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Investigations of untargeted metabolomics are based on high-quality data acquisition usually from
multiplatform systems that include high-resolution mass spectrometry equipment. The comprehensive
set of results is used as data entry for bioinformatics and machine learning sciences to access reliable
metabolic and biochemical information for clinical, forensic, environmental, and endless applications. In
this context, design of experiments is a powerful tool for optimizing data acquisition procedures, using
a multivariate approach, which enables the maximization of a high-quality amount of information with
reduced number of tests. In this study, we applied a 3% Box—Behnken factorial design with central point
triplicate for optimizing the ionization of an HPLC-ESI-QTOF method used for screening urine samples.
Nozzle voltage (V), fragmentor voltage (V) and nebulizer pressure (psig) were the factors selected for
variation. The response surface methodology was applied in the molecular features extracted at each
level, resulting in a statistical model that helps evaluating the synergic interaction between these factors.

Together with the qualitative analysis of the resulting total ion chromatograms, we came across
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samples. The proposed method can be useful for applications in several urine-based metabolomics-
driven studies, as the factorial design can be applied in the development of any analytical protocol
considering different LC-MS setups.
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In this context, design of experiments (DOE) is an efficient
process of optimizing procedures in an objective and controlled

1. Introduction

Untargeted metabolomics is now a consolidated and valuable
proposition for healthcare related studies when applied to
access perturbations in biological systems affected by health
anomalies, environmental conditions and a handful of factors
that affect human homeostasis. Metabolomics-based studies
usually exploit multiplatform systems including high resolution
mass spectrometry aiming at a comprehensive set of results to
enhance the access of possible biomarkers and other metabolic/
biochemical insights, thereby relying on high-quality data
acquisition.*™
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way with reduced number of tests. By selecting and testing key
experimental conditions, a quadratic polynomial model that
considers the Response Surface Methodology (RSM) can be
accessed to evaluate the interaction between the variables and
their influence on the final result, which gives an overview of
experimental possibilities so the best condition for any experi-
ment to be performed can be chosen."™

Box-Behnken factorial design was applied to the optimiza-
tion of the ionization step of an HPLC-ESI-QTOF method used
for screening urine samples for untargeted metabolomics
purposes. The 3> Box-Behnken is a three-level incomplete
factorial design that results in 15 experiments, including
a triplicate on the central point* (Fig. 1). According to Ferreira
et al.,” it is an advantageous design for RSM application since it
allows the estimation of parameters of a quadratic model with
the possibility of evaluating its precision and lack of fit with
reduced number of experiments.

Nozzle voltage (V), fragmentor voltage (V) and nebulizer
pressure (psig) were the electrospray ionization source (ESI)
selected parameters for adjustments to perform this

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Cube representation of the 3> Box—Behnken factorial design
with coded factor levels.

experiment, given that they are one of the relevant factors that
have a direct effect on the formation process of all charged
molecules that go into the MS analyzer. We performed a quali-
tative and quantitative evaluation of the outcomes of this
experiment, considering both the total ion chromatogram (TIC)
profile and the molecular feature count and their chem-
informatics applications.® The aim of this work was to study and
discuss the importance of the analytical phase in
metabolomics-associated data science. The proposed method
can be applied to the study of any health anomaly desired
considering the analysis of urine. Additionally, it can function
as a guide for other optimization protocols that may be pursued
for other purposes.

2. Materials and methods
2.1 Chemicals and solutions

Acetonitrile, isopropanol and water (HPLC/MS grade) along
with formic acid (HPLC grade) and the creatinine (Crn) analyt-
ical standard were purchased from Sigma Aldrich (Missouri,
USA). Solvents used during sample preparation (acetonitrile,
acetone, and methanol ACS grade) were purchased from Sigma
Aldrich (Missouri, USA), Neon (Sao Paulo, Brazil), and Dinamica
(Sao Paulo, Brazil), respectively.

