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AQbD: PLS2 COMPUTATIONAL INVERSION
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Abstract

The paper shows a procedure for selecting the control method parameters (factors) to
obtain a preset ‘analytical target profile’ when a liquid chromatographic technique is
going to be carried out for the simultaneous determination of five bisphenols (bisphenol-
A, bisphenol-S, bisphenol-F, bisphenol-Z and bisphenol-AF), some of them regulated by

the European Union.

The procedure has three steps. The first consists of building a D-optimal combined
design (mixture-process design) for the control method parameters, which are the
composition of the ternary mobile phase and its flow rate. The second step is to fit a
PLS2 model to predict six analytical responses (namely, the resolution between each
pair of consecutive peaks, and the initial and final chromatographic time) as a function of
the control method parameters. The third final step is the inversion of the PLS2 model to

obtain the conditions needed for attaining a preset analytical target profile.

The computational inversion of the PLS2 prediction model looking for the Pareto front of
these six responses provides a set of experimental conditions to conduct the
chromatographic determination, specifically 22% of water, mixed with 58% methanol and

20% of acetonitrile, keeping the flow rate at 0.66 mL min™. These conditions give a
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chromatogram with retention times of 2.180, 2.452, 2.764, 3.249 and 3.775 minutes for
BPS, BPF, BPA, BPAF and BPZ, respectively, and excellent resolution among all the

chromatographic peaks.

Finally, the analytical method is validated under the selected experimental conditions, in
terms of trueness and precision. In addition, the detection capability for the five
bisphenols were: 596, 334, 424, 458 and 1156 pg L™, with probabilities of false positive

and of false negative equal to 0.05.

Keywords : Process Analytical Technology; Partial Least Squares; Pareto optimality;

bisphenol A; HPLC-DAD, computational Latent Variable Model Inversion.

1. Introduction

The Process Analytical Technology (PAT) is a system for designing, analyzing, and
controlling manufacturing through measurements of raw and in-process materials and
processes, environmental properties, etc. (that constitute matrix X), with the goal of
ensuring final product quality established by some values of the critical quality attributes
(CQA) in matrix Y. Currently, PAT is a standard for the accreditation of pharmaceutical

processes [1,2].

In the present work, the relation between X and Y is established by means of a latent
variable regression model, precisely a PLS2 (‘projection to latent space’ o ‘partial least
squares’ with more than one response) model that is obtained by computing ‘a’ new set

of orthogonal variables such that,
X=TP +R, = X+R, (1)

Y=T,Q, +R, =XM+R, (2)



In what follows, it is assumed that X (input variables) is representative of the ‘process

space’, and Y (responses) of the ‘quality space’ of the product characteristics.

Like in many other data-driven situations, the intended CQA are known and can be
defined as a vector yqes, NOt necessarily in the training set. Whether this yg4es can be
attained (the product with these characteristics is feasible) depends on the existence of
values for the process variables that would give this target product. Therefore, once the
PLS2 model is built, its inversion is necessary to obtain the values of the input variables,
Xdes» With which a preset quality yqes is obtained [1]. The study of the viability of this
inversion, with the necessary constraints, to guarantee the existence of a solution is

known as Latent Variable Model Inversion (LVMI).

In the literature, there are two alternatives to approach the LVMI. One of them is related
to the inversion of the matrices in the decomposition (such as the ones in Egs. (1) and
(2)). A summary of this approach can be found in Refs. [3, 4]. Ref. [5] contains the
conditions and necessary constraints, depending on the dimension of the spaces
spanned by the latent, process and quality variables. In this scenario, no constraints can

be directly imposed on the quality characteristics.

This is why the second alternative is to redefine the inversion and, for example, look for
the scores that minimize the weighted squared difference between the predicted and
desired characteristics, with a limit to the maximum value allowable for the Hotelling’s T2
statistics [6]. In this way, the problem is posed as a weighted, and possibly constrained,
least squares problem, which is also applicable if the type of model is changed, by a

non-linear PLS in Ref. [3], or with genetic programming in Ref. [7].

In both alternatives, the inversion ‘goes’ from the space Y to the subspace X in X, Eq.
(1), reconstructed from the space spanned by the latent variables. Consequently, it is

implicitly assumed that the subspace X somehow collects the whole correlation between



Y and X, and also that the residuals subspaces R, and R, are uncorrelated to X and Y,

respectively, which is not true, in general. Some attempts to tackle this problem include
pretreatment of predictors, giving rise to the family of Orthogonal Signal Correction
(OSC) procedures that is explained in Ref. [8], or modifications of the PLS method [9]
without yet having an acceptable solution to obtain a subspace of X whose orthogonal

complement is independent of Y.

The present work uses a third alternative with a computational approach for the model
inversion [10]. The methodology relies on the properties of the Pareto optimal front
computed when simultaneously minimizing the expected differences between the
predicted quality characteristics (model predictions) and the target ones in yqes. The
advantage of this new approach is that it allows addressing the problem of the feasibility
of a product with given characteristics from the multidimensional point of view,
considering each quality characteristic but studying their joint behavior so as not to lose
the correlation structure. In addition, the solution X4 for a target quality yges iS Obtained
in the space of the raw variables and not in the latent space, even though the relation
between predictors and responses (process space and quality space) has been built

using latent variables models.

Furthermore, the PLS2 model being inverted can include not only the input (measured)
variables related to the process but also their cross-products (interactions) or any other
possible transformations necessary to model non-linearities. In this case, the matrix with
the predictor variables to fit the PLS2 model will contain the additional columns
corresponding to these new ‘variables’ obtained from the original ones. Consequently,
the direct inversion of the matrices is not possible, as shown in Ref. [11], but the solution
obtained with the computational approach, Xges, is still available and is always given in

terms of the original variables.



