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Abstract: Antineoplastic drugs are a wide and heterogeneous group of substances that, as universally
known, can cause highly severe toxic effects to whoever is exposed. From an occupational safety
point of view, surface contaminations inside preparation and administration units are a growing
issue and therefore require the development and implementation of sensible and fast monitoring
methods. The unlikelihood of a unique all-embracing chromatography, able to correctly retain and
separate each analyte led to the need to create an orthogonal normal phase analysis, which might be
able to fill the gaps in the more common reversed-phase ones. An existing hydrophilic interaction
method has thus been expanded to 6 other drugs and applied to real samples after an evaluation of
its performances. The experimental data were then used to evaluate the possibility of estimating
reliable relationships between the chromatographic retention and the chemical-structural features of
the drugs under analysis.

Keywords: antineoplastic drugs; liquid chromatography-mass spectrometry; tandem mass spectrometry;
HILIC–Z; wipe sampling; QSRR

1. Introduction

The global antineoplastic drug (AD) market had reached 105.4 billion USD in the year
2019 and is expected to grow at a CAGR of 6.7% between 2020 and 2027. This development
can be attributed to favorable government measures as well as a rising interest in R&D [1].

The presence of high throughput monitoring methods, along with their continuous
update, is a growing necessity due to the severe toxic effects which can be caused by ADs
exposure, especially in hospital environments [2–4]. Furthermore, the recent recommen-
dation from the European Biosafety Network to keep the surface contamination of ADs
under the threshold value of 100 pg/cm2, along with the threshold limit value-surface
level (TLV-SL), a new category of the limit value referred to assess surface contamination,
introduced by the American Conference of Governmental Industrial Hygienists (ACGIH),
put stress on the need of robust analytical methods which might soon be required for
accreditation procedures [5,6].

The extremely difficult task of pharmacologically addressing cancerous cells led the
development of ADs to the diversification of therapeutical pathways through the years.
This has meant the presence, among the ADs ranks, of a wide and heterogeneous group
of substances: from small and simple alkylating metal complexes, such as cisplatin, to
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large and complicated natural alkaloids, such as vincristine or paclitaxel. This chemical
variety creates a complex and challenging task for the simultaneous analysis of ADs
profiles. Especially concerning the sample pre-treatment, which, to obtain the complete
ADs panel for every single sample, must be working for all the analytes at the same time.
Thus, any purification or derivatization step, which would only be useful for a part of the
substances, should be avoided. A good compromise has been found in the wipe sampling
test, which is at the time being the sampling method of election for surface contamination
monitoring [7–12].

Considering the overmentioned limit for surface contamination, and the need for the
identification of a wide variety of compounds, the analytical method of choice would be
liquid chromatography coupled to tandem mass spectrometry. Although the use of a polar
C18 reversed-phase column led to great results in previous studies [13], it is reasonable to
think that the use of a unique chromatographic column to evaluate all the possible analytes
won’t be possible any time soon. It is thus necessary to expand the analytical monitoring
methods to fit the growing number of commonly used ADs, and to obtain complementary
chromatographic methods suitable for the insertion of newly introduced drugs. By the
same token, a hydrophilic interaction liquid chromatography (HILIC) method had been
previously developed for the analysis of platinum-based antineoplastic drugs (PtADs) [14].

Approximately at the same time when Alpert introduced the HILIC technique [15],
Huber et al. reported that a crucial step for the success of so-called “solvent generated”
liquid-liquid chromatography (LLC) was attributed to the correct selection of suitable ad-
sorbent [16]. Zwitterionic separation materials—launched in 2002 by Knut Irgum from his
company SeQuant® AB, acquired in 2008 from Merck GmbH—are uniquely characterized
by carrying both positive and negative charges on the surface. The electrostatic interac-
tions between the two oppositely charged groups in proximity to the stoichiometric ratio
relatively weaken the interactions with the charged analytes. Jack Kirkland after the initial
work of Horváth and Lipsky [17], produced the first generation of core-shell particles [18],
which are now becoming universally accepted [19,20] for LLC. In 2011 Agilent came up
with the new 2.7 µm Poroshell 120® with a proprietary bonding technique [21] recently
applied for zwitterionic chemistry.