2.2 Instrumentation

MS experiments were performed in a 1260 Infinity II HPLC
equipped with a quaternary pump and a 6530 Accurate-Mass
QTOF mass analyzer connected to a Dual Jet Stream Tech-
nology Electrospray Ion Source (AJS-ESI) system controlled by
MassHunter LC/MS Data Acquisition Software B.08.00, all from
Agilent Technologies (Palo Alto, CA, USA). The reversed-phase
column Infinity Lab Poroshell 120 EC-C18 column 4.6 X
100 mm 2.7 micron was kept at 30 °C while the multisampler
was kept at 10 °C. 5 pL of each sample was injected into the
system with solvents A (water and formic acid 99.9: 0.1, v/v) and
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B (acetonitrile and formic acid 99.9: 0.1, v/v) as mobile phases
at 0.5 mL min~" in an elution gradient set as follows: 0% of
solvent B from 0 to 0.5 min, increasing to 9% up to 2 min, 20%
at 5 min, 45% at 8 min, and reaching 100% at 9.5 min where it
was held until 11 min. The re-equilibration step was held until
20 min for returning to the initial condition.®

Data were initially collected in ESI positive mode operated in
full scan at Standard (3200 m/z) Extended Dynamic Range (2
GHz) with m/z from 50 to 1500 at 1.02 spectra/s scan rate. Drying
gas was kept at 325 °C with 11 L min~" flow rate® and sheath gas
at 350 °C with 11 L min ™" flow rate as well. Capillary voltage was
fitted at 4000 V. Nebulizer pressure, fragmentor, and nozzle
voltage were the chosen parameters for the experimental design
and will be described in the following sections. The reference m/
z enabled were 121.0509 (purine, CsH4N,4) and 922.0098 (hex-
akis(1H,1H,3H-tetrafluoropropoxy)phosphazine,
C18H1506N3P;3F,,) for ESI (+); 119.0363 (purine, CsH3N,) and
301.9981 (tris(2,4,6-trifluoromethyl)-1,3,5-triazine, C¢N3;FoOH)
for ESI (—). Data acquisition on negative mode was performed
by following the same optimized condition set for the positive
mode.

2.3 Samples

A pool of 10 human urine samples was used for this optimiza-
tion study. The samples were collected upon authorization of
the Ethics Committee from the University Hospital of the
Federal University of Juiz de Fora (acceptance codes: 4.473.404;
4.566.092; 5.039.371) and the Ethics Committee from the
Federal University of Juiz de Fora (acceptance code 5.267.924).
The participants were assigned as random people above 18
years old that formally agreed to participate in this study by
signing the Free and Informed Consent Form and filling up the
anamnesis questionnaire. The donations were done with no
preparation requirements at random periods of the day.

Once collected, the samples went through a triage process at
which 10% (v/v) of acetone/methanol (6: 4, v/v)” was added for
metabolic quenching. After sealing and encoding, the samples
were kept in an ultrafreezer at —50 °C. On the day of analysis,
the samples were thawed at room temperature for approxi-
mately 20 min. 10% (v/v) of ice-cold acetonitrile was added,
followed by vortex agitation for 10 s and centrifugation at
7500 rpm for 10 minutes to complete the protein precipitation
protocol. The supernatant of each sample was mixed together
and the resulting pool was transferred to the vial without
further processing.

2.4 Experimental design

The 15 experiments required in the 3* Box-Behnken design
were performed in a randomly organized sequence applied to
the analysis of a urine pool. The ESI (+) parameters used as
variables of this study were set in three levels: nozzle voltage
0 (—), 250 (0), 500 (+); nebulizer pressure 30 (—), 40 (0), 50 (+);
fragmentor voltage 100 (—), 175 (0), 325 (+). Before each run,
mobile phase-only runs were applied as a system cleanup. The
ESI source was cleaned with isopropanol HPLC/MS grade before
analysis.

Anal. Methods, 2023, 15, 2512-2521 | 2513
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2.5 Data analysis and statistics

The resulting Total Ion Chromatograms (TICs) were submitted
to the extraction workflow considering compound discovery by
molecular features followed by Base Peak Chromatogram (BPC)
extraction. Information on creatinine peak extraction was ob-
tained with automatic integration of Extracted Ion Chromato-
grams (EICs) considering the m/z of [M + H]" 144.0669 at
a retention time (Rt) of 1.8 min previously accessed by the
analysis of a creatinine standard aqueous solution at 10 mg L™".
Total areas of TIC in arbitrary units (AUs) were calculated
through automatic integration by using the Agile 2 algorithm.
All aforementioned calculations were performed using Mass-
Hunter Qualitative Analysis B.10.00 software (Agilent Technol-
ogies). No filters or other preprocessing protocols were applied.

