methods
development. Design space (DS) and
design of experiments (DoE) provide
useful results for analytical methods
development and simulation of advanced
DESIGN OF EXPERIMENTS (OIS ROBLC TN processes in traditional manufacturing

relationships. The three topics, QbD, DS

and DoE are the best way to achieve

strong and efficient industrial production.
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List of Selected Acronyms

Analytical quality by design AQbD Plackett-Burman PB
Box-Behnken design BBD Principal component analysis PCA
Capillary electrophoresis CE Process analytical technology PAT
Central composite design CCD Quality by design QbD
Coefficient of determination R? Quality by testing QbT
Critical method attributes CMAs Quality control QC
Critical quality attributes CQAs Quality target product profiles QTPPs
Design of experiments DoE Response surface methodology RSM
Design space or Design spaces DS or DSs Risk assessment RA
Fractional factorial design FFD United States Food and Drug Administration US FDA
Method operational design region MODR United States Pharmacopeia USP

INTRODUCTION

Quality by design (QbD) approach has been extensively applied to pharmaceutical products development
as can be observed by many applications in industry quality control, and research and development
(R&D) laboratories. When compared with quality by testing (QbT), QbD improves the understanding of
processes and products with predefined goals based on statistical, mathematical, chemistry and quality
risk management. There are four steps related to QbD processes:

1. Analytical target profile (ATP), which includes the purpose of an analytical method and its required
performance criteria (critical quality attributes - CQAs);

2. Risk assessment. This step is related to sample preparation for further analytes determination, focuses
on data analysis. Then, further potential variables as noise variables can be identified so, they are
evaluated by measurement system analysis approaches, and instrumental parameters, which is
assessed by design of experiment (DoE) strategies (a critical part);

3. From DoE results, the design space (DS) is obtained. DS shows the analytical chemistry conditions
where an analytical method or production procedure can work without compromise the final result.
This component is the establishment of reliable methods intended to be used in analytical chemistry
laboratories;

4. Control strategy and validation are conducted via observation of several analytical figures of merit,
such as accuracy and precision expressed as relative standard deviation (RSD) and coefficient of
determination (R?), among others [1-4].

Pharmaceutical laboratories and companies have employed QbD to reach the excellence of their
products. Drug efficacy and safety are key criteria to ensure pharmaceutical product quality. Thus, QbD
initiatives are able to analyze factors that can compromise the stability of a drug. For example, Michels
and coworkers [5] applied the QbD framework to develop and validate a capillary electrophoresis-sodium
dodecyl sulfate assay using a laser-induced fluorescence detector for monitoring impurities from the
manufacturing process of therapeutic monoclonal antibodies to ensure patient safety and product efficacy.

Since then, QbD was introduced to chemical manufacturing control (CMC), and this approach has
gained popularity in the pharmaceutical manufacturing sector [6]. As mentioned before, QbD has been
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extensively useful in the pharmaceutical industry to understand drug quality parameters. Excipients, for
example, are critical to drug performance, requiring a thorough interpretation of their chemical properties,
composition and control of their variability to ensure high product quality.

Direct compression is an important attribute in the manufacturing of new tablets, and thus, itis necessary
to know the properties of raw materials, as excipients, to ensure the effectiveness of large batch production.
In addition, some properties of these materials are closely correlated, presenting interaction effects, so a
multivariate analysis is mandatory to identify and relate these attributes to excipient performance [7].

An important mechanism that take several advantages of QbD is process analytical technology (PAT).
Actually, PAT and QbD are aligned. PAT can be defined as a series of analytical control procedures and
the manufacturing of new materials that are focused on the quality parameters of a target product. In the
chemical industry, PAT concept has been used for some decades, in which process analyzers such as near
infrared spectroscopy (NIRS) and nuclear magnetic resonance (NMR) are used to optimize productivity, as
well as quality. The data generated by these analytical instrumental techniques are modeled by statistical
and mathematical tools, such as principal component analysis (PCA) and partial least squares (PLS).
Thus, due to these innovations of analytical instruments and the ability to model the data generated by
these detection methods, PAT has been increasingly adopted by the pharmaceutical industry to assist in
improving and modernizing the manufacturing of new drugs.