This study aimed to test the possibility to extend the HILIC-Z method, previously
optimized for PtADs, to other substances that had not given satisfactory chromatographic
results on the reversed-phase one, to create an orthogonal direct phase chromatography
and thus cover all the commonly used ADs. In order to do so, considering the limitations
encountered with the use of HILIC-Z columns, such as wide peak width and low theo-
retical plates number, an attempt to change the additive salt from ammonium formate to
ammonium fluoride has been made, based on literature evidence [22].

Furthermore, a preliminary Quantitative Structure-Retention Relationships (QSRRs)
analysis has been carried out to search for reliable relationships between the molecular
structures of the antineoplastic drugs under study and their retention factors, which could
be eventually used to evaluate the further applicability of the HILIC-Z method to new
substances.

2. Materials and Methods
2.1. Chemicals

Ultra-high-performance liquid chromatography/mass spectrometry (UHPLC/MS)
grade acetonitrile, water, and methanol absolute were all purchased from Biosolve Chimie
SARL (Dieuze, France). Formic acid ammonium salt (≥99.0%) MS grade, ammonium
fluoride salt (≥99.9%), toluene (≥99.9%) HPLC grade, 5-chlorouracil (99.0%)—selected
as internal standard (IS)—, 5-azacytidine (≥98.0%) HPLC grade, 5-fluorouracil (≥99.0%)
HPLC grade, carboplatin, cisplatin, dacarbazine, gemcitabine hydrochloride (≥98.0) HPLC
grade, mitoxantrone hydrochloride, and oxaliplatin—selected as chemical standards—were
all purchased from Merck KgaA (Darmstadt, Germany).
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A mixture consisting of methanol:water 50:50 (v/v), from now on indicated as desorp-
tion solution (DS), was used to elute the wipe samples [23].

In order to build the calibration curves, the pharmaceutical preparations carboplatin
10 mg/mL, cisplatin 1 mg/mL, cytarabine 100 mg/mL, and gemcitabine 100 mg/mL
were purchased from Accord Healthcare (Milan, Italy), oxaliplatin 5 mg/mL from Sun
Pharmaceutical Industries Ltd. (Milan, Italy), 5-fluorouracil 5 mg/100 mL from Teva Phar-
maceutical Industries (Milan, Italy), 5-azacytidine 25 mg/mL from Zentiva (Prague, Czech
Republic), dacarbazine 500 mg from Medac GmbH (Wedel, Germany) and mitoxantrone
2 mg/mL from Baxter S.p.A. (Rome, Italy).

2.2. Instruments

The LC system consists of a Shimadzu Nexera X2 equipped with a DGU-20A5R de-
gasser unit, two LC-30AD pumps, SIL-30AC autosampler, CBM-20A system controller,
SPD-M20A diode array detector, and CTO-20AC column oven. The tandem mass spectrom-
etry system was a Shimadzu LCMS 8050 triple quadrupole equipped with an electrospray
source (ESI). Instrument control and data acquisition were carried out using the software
LabSolution® ver. 5.97 (Shimadzu Corp., Kyoto, Japan).

Climatic Cabinet Sartorius SCC400L (GEASS S.R.L., Torino, Italy) was used to weight
Internal Standard, chemical standards, ammonium formate, and fluoride salts.

The stability of mitoxantrone was evaluated with a Shimadzu UV-1900 spectropho-
tometer, the absorbance measurements were made over the wavelength range of 400–
800 nm using 1 cm path length quartz cuvettes. Data were recorded and elaborated with
UVProbe 2.70 software(Shimadzu Corp., Kyoto, Japan).