The data of extracted molecular features were then analyzed
by RSM considering a second-order polynomial function (eqn

1))
Z Z Bixix; +& (1)

i=1 j=2, i<j<k

k k
Vi= B+ Z Bixi + Z Baxi® +
=1 P

where k is the number of variables, x; and x; are the factors
(independent variables), 8 represents the coefficient of each
term, those being, 6, the constant term, g; the first order term,
B the quadratic (i = j) and the interaction (i <j < k, and k = 3)
terms. The residual associated with the experiment is expressed
by &;. Microsoft Excel® 2019 was used for the polynomial model
fitting, lack of fit test, and for building the response surface
graphic.

3. Results and discussion
3.1 RSM and method optimization

Two outcomes were considered for a complete evaluation of the
factorial design proposed. At first, a qualitative response of the
TIC resulting from each experiment (Fig. 2) was accessed. This
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approach has been considered since TIC or Extracted Ion
Chromatogram (EIC) is nowadays being used as a promising
image data entry for pattern recognition analysis as artificial
neural networks (ANNs) and other deep learning (DLNs) and
Machine Learning (MLs) possibilities.*™*

Experiments 7, 8, 11, and 12 were immediately discarded as
final method candidates given their low intensity and poor peak
resolution, as a consequence of a high fragmentor voltage. We
have chosen a wide range of this particular ESI parameter
aiming at a comprehensive overview of its influence on the final
result, since it has to be set in a value that fragments the
molecule sufficiently to be analyzed but not so much that it
destroys it, as it probably happened with the creatinine mole-
cule under the condition of the highest fragmentor voltage, for
example (Table 1). In this context, the opposite level of this
factor, applied in experiments 5, 6, 9, and 10 results in an
enhanced chromatogram regarding intensity, however, not
better than the mid-factor, 175 V, described in experiments 1-4
and the central point (Fig. 2).

Among the pre-selected promising outcomes, the experi-
ments where nozzle voltage is applied have slight variations
from the ones that did not, considering peak resolution, count
intensity, and the amount of information registered within the
elution region of the organic phase increasing, between
minutes 5 and 10. The same goes for the variations in the
nebulizer pressure factor (Table 1). We observe that the MFE
within the selected 5 minute window, where there are visual
variations on the TIC profile, gave better results with fragmen-
tor 175 V and no nozzle voltage.

Response surface methodology was applied considering the
number of extracted molecular features of each experiment
(Table 1). Since the number of molecular features strictly
express the number of distinct compounds found, higher the
amount of information, better the contribution for enhancing
further acquisitions, considering the chemometrics involved in
the metabolomics workflow. At the first glance, the number of
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Fig. 2 TIC results from each experiment of the Box—Behnken factorial design.
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Table1 Number of molecular features extracted (MFE) and considerations of intensity/area by creatinine (Crn) peak measurements from results

of each experiment of the 3* Box—Behnken factorial design®

Creatinine (Crn)

MFE (Rt 5-10

Exp. X, X, X3 MFE total min) TIC total area (AU) Area (AU) Peak height Rt (min)
1 0 30 175 3917 1388 1.27 x 10*° 0.56 x 107 1.64 x 10° 1.866
2 500 30 175 4002 1266 0.49 x 10*° 1.30 x 107 3.70 x 10° 1.881
3 0 50 175 3905 1481 1.23 x 10" 0.58 x 10’ 1.55 x 10° 1.885
4 500 50 175 3346 1008 0.48 x 10*° 1.15 x 107 3.67 x 10° 1.886
5 0 40 100 3488 1122 0.81 x 10™° 0.41 x 107 1.22 x 10° 1.850
6 500 40 100 2974 1029 0.37 x 10*° 1.29 x 107 3.64 x 10° 1.848
7 0 40 325 823 269 0.11 x 10*° — — —

8 500 40 325 640 190 0.13 x 10*° — — —

9 250 30 100 3013 1022 0.44 x 10*° 0.83 x 107 2.59 x 10° 1.847
10 250 50 100 3693 1065 0.70 x 10*° 1.05 x 107 2.59 x 10° 1.863
11 250 30 325 801 240 0.10 x 10*° — — —
12 250 50 325 751 228 0.19 x 10'° — — —
0_R1 250 40 175 3482 1187 0.79 x 10*° 0.84 x 107 2.98 x 10° 1.866
0_R2 250 40 175 3773 1067 0.73 x 10*° 0.81 x 10’ 2.68 x 10° 1.860
0_R3 250 40 175 3973 1284 0.93 x 10™° 0.94 x 10’ 2.99 x 10° 1.875

¢ X;: nozzle voltage (V); X,: nebulizer pressure (psig); Xs: fragmentor voltage (V); Rt = retention time. Statistics of the central point: MFE total - mean
value: 3742 + 246 RSD: 6.59%; MFE 5-10 min - mean value: 1179 4 109. RSD 9.22%; TIC total - mean value: 0.82 x 10"° + 0.10 x 10'° RSD: 12.5%’
Crn area (AU) - mean value: 0.86 x 107 + 0.065 x 10’ RSD: 7.48%; Crn height - mean value: 2.86 x 10° + 0.158 x 10° RSD: 5.52%. Rt Crn — mean

value: 1.87 & 0.0075 RSD 0.40%.

molecular features found by the software for each experiment
agreed with the qualitative observations aforementioned.