Nowadays, the implementation of PAT in the field of biotechnology has received special attention due
to the complexities of the raw materials used in products development [8].

Covering all aspects described in the previous paragraphs, we must mention the Chemometric tools.
Chemometrics is a science dedicated to perform a better visualization and interpretation from chemical
data. This science has been barely used for optimization in electroanalytical applications when comparing
to spectroscopy and chromatography methods [9,10].

This review is intended to present some applications of QbD in pharmaceutical field as also, other
promising areas. Chemometricsis “spread” in all text, turning QbD a powerful tool for variables optimization of
chromatographic analytical methods allowing that experimental conditions achieve successful separation,
identification and quantification of the target species.

DoE can be used for several applications depending on issue to be solved. In a review paper, Hibbert
[11] described the use of several DoE processes applied to chromatographic separation and highlighted
the most used in optimization and validation studies such as: (1) Factorial design [12-14]; (2) Plackett-
Burman (PB) design [15-17]; (3) Central Composite design (CCD) [18-20]; (4) Box—Behnken design (BBD)
[21-23]; (5) Doehlert design (DD) [24-26] and (6) Mixture design [27-29]. Other types of DoE have been
used and often cited in the literature, as examples Mixed-level fractional factorial design [30-32]; Definitive
Screening design (DSD) [33-35] and D-optimal design [36-38].

The interestin QbD by industry and laboratories is increasing. Figure 1 shows the number of publications
related to this topic since 1977 using Web of Science database. From 1977 to 2006, only 23 papers were
published. It is possible to see the ever-increasing number of publications on this topic which in 2018 and
2019 more than 200 articles were published.
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Figure 1. Publications related to quality by design (QbD) from 1977 to 2019.

The dataset used in this research was downloaded from the online database Science Citation Index
Expanded (SCI-EXPANDED), and all documents types were considered. These results were exported
from the Web of Science using 500 records at a time, file format in full record and cited references as well
as tab-delimited (Win) for the file format. A bibliometric map for occurrence analysis of author keywords
was obtained using the VOSviewer software (version 1.6.15; www.vosviewer.com). Figure 2 shows the top
50 author keywords with the highest co-occurrence among the 1,607 articles addressed to the keywords
“analytical quality by design” OR “quality by design” on July 27, 2020. This bibliometric map shows a
set of links connecting different research topics (i.e. clusters indicated in different colors) and how QbD
can be associated with other important topics, such as DS, DoE, and PAT. Details explaining how this
bibliometric analysis is prepared can be found in the following Youtube Playlist: https://www.youtube.com/
playlist?list=PL4CuftF4l|_fCc9t1xoQSaYOUq-UBz_2VD
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Figure 2. Bibliometric map for quality by design (QbD) relations with main important topics. Keywords used: “analytical
quality by design” OR “quality by design”. Number of words: 50 and more details about the bibliometric analysis can
be found in the following Youtube Channel: https://www.youtube.com/c/EdenirPereiraFilho

This review aims to introduce the reader to this important topic and mainly, show how the scientific
authors applied these concepts. The text addresses three complementary parts: QbD, DS and DoE and,
Table | emphasizes recent applications.

Quality by design (QbD), design of space and design of experiments applications

In 2018, Dispas et al. [39] discussed the importance of QbD strategy for analyzing drug impurities. They
mentioned that QbD facilitates quality risk management and provides ways to identify and control potential
quality issues during both product development and manufacturing. It was also mentioned that one of the
key challenges during the implementation of QbD strategies is the development of appropriate analytical
methods to achieve the intended goals.

In 2017, a CE-based limit test for levomethorphan was developed. Critical method parameters were
determined throughout scouting experiments and screened by FFD to establish the CQAs, which were
optimized using Central composite face-centered design to define the method DS. The validation process
was performed according to the International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) guideline Q2 (R1) [40].