2.3. Standard Solutions and Calibration Levels

Stock solutions of gemcitabine, cytarabine, dacarbazine, mitoxantrone, 5-azacytidine,
5-fluorouracil, carboplatin, oxaliplatin, and 5-chlorouracil (IS) were prepared at 1 mg/mL
using DS, while cisplatin was prepared at the same concentration using water. All the
stock solutions were stored at −20 ◦C. The MS parameters were optimized using a working
solution of each analyte at the concentration of 2 µg/mL prepared from the stock solutions
in DS.

The calibration mixture of analytes (MixADs solution) was prepared by adding 10 µL
of each Pharmaceutical stock solution and diluted to 10 mL with DS to obtain 1 µg/mL
concentration for all the compounds, with the exception of 40 µg/mL concentration for
cisplatin. The IS solution was made by diluting its stock solution with DS up to 1 µg/mL.

A six-level calibration curve for each analyte was prepared by adding 10 µL of IS work
solution, a proper volume of MixADs and diluting with DS to reach the final volume of
1 mL. By following this procedure, the analyte concentrations of the calibration solutions
were: 0, 10, 20, 30, 40, 50 ng/mL exception made by cisplatin which was 0, 400, 800, 1200,
1600, 2000 ng/mL. Three levels of internal quality control solutions (IQC) were prepared by
diluting MixADs with DS, to obtain 15 ng/mL (low level), 25 ng/mL (medium level) and
45 ng/mL (high level) for each analyte, and 600 ng/mL (low level), 1000 ng/mL (medium
level) and 1800 ng/mL (high level) for cisplatin, respectively. Each IQC solution contained
IS in a concentration of 10 ng/mL.

2.4. Sample Preparation

The matrix effect (ME) was evaluated preparing two sets of six replicate samples
for each analyte [24]. The Set1 was obtained by desorbing blank wipes with 2 mL of DS,
transferring 1.92 mL of this solution in a vial, and adding 80 µL of MixADs, while the Set2
was prepared by diluting 80 µL of MixADs solution with 1.92 mL of DS.

Each solution was filtered through a 0.2 µm GHP Acrodisc® syringe filter (Pall Corpo-
ration, New York, NY, USA) before analysis.

As reported in previous papers [23], a wipe consists of a 5 × 5 cm nonwoven fabric
gauze wetted with 500 µL of DS, used to swab 20 × 20 cm areas contaminated by ADs in
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hospital drug preparation and administration units. The analytes are desorbed from the
wipe with 2 mL of the DS containing 10 ng/mL of IS.

2.5. Chromatography and Instrument Parameters

Concerning the chromatography, an Agilent® Poroshell 120 HILIC-Z 2.1 × 100 mm,
2.7 µm particles size (Agilent Technologies, Santa Clara, CA, USA) column was used. The
mobile phase consisted of a 90:10 acetonitrile/water mixture added with 20 mM ammonium
formate. The mobile phase was also tested by replacing the ammonium formate salt with a
concentration of 2 mM of ammonium fluoride. Each mobile phase was sonicated for 15 min
to clear the solution from dissolved gasses and avoid gas bubbles in the LC pumps. The
eluent was delivered isocratically at a flow rate of 0.6 mL/min, in a total run time of 9 min.

To evaluate the void time needed to calculate the retention factor (k), the dimensions
of the water layer adsorbed on the surface of HILIC-Z stationary phase had been taken
into account. For this purpose, an analyte that is not retained with normal phase chro-
matography, such as toluene, has been tested [25]. The toluene 5 mg/mL solution was thus
evaluated utilizing the final MRM analysis mobile phase as solvent, which is ACN 90%,
H2O 10% with 20 mM ammonium formate. Ten injections were repeated to establish the
retention time of the unretained analyte. Toluene was detected at a wavelength of 254 nm
by a photodiode array detector (PDA).