Based on the resulting coefficient values (Table 2), frag-
mentor voltage (V) was the one factor that had the most influ-
ence on the final result (p-value < 0.05), followed by the first
factor, nozzle voltage, that influenced the system approximately
10 times less than the fragmentor voltage. According to the
resulting coefficients, the nebulizer pressure is not influencing
the system as much as the other factors within the levels
considering for the DOE. Therefore, the nebulizer pressure was
not considered as relevant in further evaluations. RSM was
applied as an overview approach to access the interaction
between the nozzle and the fragmentor voltage.

Even though any of the combinatory factors that consider
two distinct variables were mathematically significant, given
that voltage application is a crucial factor for direct molecular
ionization, we have decided to build the RSM model for the
graphical analysis on the slight contributions of using nozzle

Table 2 Coefficients and statistics resulting from the quadratic model

Coefficients Standard error Stat ¢ p-Value

Bo 3742.7 142.5 26.2 0.001448
B4 —146.4 87.3 —1.68 0.235572
B2 —4.75 87.3 —0.05 0.961552
B5* —1269.1 87.3 —14.5 0.004698
811 -16.7 128.5 —0.13 0.908438
Bas 66.5 128.5 0.52 0.656142
835" —1744.7 128.5 —13.6 0.00538

Bz —161.0 123.4 —~1.30 0.322075
B1s 82.7 123.4 0.67 0.571696
Bas —182.5 123.4 —1.48 0.277399

“ Significant coefficients (p-value <0.05).

This journal is © The Royal Society of Chemistry 2023

voltage for urine analysis. For a quantitative evaluation of the
TIC profile, the total area was calculated together with the EIC
information of one of the main components of urine, creati-
nine.”®* According to the data described in Table 1, there is an
interaction resemblance in the values of TIC area and peak area/
intensity of creatinine according to the combination of nozzle
and fragmentor voltage. Besides, the mathematical approach
can be interesting for optimizing the ionization of samples that
present a greater amount of non-polar chemicals in their
constitution, such as blood parts for example, as will be dis-
cussed in further sections.

The built model was adjusted, considering a 95% confidence
interval, presented no lack of fit (p-value = 0.48, higher than
0.05) and a significant regression (p-value = 7.82 x 10~ %, lower
than 0.05) with 99.9% of the maximum of variation explained
(Table 3). The calculated precision of the DOE resulted in an
RSD of 6.14% considering the number of molecular features of
the central point triplicate.

According to the RS (Fig. 3), experiments that consider the
(—1) and (0) levels of fragmentor voltage are within the optimal
region of the ESI conditions, considering the enhanced extrac-
tion of molecular features. Taking this into consideration,
experiments 1, 3, 5, 9, 10, and the central point appear among
the optimal ones. However, along with our previous qualitative
evaluation of the results, experiments 1, 3 and central present as
a better fit considering the TIC profile. Altogether, among these
options, experiment 3 was selected as the optimized method. All
values extracted are statistically the same as experiment 1,
considering the associated RSD; but given the previous visual
evaluations of better peak definition and resolution, especially
over the beginning of the elution gradient, in addition to good
area and intensity values of EIC/TIC, it was defined finally as the
better fit. It is important to highlight that not using nozzle

Anal. Methods, 2023, 15, 2512-2521 | 2515
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Table 3 Variance analysis associated with the adjustments of the quadratic model®

Number of degrees

Variation factors Sum of squares of freedom Mean of squares
Regression 120790 957.07 9 13421217.45
Residues 341740.42 5 68 348.08

Lack of fit 219 819.75 3 73273.25

Pure error 121 920.67 2 60960.33

Total 121132 697.5 14 —

¢ Variation explained = 99.7%; maximum of variation explained = 99.9%.
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Fig.3 Response surface of the interaction between the nozzle and fragmentor voltage considering the number of molecular features generated

by the application of each combination of factors.

voltage is an interesting advantage, so any equipment can be
used to reproduce this condition since not all MS systems
inherit this accessory.