A rapid colorimetric microplate bioassay for the estimation of bacitracin was proposed using QbD

18



Braz. J. Anal. Chem., 2021, 8 (30), pp 14-28.

approach. For the optimization of the method, factorial design and response surface methodologies (RSM)
were performed, and DS was established to ensure the method reproducibility [41].

Hashem and El-Sayed [42] proposed a new RP-HPLC method for the simultaneous determination of
levetiracetam and pyridoxine HCI in prepared tablets using QbD. Screening of four independent variables:
pH of the mobile phase, flow rate, injection volume and percentage of the organic modifier at two levels,
and optimization of the chromatographic variables were performed by FFD and CCD, respectively.

Tol et al. [43] developed a selective and robust HPLC method for separation of abacavir, lamivudine
and dolutegravir (anti-retroviral formulation) in a drug product. QbD principles combined with a DoE were
proposed to establish the relationship between critical response and tested variables.

QbD strategy was used by Mohamed et al. [44] to develop a new method combining vortex-aided
salting-out-assisted liquid-liquid microextraction with a core-shell HPLC method establishing an efficient,
sensitive and simultaneous determination of dorzolamide hydrochloride (DOR) and timolol maleate (TIM)
in rabbit plasma with high analytical frequency. Screening of the knowledge space was performed with a
PB design, and a BBD was applied for RSM.

Kozaki et al. [45] also studied the application of QbD to pharmaceutical development for analyzing
critical process parameters (CPPs) of poly (lactic-co-glycolic acid) nanoparticle formulations encapsulating
triamcinolone acetonide. CPPs were assessed by FFD and CCD, and then the results were visualized
using RSM to identify DS.

In 2009, an overview of key developments and a roadmap regarding QbD principles for therapeutic
biotechnology products was reported [46].

Terzi¢ et al. [47] developed a specific and robust hydrophilic interaction liquid chromatography (HILIC)
method for the determination of bilastine and its degradation impurities with high analytical frequency
following analytical QbD (AQbD) strategy. Through the use of BBD, a relationship between the CPPs
and the CQAs was established, and further regression models and Monte Carlo simulations were used
to identify the DS. Robustness testing was performed using FFD. In another study proposed by Kasagic-
Vujanovi¢ and Jancic-Stojanovic, the HILIC system was used for the determination of amitriptyline and its
impurities as following substances, dibenzosuberone, cyclobenzaprine, nortriptyline and (5EZ,10RS)-5—
[3-(dimethylamino)propylidene-10,11-dihydro-5H-dibenzo[a,d][7]annulen—10-ol, and the same statistical
treatment was applied [48].

Through QbD, Sylvester et al. [49] developed an HPLC method for the simultaneous determination
of curcuminoids and doxorubicin from long-circulating liposomes. The authors established a MODR by
means of a DoE and RSM. Within a linear range from 2 to 20 ug/ml, and trueness between 97 to 104%
were successfully achieved.

Sankar et al. [50] used QbD for determination of enzalutamide (ENZ), an atypical anticancer drug, in
a drug formulation and in spiked plasma samples using UHPLC-electrospray ionization-tandem mass
spectrometry (UHPLC-ESI-MS/MS). A DoE and CCD were used to screen and extensively evaluate the
critical process attributes (CPAs), which can influence analytical parameters.

Another study using the QbD for method development of the estimation of quercetin dihydrate by HPLC
was proposed by Sandhu et al. [51] FFD was used to screen the critical analytical attributes (CAAs),
including the organic modifier, injection volume, column temperature and buffer strength. After that, the
optimal conditions were determined through BBD and RSM, respectively.

Green analytical chemistry principles and QbD were applied to develop and validate the determination
of fenoverine (FEN) in bulk and dosage form. In this study, a two-level FFD (2-*) was applied to screening
and identifying the influential chromatography method variables. Furthermore, the BBD was used to
optimize the most important variables that actively affect the CAAs [52].