Sample injection was carried on using a co-injection pretreatment program, consisting
in three drawings of 2 µL from the sample vial alternated by three drawings of 6 µL from
another vial containing acetonitrile. The column oven was maintained at 30 ◦C for each
run. The settings of the ESI source, alternatively operating in positive and negative ion
mode, were the following: interface voltage 3 kV, nebulizing gas flow 3 L/min, heating gas
flow 10 L/min, interface temperature 300 ◦C, desolvation temperature 526 ◦C, desolvation
line temperature 250 ◦C, heat block temperature 400 ◦C and drying gas flow 10 L/min.

2.6. MS/MS Experiments

Positive scan spectra of the 2 µg/mL solutions of 5-azacitidine, dacarbazine, gem-
citabine, mitoxantrone, and cytarabine and negative scan spectra for 5-fluorouracil and
5-chlorouracil were acquired in a range from 100 to 500 m/z with a scan time of 0.100 s.

The fragmentation of each molecule in a m/z range from 50 to 500 with a scan time of
0.100 s using argon as collision gas was examinated by the product ion scan (PIS) spectra of
the analytes’ 2 µg/mL solutions. Each solution was analyzed via flow injection analysis
by increasing collision energies: from 5 to 55 V. The relative intensity values of each signal
present in the MS/MS spectra were used to create the collision breakdown curves. For
what concerns oxaliplatin, carboplatin and cisplatin, the fragmentations used were the
same reported in previous works [14].

The LC-MS/MS analysis was performed in multiple reaction monitoring (MRM) using
a dwell time of 26 msec. The transition ions and energies are reported in Table 1.

Table 1. Optimized parameters set in MRM mode, showing the quantifier and qualifier ions for each
analyte with the corresponding collision energy utilized.

Compound Precursor Ion Species Precursor Ion (m/z) Quantifier Ion (m/z) [CE (V)] Qualifier Ion (m/z) [CE (V)]

ISTD [M − H]− 144.9 42.0 [17.0] 65.8 [28.5]
5-Azacytidine [M + H]+ 245.2 113.0 [−10.0] 86.0 [−30.0]
Dacarbazine [M + H]+ 183.0 166.0 [−13.0] 123.0 [−19.0]
Gemcitabine [M + H]+ 264.2 111.9 [−17.0] 95.1 [−42.0]
Mitoxantrone [M + H]+ 445.1 88.0 [−26.0] 358.1 [−20.0]

Cytarabine [M + H]+ 244.2 112.2 [−15.0] 94.1 [−43.0]
5-Fluorouracil [M − H]− 129.0 42.0 [19.0] 59.2 [23.0]

Oxaliplatin [M + H]+ 398.0 306.0 [−28.0] 96.0 [−25.0]
Cisplatin [M + NH4]+ 317.9 264.9 [−15.0] 300.7 [−15.0]

Carboplatin [M + H]+ 372.1 294.0 [−18.0] 248.0 [−35.0]
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2.7. Performance Evaluation of LC-MS/MS Methods

Three sets of calibration and IQC solutions were freshly prepared and analyzed every
day for six days to evaluate the interday repeatability of the method, whereas for the
intraday repeatability six sets were prepared and analyzed in a single day. Calibration
curves were obtained by plotting the peak area ratios (PAR), between analyte and ISTD
quantitation ions, versus the nominal concentration of the calibration solution. A linear
regression analysis was applied to obtain the best fitting function between the calibration
points. Limits of detection and quantitation (LOD and LOQ) were calculated according to
the International Conference on Harmonization (ICH) guidelines using the approach based
on the standard deviation of blanks and slope of the regression [26].

The method precision was evaluated through the relative standard deviation (RSD%)
of the replicate analysis of low, medium and high levels of IQC. The accuracy was de-
termined through the ratio between the determined and added amounts expressed as
a percentage.

Matrix effect was calculated for each analyte by comparing the mean results of Set1
and Set2 formerly described according to the following formula:

ME (%) =
Set1
Set2

× 100 (1)

The Internal standard has been added to Set1 and Set2 to check chromatographic and
injection conditions but has not been used for the evaluation of ME.