The properties just summarized can be directly transferred to the analytical laboratory,
where the ‘process or input variables’ are those that affect sample preparation or
instrumental factors whereas the quality characteristics are related to analytical signals
or figures of merit of a fit for purpose analytical procedure. In this context, the term
Analytical Quality by Design (AQbD) has been coined referring to the version of the
Quality by Design (QbD) concept applied to the development of an analytical method.
The AQbD has aroused considerable interest, remarkable reviews on the subjects are
Refs. [12,13]. It also appears in systematic chromatography reviews, for example, 47

citations out of the 158 references in Ref. [14] are about AQbD.

The main idea in AQbD is to develop the analytical method such that the intended quality
is achieved. This intended quality is defined as an ‘analytical target profile’ (ATP),
depending on the so-called control method parameters (CMP). In analogy with QbD, a
model is built to predict the ATP from the CMP. The novelty in the present paper is that,
then, the inversion of the fitted PLS2 model will give the particular values of the CMP,
Xqes With the notation in the previous paragraphs, to obtain a preset ATP, i.e., a

predefined yges.

A bibliographical revision on the subject gives some papers [15,16] where this AQbD
approach is used to optimize figures of merit of analytical procedures, although the

authors have not found any references that include a PLS model inversion for the task.

The procedure proposed in the present work to guarantee an ATP by inverting a PLS2
model is a general methodological approach, though it is explained/applied to the
determination of five bisphenols by means of liquid chromatography coupled with diode
array detector (HPLC-DAD). The mobile phase composition from the ternary mixture
(percentages of water, methanol and acetonitrile) together with its flow rate, constitute
the CMP taken into account. The ATP, on the other hand, is related to the analytical
characteristics of the resulting chromatogram. It is defined by means of six responses:

four values of the resolution between consecutive chromatographic peaks (Ri2, R23, Raa,



Rys), the initial time () to avoid the dead volume and the final time () related with the

total runtime of the chromatogram.

A PLS2 model is fitted to simultaneously predict the six characteristics that define the
ATP as function of the four CMP. PLS2 captures not only the correlation among the
CMP of the analytical procedure but also the correlation among the ATP-related
characteristics of the obtained chromatogram, modelling the predictive relation between
CMP and ATP as well. Moreover, the use of the statistics Q and T2 allows the ‘control’ of
the process in the sense that the only points for which the PLS2 model is applicable are

those with values of these statistics bellow some preset thresholds.

Besides being an application of the general methodology proposed, there are some
other relevant reasons for the determination of these bisphenols. The endocrine
disruptor nature of BPA, the social alarm generated by its use, the progressive
substitution by other bisphenols in the manufacture of polycarbonate products for daily
use, and the attention given by the regulatory bodies, have generated the need for
methods for the simultaneous determination of these analytes, methods that need to be

fast and efficient.

In 1999, The European Union approved a Community Strategy for Endocrine Disrupters
[17], that included periodic reports from the European Commission on the progress
made in the fields of research, international co-operation, communication to the public,

and appropriate policy action.

The first report in 2001 [18] contains a provisional list of substances that already
included BPA as substance with evidence of endocrine disruptor (potential or effective)
(Category 1) and BPF as substance with insufficient data. Later, BPF was classified as
substance with no or insufficient data on endocrine disruptor effects (Category 3a and

3b) [19].



Currently, there are regulations regarding endocrine disruptors in pesticides, biocides,
sanitary products or water. In particular, BPA is subjected to recent specific regulations
in toys [20], food contact materials [21], thermal paper (for example, tickets) [22], and
cosmetics [23]. In fact, in 2019 the European Commission [24] required the prohibition of
bisphenols in all materials in contact with food, expanding the ban that existed since
2011 for BPA on polycarbonate baby bottles [21]. Besides, it specifies that BPA is
frequently replaced by other bisphenols, and suggests that substances with a similar
chemical structure should be assumed to have toxicological properties just as harmful as
those of the most toxic known substance of the group. There are several studies on the
detrimental effects of compounds that are replacing BPA [25,26,27,28,29]. Alternatives
include BPS, BPF, BPZ and BPAF, reason why these are the bisphenols selected in the

present work.

In another bibliographic revision, summarized in Section 4.5, the separation by HPLC-

DAD of these five bisphenols is generally done in gradient elution mode and with binary
mixtures in the mobile phase, whether MeOH/H,O or ACN/H,O. In the present paper, a
ternary mixture with both organic solvents is explored, whose composition, together with

the flow rate of the mobile phase, constitute the selected CMP.

The paper is organized as follows. The analytical materials and methods are described
in Section 2. Section 3 details the selection of the followed experimental design to obtain
the training set for fitting the PLS2 model, and its computational inversion that gives the
CMP that guarantee the ATP defined by the analyst in the determination of the five
bisphenols. Results, validation of the method and its comparison with data already

published in the literature are shown in Section 4.



2. Material and methods
2.1. Chemicals and reagents

Bisphenol-A (CAS no. 80-05-7), bis(4-hydroxyphenyl)methane (CAS no. 620-92-8) and
4,4’-cyclohexylidenebisphenol (CAS no. 843-55-0) were acquired in Sigma-Aldrich
(Steinheim, Germany). 4,4'-(hexafluoroisopropylidene)diphenol (CAS no. 1478-61-1)
was purchased by Alfa Aesar (Kandel, Germany). Bis(4-hydroxyphenyl)sulfone (CAS no.
80-09-1), acetonitrile (CAS no. 75-05-8; LiChrosolv® isocratic grade for liquid
chromatography) and methanol (CAS no. 67-56-1; LiChrosolv® isocratic grade for liquid
chromatography) were supplied by Merck (Darmstadt, Germany). Deionized water was
obtained by using the Milli-Q gradient A10 water purification system from Millipore

(Bedford, MA, USA).