Mukthinuthalapati et al. [53] simultaneously determined antidiabetic drugs in their combined dosage
forms employing HPLC. The effects of the variables, such as mobile phase composition, buffer strength,
and flow rate were optimized using a BBD. Thus, the DoE and QbD allowed the separation of five analytes:
metformin, pioglitazone, glibenclamide, glimepiride and repaglinide.
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In addition, Awotwe-Otoo et al. [54] used QbD to optimize a method based on the separation of
hydrolyzed protamine sulfate peptides from a robust RP-HPLC method. Two experimental designs were
used: (i) a PB design to evaluate main effect of the different variables, such as mobile phase pH, flow
rate of the mobile phase, injection volume, methanol concentration and column temperature, on peak
resolution; and (ii) a three-level BBD with three center points to evaluate the principal, quadratic and
interaction effects considering the column temperature, flow rate (on peak resolution), USP (United
States Pharmacopeia) tailing and mobile phase pH (on the response), reducing the required number of
experiments after optimization.

Dobricic et al. [55] used RP-HPLC for the simultaneous determination of telmisartan and impurities using
QbD. Variables including the acetonitrile (ACN) content in the first (ACN 1) and second (ACN 2) gradient
steps were evaluated. In addition, time (t,), the second gradient step and their combination affected the
separation of telmisartan and its impurities.

QbD was also applied in bioanalytical method development for olmesartan medoxomil (OLM)
determination in rat plasma using ultra-performance liquid chromatography (UPLC). For instance, Beg
et al. [56] performed a 252 FFD as a screening method to identify important variables and, posteriorly, to
optimize them (mobile phase ratio and injection volume) using a CCD at three levels. BBD was also used
for optimization of the extraction process conditions.

With the help of QbD concept, Sharma et al. [57] used a full factorial DoE 32 to optimize the conditions
of analyte separation for the determination of bambuterol. In another paper, Schmidt et al. [58] developed a
method using DoE for the determination ofimpurities in the active pharmaceutical ingredient carbamazepine.

QbD was also applied to optimize lipid-polymer nanoparticles from a DoE at three levels of two critical
independent variables, the lipidoid 5, L, content and the L5:ASO ratio, for customizing luciferase gene
transcription of antisense oligonucleotides (Luc-ASO) for delivery in HelLa pLuc/705 cells containing an
aberrant luciferase gene [59].

Bade et al. [60] applied QbD using a DoE for optimization of the refolding process for a recombinant,
biotech, therapeutic, granulocyte colony-stimulating factor. Risk analysis was performed to identify
variables that required more attention. Afterwards, the chosen parameters were evaluated using an FFD.

QbD and PAT were used to investigate particle characterization during in-line, high-shear, wet granulation
(HSWG) using focused beam reflectance measurement (FBRM). The optimizations were conducted from
a DoE with nine scale-up levels developed in batches and eight clinical sublots using an FBRM probe to
assess the variables and improve the process of development of this drug product [61].

A study using the QbD was applied in the production of a pharmaceutical gel. The quality target product
profiles (QTPPs) were obtained from reference values of the previously batches. The critical variables of
the process (viscosity and pH) were optimized using a DoE that comprised 13 gel with triplicates at the
center point. Afterwards, the best synergism values from the optimization of the QTPPs were defined using
a desirability function [62].

Pasquini et al. [63] used a DoE to optimize the experimental parameters and variables from an
electrokinetic method following QbD. From the optimization, a DS was defined, and the developed method
was dedicated to quantify three antimigraine drugs in different pharmaceutical products available on the
market.

Design of Experiments (DoE) is a statistical technique for screening of factors, planning, conducting,
analyzing, optimizing the conditions of the system to be used and interpreting data from experiments. For
QbD, the use of DoE includes advantages as not requiring detailed knowledge of the system, definition of
the number of experiments to be performed, and data modelling for empirical functions that are generally
linear or quadratic [11,64].

QbD concepts are normally used to analytical method development. Its use is increasing based
on predefined requirements for an analytical method stated in the ATP. From this perspective, a DoE
is mandatory to visualize the influence of the variables and its interactions on responses. For variable
screening studies, the two-level full factorial design is the most widely used. Afterwards, variable screening
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and multilevel designs are generally considered for the efficient exploration of response functions from
empirical models. The critical conditions of factors as maximum or minimum values are determined by
RSM. Among these, the most used are the CCD, BBD, and DD [11,65,66].