2.8. Mitoxantrone Stability Evaluation

To evaluate the stability of mitoxantrone a 50 ng/mL solution in DS was prepared
with the addition of 10 ng/mL of IS and analyzed at 0, 0.5, 1, 3, 5, 14 h delay from the
preparation by LC/MS. The procedure has been repeated three times and the mean values
are reported in Section 3.

In order to confirm this evaluation, an attempt with UV-VIS spectrometer was made.
A mitoxantrone working solution at 100 µg/mL was prepared from the stock solution in DS
and kept at room temperature between the recording of the spectra, which were recorded
at 0, 1, 2, 3, and 6 h delay from the preparation.

2.9. Quantitative Structure-Retention Relationships (QSRRs)

Quantitative Structure-Retention Relationship (QSRR) methods aim at empirically
linking the molecular structures of chemicals to their chromatographic retention behaviour
through statistical models, which can be used to predict the retention properties of new
substances and gain a better understanding of the chromatographic separation mechanism.

The QSRR workflow required the following steps: (1) the molecular structures of the
nine compounds and the internal standard were encoded as strings in SMILES format [27];
(2) the 3D atomic coordinates of each molecular structure were calculated by structure
embedding using the ETKDG method [28]; (3) the molecular geometry was optimized
in the RDKit module [29] by the MMFF94 [30] force field with 200 iterations, selecting
the minimum energy conformation; (4) the atomic partial charges were computed by
means of the web-based tool Atomic Charge Calculator [31] using the B3LYP/6-311G/NPA
approach [32]. The structural and physicochemical features of chemicals were then encoded
through the following 18 molecular descriptors: molecular weight (MW), hydrophilic factor
(Hy) [33], total topological polar surface area (TPSA) [34] and 15 charge descriptors (qpmax,
qnmax, Qpos, Qneg, Qtot, Qmean, Q2, RPCG, RNCG, SPP, TE1, TE2, PCWTE1, PCWTE2,
LDI) [35–41]. These descriptors were selected on the basis of the literature review and
calculated by the software Dragon 7 [42].

The relationships between the HILIC-Z retention factor and the 18 molecular descrip-
tors were evaluated by means of Principal Component Analysis (PCA) [43] and Ordinary
Least Squares (OLS) regression.
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3. Results
3.1. Chromatographic Conditions

The substitution of ammonium formate with ammonium fluoride did not bring a
significant difference to the chromatogram. So, the formate salt has thus been selected for
the method considering is easier handling.

The obtained chromatograms, reported in Figure 1, display a fair separation between
the analytes. The partial overlapping that occurred is easily worked around by MS/MS
analysis. Dacarbazine and 5-fluorouracil show lower retention, which is still considered
acceptable. Each compound presents a wide but symmetric peak, except for mitoxantrone
which shows an abundant tailing.
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Figure 1. Stacked view of the experimental chromatogram. LEGEND: 1, 5-azacytidine; 2, dacar-
bazine; 3, gemcitabine; 4, mitoxantrone; 5, oxaliplatin; 6, cisplatin; 7, cytarabine; 8, carboplatin;
9, 5-chlorouracil; 10, 5-fluorouracil.

The values of retention time, peak width, theoretical plates number, and retention
factor are reported in Table 2.
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Table 2. Show the analytes retention time (RT) and their relative standard deviation (RSD), the
calculated plates number (N), and the retention factor (k).