2.2. Instrumental

Determination of the five bisphenols, BPA, BPS, BPF, BPZ and BPAF, was carried out
using an Agilent 1260 Infinity HPLC chromatograph (Santa Clara, CA, USA) consisting
of a quaternary pump (G1311C), a sampler (G1329B), a thermostatic column
compartment (G1316 A), and a diode array detector (G7117C). A Kinetex EVO-C18
column (150 mm x 4.6 mm, 5 ym) was used for the separation. Deionized water (solvent

A), methanol (solvent B) and acetonitrile (solvent C) were used as mobile phases.

The conditions for chromatographic analyses were programmed in isocratic mode.
Mobile phase consists of different percentages of a mixture of
water/methanol/acetonitrile (Z,:Z,:Z3, viv) and different mobile phase flow rate (U, mL
min~"), depending on the conditions in the experimental design followed, which is
explained in Section 3.1. In all analyses, the temperature of the column compartment
was 20°C and the injection volume was 10 pL. Diode array detector was programmed to

measure the absorbance at a fixed wavelength of 225 nm.



2.3. Standard solutions and samples

Individual standard stock solutions of 500 mg L™ were prepared by dissolving each
standard in methanol. A mixture of 4 mg L™ of each bisphenol was prepared from the
individual stock solutions by dilution with methanol for the experiments carried out
according to the D-optimal design (Section 3.1). Calibration standard solutions were
prepared from the individual stock solutions by dilution with methanol, mixtures of 1 to 5
mg L™ of each bisphenol (see Table 1), to build calibration lines. All solutions were

stored protected from light at 4°C.

Table 1. Concentration levels (mg L™) of the standard mixtures used in the
building of the calibration lines for the five bisphenols.

Code sample BPA BPS BPF BPZ BPAF

Standard 1 1 2 3 4 5

Standard 2 5 1 2 3 4

Standard 3 4 5 1 2 3

Standard 4 3 4 5 1 2

Standard 5 2 3 4 5 1
2.4, Software

OpenLab CDS ChemStation software was used for acquiring data. The PLS2 models
were fitted with the PLS_Toolbox [30]. The inversion of the PLS2 model and the Pareto
optimal front were calculated with in-house programs written in MATLAB [31]. The
regression models were fitted and validated using STATGRAPHICS Centurion 18 [32].
The experimental design is selected with NEMRODW [33]. The capability of detection

(CCpB) was calculated using the DETARCHI program [34].



3. General procedure

Given an ATP, the whole procedure to obtain the corresponding CMP has the following

steps:

1.

To choose the appropriate experimental design for obtaining the training set for
the PLS2 model. It includes setting the factors (CMP), their variation to define the
experimental domain, a combined and reduced experimental design, and the
precise definition of the responses of interest, that is, the definition of the ATP.
Selection of optimal experimental conditions. It includes the fitting and inversion
of a prediction regression model, PLS2 model in this case, obtaining and
exploring the Pareto front for the desired ATP and the final selection of a single
set of CMP (the experimental conditions) to perform the chromatographic
determination.

Validation of the analytical method with the selected CMP. It includes the
experimental validation of the found conditions as well as the figures of merit
(accuracy, decision limit and capability of detection) of the proposed analytical

procedure to determine the five bisphenaols.

3.1 Design of the experiments

There are four CMP (the ternary composition of the mobile phase and its flow rate), that

can be varied and whose variation changes the resulting chromatogram.

Three of them define the composition of the mobile phase, namely proportions of water

(Z1), methanol (Z,) and acetonitrile (Z3), with some constraints: the composition of water

in the mixture should be between 20% and 50%, and methanol and acetonitrile cannot

exceed 70% of the mixture. The proportions used are selected following a mixture

design in a restricted simplex.
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The fourth factor, the flow rate of the mobile phase, is a continuous factor that varies
between 0.6 and 1.0 mL min™. Table 2 summarizes the conditions for the four factors
and their constraints. From a Design of Experiments (DOE) point of view, (Z1, Z,, Z3)
constitute the components of a mixture (varying on the restricted simplex) and factor U,
is a continuous factor which is codified into [-1, 1]. As usual, X, refers to the coded

variable and U, to the raw factor.

Table 2. CMP (experimental factors, or process variables) and their variation.

Lower

Factor bound Upper bound Centre Step of variation
Z, Water 0.20 0.50
Z, Methanol 0 0.70
Z5 Acetonitrile 0 0.70
U, Flow rate (mL min™) 0.80 0.20

In order to have a ‘representative’ training set that adequately covers the experimental
domain, the experiments conducted followed an experimental design. As there are
proportions of a mixture and a continuous factor, the design is a combined design (with
mixture and process variables) in the domain defined in Table 2 and depicted in Fig. 1,
which consists of the restricted simplex (for the mixtures) extended along the three levels

considered for the flow rate.

Finally, the assumed model for each individual Y in the multiplicative mixture process

design is quadratic in the continuous variable (flow rate), according to Eq. (3).
Y =Y VX Y Xe (3)
where v; represents also a quadratic dependence on the mixture composition (Z;, Z,, Z3).

For example, vy, in Eg. (3) means:

11



Vo= :84121 + :84222 + :84323 + :84122122 + :84132123 +,34232223 (4)

By substituting all the terms in Eq. (3), the model has 18 coefficients per each level of Xj.

Y = Iglzl + ﬁZZZ + ,8323 + 18122122 + ﬂlSZlZS + ﬂZSZZZS +
ﬁ41x4zl + 1842)(422 +ﬁ43X4Z3 +18412X4ZIZZ + ﬂ413x4zlz3 + ﬂ423X4ZZZ3 + (5)
ﬁ441xle + ﬂ442X§ZZ + ﬁ443X§ZS + ﬁ4412X§ZlZZ + ﬁ4413szlz3; + ﬂ4423X§ZZZS

The complete experimental design would require 19 experiments per level of X,, which
would imply the need of carrying out 57 chromatograms because the flow rate is at three
levels, too many runs. In order to reduce the quantity of solvents (also reducing the
impact in the environment and the time of analysis), a subset of experiments was
selected, but without losing quality of the information extracted from the experiments.
Appling the D-optimal criterion [35], nine out of the 19 experiments in each level of the
flow rate were selected, maintaining good reliability properties because the maximum of
the variance function in the experimental domain was 0.8. These 27 experiments are the

ones in black in Fig. 1.