Ferreira et al. [10] reported an overview of most common factorial design methods for the optimization
of sample preparation procedures and experimental conditions of analytical instrumental techniques
dedicated to determination of organic and inorganic analytes in food. According to the authors, CCD is the
most commonly used method, although it has a lower efficiency than DD or BBD. They also conclude that
there is a high frequent use of chemometric tools for the optimization of analytical methods.

For instance, a DoE and RSM were used to optimize the process of biodiesel production using different
types of catalysts (homogeneous and heterogeneous and acid) [67].

Wu et al. [68] proposed the Generalized Multiplicative ANOVA (GEMANOVA) model as an alternative
to ANOVA (analysis of variance) for improving the interpretation and understanding of complex data sets
obtained from monitoring the physical stability of a solid dispersion with X-ray powder diffraction (XRPD).
The results obtained by the GEMANOVA model were easier to interpret and understand than those
obtained from the ANOVA model, and a DS was established according to the QbD. Table | shows some
selected papers and its remarks about QbD application in Pharmaceutical industry, Industrial purposes
and Optimization using DoE.

Table I. Selected papers of applying QbD principles to common scientific fields

Field Remark References

e Chromatographic methods for separation, identification and
determination

Pharmaceutical e Starting materials and reagents evaluation in manufacturing [69-86]
industry e |[dentification of unexpected impurities

e Granulation and tableting processes

e Dosage form of a solid inhaled drug

e Development and optimization a chitosan film formulation

Industrial purposes o Identlflc-atlon of sta-ble-and robust mlcroe.rrl1uIS|ons [87-95]
e Evaluation of the kinetics of a powder mixing process
e QbD to assess the subfractions of lipoprotein

¢ Nanoprecipitation (NPR) and nanospray drying (NSD)

application
Optimization tools e Optimization of cell culture parameters [96-108]
using DoE e Determination, development and improvement of analytical

methods

¢ Selection of relevant variables in a system

DoEs have been used in these biotechnological processes for some years, as reported by Mandenius
et al. [109] in a review paper, in which DoEs are a powerful tool for the optimization of bioprocesses.

QbD has been shown as a relevant scientific tool for developing efficient and safe medicinal products,
as well as for reducing costs in the development of these products in health care industries [110].

DoE and RSM are critical tools for QbD implementation. Therefore, to comply with the established
guidelines (ICH Q1, Q2 and Q3), studies have reported the importance of these tools to achieve successful
results regarding the implementation of QbD. Bezerra et al. [111] outlined a tutorial review about simplex
optimization. This particular approach does not need complex mathematical and statistical tools to be
performed and, consequently can be easily implemented. Another important study, from Ferreira et al. [112]
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is a review about the most known experimental designs, such as the BBD, DD, and the CCD. In addition, a
tutorial entitled “Application of free computational program in experimental design: a tutorial” [113] makes
DoE, one of the tools discussed in this review, accessible for any analyst or industry professional.

A fast HPLC screening method for the separation of eight antidiabetic compounds: pioglitazone (PZ2),
rosiglitazone (RZ), glyburide (GB), glimepiride (GM), gliquidone (GQ), gliclazide (GL), glipizide (GP), and
repaglinide (RG), was proposed by Mokhtar et al. [114]. DS was developed using an in silico simulation of
practical robustness testing procedures. The DS was calculated using a full two-level DoE for three different
stationary phases varying buffer pH, gradient elution parameters, and ternary solvent ratio. Furthermore,
the method offered a fast separation (less than 6 min) of the analytes that achieved the required levels of
the CQAs.

Following the QbD principles, Schmidt et al. [115] defined a DS for a chromatographic method for the
purity testing of pramipexole. Influential separation parameters were identified and assessed experimentally
in a DoE (3%= 729 experiments were performed in silico).

A DS was used by Arai et al. [116] in the granulation process of mefenamic acid tablets. Bootstrap
resampling technique was used to evaluate robustness of the procedure. This procedure is used when
predictions estimated by the quadratic polynomial model present unsatisfactory results in complex
nonlinear problems. Thus, the Bootstrap resampling method is applicable to verify the accuracy of a
nonlinear response surface.