Interday

Compound RT (min) RT RSD Width1/2 (min) Width RSD Tf Tf RSD Af Af RSD N (Plates) k

5-Azacytidine 2.726 0.3% 0.326 1.8% 1.0 0.8% 1.08 1% 387 4.4
Dacarbazine 0.842 0.2% 0.293 0.5% 0.9 1.0% 0.90 2% 46 0.7
Gemcitabine 1.089 0.2% 0.298 0.3% 1.0 1.0% 1.06 1% 74 1.1
Mitoxantrone 5.621 1.8% 0.529 24.3% 1.8 10.7% 3.20 10% 634 10.1

Cisplatin 1.386 0.2% 0.292 0.4% 1.0 0.1% 1.03 0% 125 1.7
Cytarabine 3.754 0.2% 0.319 1.5% 1.0 0.5% 1.05 1% 769 6.4
Carboplatin 4.918 0.2% 0.329 1.3% 1.0 0.3% 1.05 1% 1237 8.7
Oxaliplatin 2.110 0.2% 0.314 0.8% 1.0 0.2% 1.04 0% 251 3.1

IS 0.594 1.4% 0.365 1.6% 1.1 1.5% 1.22 3% 15 0.2
5-Fluorouracil 0.732 0.6% 0.369 2.1% 0.9 1.9% 0.85 4% 22 0.4

Intraday

5-Azacytidine 2.630 0.5% 0.318 1.6% 1.0 1.3% 1.06 2% 378 4.2
Dacarbazine 0.834 0.2% 0.293 0.5% 0.9 1.2% 0.91 2% 45 0.6
Gemcitabine 1.077 0.3% 0.298 0.6% 1.0 0.3% 1.04 0% 72 1.1
Mitoxantrone 5.757 2.9% 0.484 24.0% 2.0 61.3% 2.88 44% 785 10.3

Cisplatin 1.372 0.3% 0.294 0.6% 1.0 0.6% 1.03 1% 120 1.7
Cytarabine 3.612 0.4% 0.313 1.5% 1.0 0.8% 1.03 1% 738 6.1
Carboplatin 4.764 0.3% 0.324 1.3% 1.0 2.8% 1.04 3% 1194 8.4
Oxaliplatin 2.071 0.2% 0.315 1.0% 1.0 0.6% 1.03 1% 240 3.1

IS 0.602 2.0% 0.369 1.5% 1.1 2.1% 1.18 4% 15 0.2
5-Fluorouracil 0.730 0.7% 0.365 2.5% 0.9 0.8% 0.84 1% 22 0.4

3.2. Mass Spectrometry

The most abundant signal of the unmodified molecules cluster was chosen as precursor
ion for the MS/MS analysis.

The data obtained from product ion scan analysis were used to build collision break-
down curves for each molecule, which can be seen in Figure S1 in the supplementary
material. The analysis of these results allowed the selection of the most suitable product
ions and their optimal collision energy (CE), which were then used to set up the MRM
methods given in Table 1 in Section 2.

3.3. Method Validation
3.3.1. Calibration Curves

Since actual contaminations in hospital environment are caused by pharmaceutical
preparations spilling, containing excipients which may cause a great variability to the
analyte signal, the preparation has been used instead of pure standards to create the
calibration curves, to display a truer view of the compounds’ response.

The linear regression data along with LOD and LOQ values obtained for each analyte
are reported in Tables 3 and 4.

3.3.2. Matrix Effect and Recovery

The results for matrix effect are shown in Table S1. The obtained values highlight a
strong increasing in signal for gemcitabine and a quenching effect for dacarbazine and
5-fluorouracil.

3.3.3. Accuracy and Precision

Table S2 shows the accuracy and precision values obtained for the three IQC levels
during validation. The obtained results are precision (expressed as RSD) between 5 and
16% and accuracy (expressed as experimental-theoretical concentration ratio) between
90 and 109%.
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Table 3. Linear regressions data obtained for each analyte.