It has already been stressed the importance of exploring the effect of ternary mixtures in
the mobile phase. With that purpose, the ten experiments discarded for the D-optimal
design (in each level of flow rate) were used. Eight of them contain a ternary mobile
phase and the other two consist of binary mixtures at some side midpoint of the reduced
simplex. These ten experiments were distributed among the three levels of flow rate so
that, in each level, there were at least two ternary mixtures. The resulting distribution is

depicted with the red points in Fig. 1.

Finally, two additional replicates in the simplex centroid for each flow rate were included.
Therefore, matrix X has 43 rows (27+10+6 chromatographic runs) and 4 columns
corresponding to their CMP values.

<here Fig. 1>
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After performing each chromatogram, the six ATP-related characteristics were
computed, namely the resolution between consecutive peaks, Riz, Ras, R34 and Rys, the
initial time, t;, and the total (final) time, t; both in minutes. The resolution R;;.; between

the consecutive i-th and (i+1)-th chromatographic peaks is computed by means of Eq. 6.

_2.35(tg ~te)

i+l
2 (WO.S,i+1 tWos, )

(6)

where tg; is the retention time and wgs;is the width at half height of the i-th

chromatographic peak.

3.2 Selection of experimental conditions

With the notation stablished in the introduction, X is the matrix containing the values of
CMP corresponding to the 43 experimental conditions selected with the experimental
design, while Y is the matrix containing the six ATP-related values computed from the
corresponding chromatograms. Assuming that X is noise free, the customary procedure
in DOE s to fit separate multilinear regression (MLR) models for each response.
Although the factors in the present experiment are controlled, and it is assumable at
least that the variability in X is negligible compared to the one in Y, the correlation
among responses is expected to be high. Therefore, to handle this correlation while

fitting the six responses at once, a single PLS2 model will be built.

However, the intended PLS2 model contains more than the linear terms related to the
columns already in X, that is, it does not depend exclusively on variables Z,, Z,, Z; and
X4 (main factors, the ones that can be modified inside the experimental domain) but also
on several different cross-terms. This is so because interactions among factors are
expected, not only among the mixture variables but also between the composition of the
mixture and the flow rate in the mobile phase, further to possible quadratic effects

among all the factors in the design. These interactions and non-linear effects will be

13



reflected in the model to be fitted with PLS2, in the present case, the model defined in
Eq. (7), with sixteen coefficients.
Y = ﬁlzl+ ﬁzzz + ﬁ323 + ﬁ4x4 +

IBlZZlZZ + 18132123 + ﬁZSZZZS + ﬁ4lx4zl + 1842X4ZZ + ﬁ43x4z3 + (7)
18412x42122 + ﬁ413X42123 + ﬁ423x42223 +

ﬁ44lszl + ﬁ442foZ + ﬁ443sz3

This means that matrix X with the CMP is not the actual data matrix used to fit the
model. On the contrary, each row x" must be ‘expanded’ into a new vector x (in higher
dimension) following the terms of the model to be fitted, similar to the construction of the
model matrix from the design matrix. Hence, the new expanded vector xg has 16

coordinates as expressed in Eq. (8).

X" =(2,2,,25,%,)

(8)

T 2 2 2
Xg = (zl,zz,z3,x4,zlzz,2123,2223,x4zl,x4zz,x423,x4zlzz,x4zlzs,x4zzzs,x4zl,x4zz,x4zs)

To avoid misunderstanding, the training set for fitting the PLS2 model will be denoted as
Xg reflecting the fact that X is enlarged to Xg, because the model is in fact built with the
16-dimensional vectors in Xg, which are projected onto a latent space of lower dimension

to predict Y.

Let L denote the model fitted from the data X-Y as a function of u, so that y = L(u) is

the predicted response (a six-dimensional vector) for a four-dimensional u in the

experimental domain in Fig. 1.

For applying L, each u is codified to obtain x and expand onto the corresponding 16-
dimensional vector xg as in Eq. (8). Then, it is scaled according to the pretreatment used

when fitting the PLS2 model. As it has been already said, those resulting vectors xs with

14



values of Q or T? statistics greater than the corresponding 95% confidence limits are

discarded.

In the following, a valid point will be any four-dimensionalu =(zl, 22,23,u4) for which the

resulting xs complies with all the constraints to apply the model. The domain is in four
dimensions, the model is fitted in 16 dimensions, consequently, the common inversion

method for latent variable models (see for instance Refs. [3,4,5,6,36]) cannot be applied.

There is, though, an alternative [10] that, driven by an evolutionary algorithm, works by
moving valid points inside the experimental domain (the four-dimensional experimental
domain of the CMP) so that the predicted values of the responses be closer and closer

t0 Yqes, the ideal vector with the desired characteristics for the chromatogram.

With this approach, the inversion of the PLS2 model is tackled as a multiobjective or
multiresponse optimization problem. The most distinctive characteristic between
optimizing a single response or multiple objectives at once is that, usually, in the latter

case there is not a single solution that comply with all the requisites simultaneously.

A compromise among all the responses can be defined in the form of Pareto-optimal
solutions, that is, those that cannot be improved in one response without worsening
another. These solutions constitute the so-called Pareto front, which is reduced to a

single point if there were no conflict among responses.

In a pseudo-code, looking for the Pareto front for the six responses consists of the

following steps:

a) Start with a population of ps valid points (four-dimensional u vectors complying with
the constraints).

b) Compute ¥ =L(u).

¢) Compute the fitness function, defined as the six-dimensional vector of the absolute

value of the individual differences between the predicted and the target values.