DS and QbD concepts were implemented to evaluate the CPPs in ICH, Q8 R2, Q9 and Q10 for analytical
method development and optimization of three chiral compounds. These compounds were developed as
modulators of small conductance calcium-activated potassium (SK) channels using HPLC [117]. A DoE-
DS and CCD were used to investigate the effects of trifluoroacetic acid (TFA) and n-hexane concentration
in an acetonitrile mobile phase for enantiomeric separation.

In the pharmaceutical field, the DS and DoE concepts are being increasingly used to optimize analytical
methods. For instance, Jambo et al. [118] evaluated the use of mass spectrometric detection supercritical
fluid chromatography (SFC-MS) to identify adulteration in medicinal cannabis plants. In order to optimize
this method, DoE and DS approaches were applied. Kurmi et al. [119] also used a DoE to optimize the
forced degradation conditions of furosemide acid.

In the study by Maeda et al. [120], QbD was used to build a more reliable large-scale D. The experimental
model system selected to construct the DS was the lubrication process for theophylline tablet manufacturing.

Mokhtar et al. [121] proposed a method to ensure more confidence in the produced DS regarding the
robustness in compliance with ICH Q2 (R1). In this sense, a new DS calculation was developed that was
compared to the conventional calculation. For this, a HPLC instrument was used and, with the assistance
of a DoE, this DS mapped by the in silico robustness simulation provided more compliance to ICH Q2 (R1)
than the previous alternatives.

A quantitative structure-retention relationship-design-of-experiment (QSRR-DoE) protocol to propose an
optimal DS in a QbD procedure to improve HILIC method development in the separation of pharmaceutical
targets was proposed by Taraji et al. [122]. ACCD for three selected chromatographic variables: acetonitrile
concentration, mobile-phase pH and salt concentration, was used to model the retention times of a mixture
of pharmaceutical analytes in HILIC. A QSRR model was generated and used to predict the retention time
and, consequently, the selectivity variable between new target analytes.

Chhatre et al. [123] provided an important discussion about the combination of QbD and biochemical
engineering to enable an efficient bioprocess development and manufacturing. The highlights of the main
steps of QbD: risk assessment, statistical experimental design, scale-down techniques, rapid assays and
graphical representation methods.

A study using QbD and a DS to develop a bioassay for the relative potency of linezolid in pharmaceutical
samples was proposed by Saviano et al. [124]. DoE and CCD were applied to evaluate the influence of
inoculum concentration and triphenyltetrazolium chloride on microbial growth.
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In 2017, Kormany et al. [125] proposed a generic workflow to compare the resolution of a pharmacopeia
impurity profiling method in a large DS of 3 measured and 3 calculated variables. A modern LC modeling
software (Drylab) was used for comparing critical variables in relation of different parts of the DS. The results
showed that it is possible to interchange two columns and map the retention behavior of the compounds
of interest in a small number of steps in an experimental study.

Sun et al. [126] combined a computer simulation program and a design of experiments statistical
software to develop a multicomponent analytical determination method using HPLC, combining two
detectors, a diode-array detector (DAD) and an evaporative light scattering detector (ELSD), connected in
series. DoE was applied to in the workflow steps to minimize experimental risk variables and provide an
efficient DS method.

Nadella et al. [127] used a DoE by applying QbD to identify a DS for determination of teriflunomide by
a UPLC method in the presence of degradation products. A CCD was performed to evaluate the variables:
resolution, retention time and peak tailing. The proposed method presented high analytical frequency.

CONCLUSION AND PERSPECTIVE

This review shows that traditional manufacturing relationships have been changing by QbD. These
methods are part of analytical quality improvements and mainly, aid to save energy and time. In addition,
most methods described here are related to pharmaceutical purposes, but it was possible to verify the first
steps in other areas. It is worthy to reinforce the importance of the design tools (QbD, DS and DoE) and
that they would be able to enhance other industrial processes. From the practical point of view, there is
enough room for other applications in different fields of chemical industry.
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