3.2 Method application

The optimized method was further applied as untargeted
metabolomics analytical protocol on 100 urine samples. During
the analysis, 10 quality control (QC) runs were performed
considering the pool of these 100 urine samples (Fig. 4A). The
same method was also applied in ESI negative mode (Fig. 4B).
By submitting the results to a molecular extraction workflow,
mean values of 3809 and 3868 of molecular features were found,
with 2.27% and 7.29% RSD for positive and negative modes,
respectively. The variation in the negative mode is expected,
since the ionization in this mode can be troublesome; however,
a 7.29% RSD when biological matrices are in focus is not
doomed. According to the ICH (International Council for Har-
monisation of Technical Requirements for Pharmaceuticals for

2516 | Anal. Methodss, 2023, 15, 2512-2521

Human Use), chromatographic-based bioanalytical methods
that present variations up until 20% are completely
acceptable.™

This method can be applied to any urinary sample for
whatever investigation it may be pursued, which means that
these adjustments can be used for metabolomics-driven studies
that consider any disease or healthy anomaly. The proposed
protocol was also applied to human blood serum and saliva
samples (Fig. 5) with promising outcomes; however, in these
cases the new application of the DOE might be on hand. Saliva
and blood serum are samples with higher viscosity, so a dilution
step shall be studied; besides, these samples have a significant
amount of non-polar components as hormones, steroids, fatty
acids, vitamins, and more. So, in this case we might find out
that the use of a high nozzle voltage (Fig. 5) and other levels of
fragmentor voltage together with adjustments in temperature,
pressure and other parameters is more adequate, since those
molecules are harder to be ionized.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Base peak chromatogram extracted from a QC of 100 urine samples submitted to the optimized method in ESI (+) mode (A) and ESI (-)
mode (B).
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Fig. 5 TIC and BPC data from application of the method on saliva and serum samples. Method adaptation to the serum sample: use of 1000 V
nozzle voltage.
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4. Conclusions

This study shows the importance of the analytical phase to
obtain reliable and substantial amount of information that will
be further explored through chemometric tools to access a bio-
logical response of the anomaly under investigation. An effec-
tive way to improve the outcomes of any analysis is applying
design of experiments together with the Response Surface
Methodology, since it allows an overview of how the factors
chosen influence the system, thereby helping the decision-
making process. For ESI studies, we considered three of the
several factors that influence the ionization and the molecular
flow that goes into the MS system. Among them, fragmentor
voltage was the one factor that made a difference in the final
result. This parameter is crucial to the formation of the ionized
molecule that goes into the MS analyzer, so it makes sense that
it needs optimization. For any other application, regarding the
aim of the analysis or the sample that is being analyzed,
adjustments of this parameter should be considered, in a way
that the molecules are ionized enough to be analyzed but not so
much that they lose their characteristics. Altogether, DOE and
RSM can be applied to a combination of several other factors
such as temperature and flow rate of drying, sheath or auxiliary
gas, capillary voltage, and more, as needed.

Metabolomics is today a highly explored workflow to access
molecular responses of clinical conditions; therefore, the
publications are mainly focused on applications rather than
method optimization. Nevertheless, some studies were per-
formed over the last 10 years to optimize the basic steps of
metabolomics, i.e., sample preparation, mass spectra acquisi-
tion, separation technique method optimization and more
(Table 4). All the optimization procedures can be studied and
combined aiming at a full enhanced protocol. In our work, we
have focused on the optimization of the parameter of ioniza-
tion, a step of the analytical process that will define the data
quality for further statistical processing. If the analytical phase
fails in gathering comprehensive information, further proce-
dures can be impaired.

In comparison with the other optimization-driven studies,
our protocol provides an easy sample preparation procedure
together with an enhancement of the raw collected dataset
(Table 4). For analyses that were performed in similar equip-
ment to ours, the proposed method provided improved infor-
mation. Besides, this protocol can be adapted to other systems.
The novelty of our work was to apply experimental design to the
optimization of ESI parameters that result in a method with
better outcome regarding the molecular feature extraction and
TIC profile. Overall, our aim was to demonstrate that slight
variations can produce a better set of data, even with high-
resolution and high-technology mass spectrometers and show
that DOE is an excellent mathematical tool for method opti-
mization for any LC-MS system.
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