15



d) Apply selection, crossover and mutation operators to build new ps valid CMP, which
are also evaluated in terms of the fitness function described in c).

e) Merge the old and newly generated populations.

f) Arrange the members of the extended population according to the Pareto order for
multidimensional vectors [37] and select to survive for the next generation the non-
dominated solutions. If there are more than ps, select the most dispersal along the
front according to the crowding distance [38].

g) Repeat a)-f) for a given number of generations.

The final population is made up of different settings for the CMP expected to provide a
chromatogram whose characteristics are the closest to the desired ones in at least one
of the responses and, more interestingly, the estimate of the Pareto front describes the
trade-off among the six responses that are being handled. As such, it is used to decide
about the needed experimental conditions to perform the determination of the

bisphenols.

The code for computation of the Pareto front, in a different context, can be found in the

annex of ref. [39].

4. Results and discussion

4.1. Experimental data

Once conducted the 43 experiments, matrix Y collects the values of the responses
computed from the obtained chromatograms. As we have anticipated, they are highly
correlated, as can be seen in the pairwise correlation coefficients in Table 3. The first
three responses are highly positively correlated but highly negatively correlated with Rys.
This resolution also behaves oppositely when comparing with the time, both the initial

and final, which in turn are positively correlated to each other.
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Table 3. Correlation matrix of ATP variables, Y.

Riz Ros Raa Rus t;
R 0.9607
R34 0.9497 0.9874
Rss -0.6376 -0.7013 -0.7605
[ 0.5152 0.4919 0.5050 -0.3764
t 0.8400 0.8117 0.8456 -0.7173 0.5765

Itis not in the table, but there is also correlation among the CMP, even though the
distribution of their values has been designed. As expected, the lowest correlation
coefficients are between the flow rate X, and the proportions of the ternary mixture of the

mobile phase (Z:, Z,, Z3), but there is a high correlation (-0.899) between Z, and Zs.

Furthermore, if the actual sixteen variables that are used to fit the PLS2 model (columns
of Xg) are taken into account, there are 120 correlation coefficients, 59 of which are
significantly non-null (5% significance level) and 40, in fact, are greater than 0.8 in

absolute value.

To take into account all these correlations, expected in the context of AQbD, a PLS2
model is fitted. Another reason is that the process control is exerted with the statistics Q
and T?, whose limits at 95% confidence level define the boundary of the region where
the feasible solutions lie (provide that they belong to the experimental domain). In this
way, only one set of limits are used instead of six different sets of threshold values that

would be needed if a PLS1 model was fitted to each individual response.

4.2. PLS2 model

A PLS2 model is thus fitted with autoscaled predictor variables in Xg (43 x 16) and

responses in Y (43 x 6). Responses Rys and t; had to be transformed (monotonic

transformation) to better fit them. In this case, Y, =2% and Y, =log,, (tf ) The reason is
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that the range of R;s is 2.98, very short compared to the other four resolutions whose
range varies between 10 and 27.49. The transformation 27 increased the range of this
resolution, helping the joint fit with an explained variance greater than 90%. The opposite

occurs with t;, whose range is 73.70, so a logarithmic transformation was used.

With these six responses, seven latent variables were selected, with the characteristics
in Table 4. The seven latent variables greatly explained the training matrices, 99.53% of

the covariance in Xg with 96.97% of the total variance in Y.

Table 4. Variance captured in predictor Xg and response Y variables when adding latent
variables in the PLS2 model.

Variance . . Variance Cumulative
Cumulative variance

Number ((:;);;tured in Xg captured in X (%) ((:;)}:))tured inY \\/(a(r(i)}s;;]ce captured in
1 41.91 41.91 43.93 43.93
2 30.72 72.63 17.17 61.10
3 17.21 89.84 12.92 74.02
4 7.30 97.14 7.09 81.11
5 1.41 98.55 3.96 85.07
6 0.35 98.90 9.09 94.16
7 0.63 99.53 2.81 96.97

The six responses are more or less equally well fitted, except may be Y,, as can be seen
in Table 5 that contains the coefficient of determination and coefficient of determination
in prediction, estimated with 10-fold cross-validation. The similarity of the explained
variance in fitting and prediction points to models highly predictive, except again for Y,

for which larger differences are observed.

Table 5. Coefficient of determination and coefficient of determination in prediction
(estimated by cross-validation) for the six responses fitted with PLS2.

Yi=Riz Y2=Ryz Ys= Ras Y, = 2R Ys=t Y, =log,, (tf)

R? (%) 98.04 98.75 98.56 91.93 95.50 99.00
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Rie (%) 96.73 97.41 96.21 81.60 92.26  97.17

In addition, permutation tests were conducted to validate the seven latent variables
model. Broadly speaking, they consist of fitting PLS2 models to random permutations of
the true response values. If there are not significant differences between the model
predicting the ‘true’ Y and the ones predicting ‘any other’ permuted values for the same
Xg, it would be an indication of the inadequacy of the PLS2 model originally fitted. For
the six responses at hand, with 50 iterations, the probability of model significance as

against the significance with the permuted samples is less than 5-107,

4.3. PLS2 inversion to obtain the CMP for a desired ATP

After validation, we have a PLS2 model with seven latent variables, depending on
sixteen input variables and predicting six responses. This is the model used to explore
the availability of experimental conditions so that the obtained chromatogram has
resolution between consecutive peaks of 1.1, with initial time of 2 minutes and final time
of 4 minutes. Given the responses that needed to be transformed, the target vector

(ATP) is:
ydes :(11, ll 111 21'1’ 20’ IOglO (40))T (9)

Consequently, the fitness function to be minimized is:

fitness(u)=(|§/1 -1, |9, -1.9, |9, -1.1.[9, - 2", |95 - 2.0].|9,, ~log,, (4.0)\)T (10)

If one of such chromatograms existed, the fitness function of the corresponding
experimental conditions would be the null vector. This is not the case here, as we have

already anticipated due to the high correlations in Y (Table 3).

With ps = 50, uniform selection of individuals, uniform single point cross-over and

probability of mutation of 0.1, the population evolves for 500 generations. From the final
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population, 45 vectors constitute the estimate of the Pareto front for these six responses

when trying to reach yges.

The fact that the front is not reduced to a single point is already an indication of the
conflicting behavior of the responses, which is also seen in the last row of Table 6 that
contains the individual minima of the fitness function for these 45 elements. According to
Eq. (10), we are measuring the magnitude of each individual difference, so that the

desired value for a response is obtained when the fitness is equal to zero.

Table 6. Experimental conditions to achieve at least one of the desired response values,
with their predicted values (original scales for factors and all the responses).

Z, Z, Z3 Uy Riz R2s Rsa Rus t t
(H20) (MeOH) (ACN) (mL (min)  (min)
min’
9)
0.32 0.14 0.54 0.61 1.10* 2.28 4.15 3.08 2.21 451
0.33 0.03 0.64 0.95 0.05 1.14* 2.25¢* 2.85 1.32 2.28
0.50 0.49 0.01 0.87 10.00 1249 2758 1.11* 241 59.07
0.41 0.06 0.53 0.74 1.98 3.99 7.74 2.70 2.00* 4.95
0.28 0.18 0.54 0.63 0.76 1.74 2.98 3.11 2.15 4.01*
*Min. 2510° 4.410% 115 8.2 4.6 1.4
fitness 10° 10° 10™

This is the case, the minimum value is zero, in all the responses, except for Ra4, so that
the pursued goal is achieved in all but one response, although not simultaneously. This
is clearer in the remaining rows in Table 6 that show the solutions achieving the
corresponding minimum fitness of each individual response. The first four columns
correspond to the experimental conditions and, rather than writing the fitness values of
the solutions (that only provide information about the difficulty in reaching yqes) the last
six columns of Table 6 show the predicted responses themselves, including ‘undoing’ the

transformations applied, to make the interpretation easier.

20



Therefore, the first row means that with a mixture of 32% water, 14% methanol and 54%
acetonitrile, and flow rate at 0.61 mL min, the desired value Ry, = 1.1 is expected, with
the remaining pair-wise resolution of at least 2.28, with 2.2 minutes of initial time and 4.5

min of final time.

The second row says that decreasing Z, and increasing both Z; and U,, both R;; = 1.1
and the value closest to 1.1 for Ra4, Which is 2.25, are achieved. Moreover, in doing so,
the resolution between the first two peaks, Ry, is practically null, not admissible, and

there is less than a minute between final and initial time, the latter less than 2 min, also

not admissible.

In the third row, with almost no acetonitrile (Z3) and flow rate at 0.87 mL min?, the
desired value of 1.1 for Rys (the resolution between fourth and fifth peaks) takes more
than 59 minutes to finish the experiment and, besides, the values of the first three

responses are very far from their desired values.

In the last two rows, with 41% of water (Z,) and 6% of methanol (Z,), the desired t;= 2.0
min is obtained, whereas to get t; = 4.0 min requires to increase Z, and decrease Z;,

though in that case, R, is not admissible.

Although the previous analysis is reduced to the extremes points of the front (the best
possible value for each individual response), it serves to illustrate the conflicting behavior
among responses and introduces the utility of exploring the Pareto front. The conclusion
so far is that the ideal chromatogram as defined in the ATP cannot be obtained, so a
compromise is needed to select the experimental conditions for the determination of the
bisphenols. This compromise is easier to reach knowing the extent of the conflict among

responses, and the possibilities achievable.

For the problem at hand, to simplify the selection, all the solutions with any resolution

less than 1.0, initial time less than 1.7 minutes or final time greater than 5.5 minutes are
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discarded. Fig. 2 displays the remaining solutions in the form of a parallel coordinates

plot, first the experimental conditions, then the predicted responses.

In the graph, the value of each coordinate is plotted against its position in the vector, so
that each broken line in the plot represents a single vector. Additionally, the different
scales make it difficult to follow the vectors, so the values have been scaled into a
common range. As reference, the minimum and maximum values of each coordinate are

at the bottom and top of the corresponding vertical line.

The conflicting behavior already mentioned is also seen in the graph: the first three
resolutions Ri,, Ras, R34 (pair-wise resolution between the first four peaks) increase or
decrease simultaneously though in different proportion. However, it is clear that their
behavior is opposed to the one of Rys that, in turn, is also opposed to the initial time t;.
Final time t; and initial time also behave oppositely; this is an apparent contradiction with
their positive correlation observed in Table 3. The reason is that the correlation
coefficient in Table 3 (for the training data) means that, in general, the chromatogram
needs more time to finish if it started later. The behavior observed in the solutions in the
Pareto front says that trying to increase the initial time is an objective that is opposed to

the objective of reducing the final time.

Here Fig. 2
Among the solutions depicted in Fig. 2, the interest lies in those complying with the
criteria. Among them, the chosen conditions, solid blue line, correspond to the shortest

experiment with final time of four minutes and more than two minutes for the initial time.

In summary, the optimal experimental conditions for the chromatographic determination
of the five bisphenols were 22% of water, mixed with 58% methanol and 20% of

acetonitrile, keeping the flow rate at 0.66 mL min™.

Fig. 3a) shows a chromatogram obtained in these selected CMP. To see the

improvement, Fig. 3b) shows three overlapping peaks when the chromatogram is
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obtained with a mobile phase that consists of a binary mixture (30% of water, 70% of
acetonitrile) and a flow rate of 0.6 mL min™. With 0.8 mL min™ of flow rate, in Fig. 3c) the
first two peaks are still overlapping although a ternary mixture is used (26% water, 22%

methanol and 52% acetonitrile).

<here Fig. 3>

4.4. Experimental verification of the CMP obtained

Ten determinations of a mixture of 4 mg L™ of each bisphenol were performed with the
control method parameters (experimental conditions for the ternary mixture and flow rate

of the mobile phase) selected from the inversion of the prediction model.

The mean of the corresponding retention times (in minutes) of the five bisphenols were

2.182 for BPS, 2.456 for BPF, 2.769 for BPA, 3.256 for BPAF and 3.784 for BPZ.

For each of the six characteristics in the ATP, Table 7 shows the mean and 95%
confidence intervals, comparing those obtained from the predicted values after inversion
of the PLS2 model, and those computed from the ten experiments carried out. It is seen
that the actual chromatographic data are included in the confidence intervals computed
with the PLS2 model, except for the resolution Rys (between the fourth and fifth peaks of

the chromatogram), which is, on the other hand, the response worst fitted by the model.

Table 7. 95% confidence intervals for the mean of the six ATP, a) theoretical
data from the PLS2 model inversion and b) experimental data from HPLC-DAD
analysis.

R Ras Ras Rus ti f
a) Lower limit 1.015 1.498 0.701 2.823 1.974 3.074
Mean 1.545 2.093 2.280 3.047 2.114 3.999

Upper limit 2.074 2.688 3.858 3.241 2.254 4.698
b)  Lower limit 1.870 2.121 2.638 2.670 2.099 4.055
Mean 1.876 2.125 2.645 2.677 2.105 4.063
Upper limit 1.882 2.129 2.652 2.684 2.111 4.070
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After experimentally confirming that the computed CMP provide the expected ATP, the
analytical procedure is validated in terms of trueness, decision limit (CCa) and detection
capability (CCP) for given fixed values of the risks of false positive and false negative
(with probabilities a and 3, respectively). The decision limit is described as “the value of
the net concentration the exceeding of which leads, for a given error probability a, to the
decision that the concentration of the analyte in the analyzed material is larger than that
in the blank material” [40,41]. Moreover, the detection capability is “the true net
concentration of the analyte in the material to be analyzed, which will lead, with
probability 1-B, to the correct conclusion that the concentration in the analyzed material

is larger than that in the blank material”.

For the validation, a calibration line was fitted for each bisphenol (five in total) with the
data obtained with six standard solutions in the range from 0 to 5 mg L™ (see Table 1 in
Section 2.3). Then, accuracy lines (that is, predicted concentration vs true concentration)
were built and used to compute decision limit (CCa) and detection capability (CC),

when both the probability of false positive and of false negative are set to 0.05.

Table 8 shows the details of both the calibration and accuracy lines, as well as CCa and
CCB for the five bisphenols. The p-values in row 6 correspond to the test for significance
of the corresponding regression line (with null hypothesis, Hy: the model does not
explain the variability of the response). As they are all less than 10, the conclusion is

that all the regression models are significant (5% significance level).
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Table 8. Performance criteria of the analytical method. Parameters of calibration and
accuracy lines (sy is the standard error of the regression). Decision limit and
detection capability for a = 3= 0.05.

BPA BPS BPF BPZ BPAF

Calibration line

Intercept 36.946 0.368 -1.069 -0.007 -0.735

Slope 55.768 19.644 61.757 41.228 48.886

Correlation coefficient 0.997 0.995 0.998 0.981 0.997

Syx 7.652 3.785 6.662 15.411 7.233

e T
Accuracy line

Intercept -2.14.10° 4.76-10° 9.52:10° 1.19-10° -2.38.10°

Slope 1.000 1.000 1.000 1.000 1.000

Syx 0.137 0.193 0.108 0.374 0.148
CCa (mg L™ 0.217 0.305 0.171 0.591 0.234
CCB (mg L™ 0.424 0.596 0.334 1.156 0.458

The property of trueness was tested by computing the 95% joint confidence ellipse for
the intercept and the slope of each accuracy line that shows that they are significantly
equal to 0 and 1, as can be seen in the five ellipses depicted in Fig. 4 that contain the
point (0,1). Therefore, the trueness is fulfilled. CCa and CCp calculated through the
accuracy lines, allow concluding that, with probabilities of false positive (a) and false
negative (B) equal to 0.05, the analytical procedure enables one to determine, 0.424 mg
L™ of BPA, 0.596 mg L™ of BPS, 0.334 mg L™ of BPF, 1.156 mg L™ of BPZ and 0.458

mg L™ of BPAF.

Here Fig. 4
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4.5. Comparative analysis

The validated procedure represents an advantage compared to similar works. To
support this affirmation, Table 9 shows the 29 papers found when searching for
analytical determination of the bisphenols by HPLC-DAD in the last decade. Except for
two papers (the one codified as number 19 and the present work, which is in the last row
of Table 9), all of them used binary mixtures in the mobile phase: MeOH/H,O in 11
papers, ACN/H,O in the remaining 17. About the elution mode, most of them (23 out of

29) used gradient, only in six of the papers the isocratic elution mode is utilized.

Table 9. Review of HPLC-DAD methods for the determination of BPA, BPS,
BPF, BPZ and BPAF.

Code Mobile phase Elution mode Z?)Sé%?nic Reference
1 MeOH/H,0O gradient 40 - 100 [42]
2 ACN/H,O gradient 50-70 [43]
3 MeOH/H,O isocratic 40 [44]
4 ACN/H,O gradient 42 - 85 [45]
5 ACN/H,O gradient 42 - 85 [46]
6 MeOH/H,O gradient 68 - 90 [47]
7 ACN/H,O gradient 42 - 85 [48]
8 MeOH/H,0 gradient 35-100 [49]
9 MeOH/H,O gradient 35-100 [50]
10 MeOH/H,O gradient 35-100 [51]
11 MeOH/H,0 gradient 35-100 [52]
12 MeOH/H,O gradient 35-100 [53]
13 ACN/H,O gradient 50 - 100 [54]
14 MeOH/H,0 isocratic 60 [55]
15 ACN/H,0O gradient 15-55 [56]
16 ACN/H,O gradient 50 - 80 [57]
17 ACN/H,0O gradient 40 - 100 [58]
18 ACN/H,0O gradient 50 - 80 [59]
19 MeOH/iPrOH/H,O  gradient 60/5 - 80/2 [60]
20 ACN/H,O gradient 23-95 [61]
21 ACN/H,0O gradient 15-55 [62]
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22 ACN/H,O isocratic 50 [63]

23 ACN/H,O isocratic 60 [64]
24 ACN/H,O gradient 42 and 85  [65]
25 MeOH/H,O gradient 60 - 100 [66]
26 ACN/H,O isocratic 40 [67]
27 ACN/H,O gradient 40-70 [68]
28 ACN/H,O isocratic 35 [69]
29 MeOH/H,0 gradient 40 - 90 [70]
30 MeOH/ACN/H,O isocratic 58/20 Present work

Finally, Fig. 5 depicts the retention time of BPS, BPF, BPA, BPAF and BPZ in the 29

published papers together with the ones obtained in the present paper. The works are
identified with the number of the row they occupy in Table 9. In the present work, last
position (number 30), the chromatogram takes only 4.06 min (total time), the shortest

among those in Table 9.

Looking individually to each bisphenol, the minimum retention times (in min) listed in the
bibliography of Table 9 are: 2.00 (number 28), 3.25 (number 28), 4.20 (humber 7), 5.80
(number 7) and 6.30 (number 25) for BPS, BPF, BPA, BPAF and BPZ, respectively. With
the exception of the BPS, these times are greater than those obtained in this work,

already written in Section 4.4: 2.182, 2.456, 2.769, 3.256 and 3.784 min, respectively.

Here Fig. 5

5. Conclusions

The methodology developed for the inversion of PLS models is integrated into the scope
of AQbD and enables the analysis of the conflict among six correlated responses that

are used to define the ATP for a chromatographic determination of five bisphenols.
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A systematic use of experimental designs, for a combined design and its reduction via
the D criterion provide a representative training set for fitting the PLS2 model. After the
fitting and validation of the prediction model, the study of the Pareto-optimal solutions
provided by the inversion makes it possible the selection of the CMP to perform the

chromatographic determination with the preset characteristics.

With these CMP, the analytical procedure implemented and validated represents an

improvement with respect to similar works.

The developed procedure is general and can be applied to handle any other

instrumental applications.
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Figure Captions

Figure 1. Experimental domain for control method parameters. For each flow rate of the
mobile phase, the constrained simplex where the ternary mixtures can vary is marked in
yellow. The experiments from the D-optimal design are in black, the 10 additional

experiments are in red. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article).

Figure 2. Parallel coordinates plot of the reduced Pareto front, raw experimental
conditions in the first four coordinates and predicted responses in the last six
coordinates. All the values were range-scaled with the individual minima and maxima at

the bottom and top, respectively, of each coordinate.

Figure 3. Chromatograms obtained with different control method parameters: a) the
ones selected with the proposed procedure; b) 0.6 mL min™ of flow rate with a binary
mixture of 30% water and 70% acetonitrile; ¢) 0.8 mL min™ of flow rate flow rate and a
ternary mixture of 26% water, 22% methanol and 52% acetonitrile. Elution order: BPS,

BPF, BPA, BPAF and BPZ.

Figure 4. 95% joint confidence region for intercept and slope of the accuracy lines. BPA
in blue, BPF in green, BPAF in brown, BPS in yellow and BPZ in dark brown. + indicates
the point (0,1). For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.

Figure 5. Retention time of analytes BPS, BPF, BPA, BPAF and BPZ from the 29
revised works in Table 9, whose row numbers serve as identification in the abscissa

axis. Number 30 corresponds to the present work.

40



1.0 mL min~

H,0

0.8 mL min~

i1
0.6 mL min MeOH ACN

H,O

MeOH ACN

MeOH ACN

FIGURE 1



088 3.02 6.08 1192 319 231 546
o= =2

1.74 174 397
R t. t

45 i f

FIGURE 2



DAD1 B, Sig=2254 Ref=360,10 (PAT_CONDICIONESPLS 201910-29 12-01-28001-0101D)
2 2
mAuU N
<+
[{e]
507 M~
o~
407 o WO
<+ I~
o M~
307 © ©
o
0
b
20 «
107 b
0 ] S
T T T T T T T U T T T T T T T T

FIGURE 3A



FIGURE 3B

DAD1 B, Sig=225 4 Ref=360,100 (PAT_DIA1_EXPF 2019-09-23 09-34-47°001-0101.079

3
L w0
)
40 -
[ap]
W W H
30 BB
RPSIY
20 A
10 1 L
0 JU
1 2 3 4 5 min




FIGURE 3C

mAu
50 1

40

30

20 1

104

DAD1 B, Sig=2254 Ref=360,100 (PAT_DIAZ_EXP51 2019-09-24 15-01-441001-0101D)

Y
N c)
od

1.969
2.617

w] ——————2087

35 4 45 min




-12 T T

BPAF BPF

0.8 : '
-0.5 -0.25 0 0.25 0.5

Intercept

FIGURE 4



250

mBPS mBPF mBPA = BPAF mBPZ

200

15.0

10.0

Retention time (min)

5.0

0.0

12 3 45 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Article code

FIGURE 5



HIGHLIGHTS

Computational inversion of a PLS2 model inside the Analytical Quality by Design

Method to select chromatographic parameters to obtain an analytical target profile

Selection of representative chromatographic conditions using a D-optimal design

Fitting and inversion of a PLS2 looking for the Pareto front of several responses

Five bisphenols (including Bisphenol-A) determined by HPLC-DAD in less than 4
minutes
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