Interday

Compound Slope (PAR/ng/mL) Intercept (PAR) R2 r

5-Azacytidine 0.037 0.012 0.9970 0.9985
Dacarbazine 9.176 12.894 0.9960 0.9980
Gemcitabine 1.161 0.065 0.9977 0.9988
Mitoxantrone - - - -

Cisplatin 0.004 0.149 0.9981 0.9990
Cytarabine 4.559 −11.284 0.9884 0.9942
Carboplatin 0.207 0.094 0.9979 0.9989
Oxaliplatin 0.059 −0.012 0.9985 0.9992

5-Fluorouracil 0.102 0.032 0.9980 0.9990

Intraday

5-Azacytidine 0.037 −0.005 0.9996 0.9998
Dacarbazine 8.963 12.529 0.9950 0.9975
Gemcitabine 1.079 −0.077 0.9995 0.9997
Mitoxantrone - - - -

Cisplatin 0.005 0.131 0.9985 0.9992
Cytarabine 5.942 −15.064 0.9901 0.9950
Carboplatin 0.048 0.022 0.9996 0.9998
Oxaliplatin 0.063 −0.007 0.9996 0.9998

5-Fluorouracil 0.109 0.029 0.9996 0.9998

Table 4. LOD and LOQ values obtained for each analyte.

Compound LOD (ng/mL) LOQ (ng/mL)

5-Azacytidine 0.23 0.70
Dacarbazine 0.03 0.10
Gemcitabine 0.09 0.28
Mitoxantrone - -

Cisplatin 9.86 29.58
Cytarabine 0.02 0.06
Carboplatin 0.91 2.73
Oxaliplatin 0.12 0.35

5-Fluorouracil 0.05 0.15

3.4. QSRR Results

The unsupervised data exploration was performed by PCA on 18 molecular descriptors
encoding electronic and steric properties of the chemicals. Data were autoscaled before
calculation. The main PCA results are shown in Figure 2. In particular, the score plot
(Figure 2A) allowed a preliminary qualitative evaluation of the relationships between
molecular structure features of ADs and intraday retention factor, while the corresponding
loading plot (Figure 2B) allowed to understand which descriptors are mainly responsible
for the retention behaviour of chemicals.

The results of OLS regression analysis on the same data set are reported in Figure 2C,D,
which show the experimental versus predicted retention factors and the standardised
coefficients of the regression model based on three molecular descriptors (MW, LDI and
TPSA), respectively.

3.5. Real Sample Analysis

The method was tested on real samples from an ADs surface contamination monitoring
campaign in a hospital administration unit.

From a panel of 82 samples, 28 end-shift wipes showed contamination of the daily
used drugs, 21 of which were greater than 100 pg/cm2.
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3.6. Mitoxantrone Stability

The data obtained by UV-VIS and LC-MS/MS measurements highlighted the fact that
mitoxantrone presents poor stability in DS and leads to the degradation of the molecule. The
spectra recorded by UV-VIS reported in Supplementary Material Figure S2 showed a higher
absorbance in the shoulder of the absorption band at 570 nm and also in the main peaks at
610 nm and 658 nm, probably due to the modification of the anthraquinone scaffold.

4. Discussion

The ambitious project to create a universal ADs contamination monitoring method
surely requires many steps to be set up, mostly due to the wideness of chemistries presented
by the ADs class and to the not easy task to select the right stationary phase. Although
the importance of reversed-phase chromatographic columns and the developments made
by manufacturers to extend their use to hydrophilic compounds, the growing interest
in biological molecules (metabolomics, proteomics, etc.) and the increasing tendency of
drugs development to mimic proteic structures, is bringing the need for advancement of
HILIC columns, which ought to be increasingly performant. HILIC needs to be studied
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and deeply analyzed in order to build a wider knowledge of its retention mechanisms
and which chemical properties and factors affect them. To this aim, a preliminary attempt
to obtain useful information on the structural and physicochemical characteristics associ-
ated with this group of molecules in HILIC-Z retention has been carried out through the
QSRR approach.

The unsupervised PCA allowed the qualitative assessment of the relationship between
the molecular structure of ADs and their retention factors. In particular, the coloring of the
compounds according to the retention factor (Figure 2A) indicates that the first principal
component (PC1) mainly explains the retention behavior, with negative scores associated
to low retention factors, while positive intermediate and high PC1 scores characterize
molecules with high retention factors. Looking at PCA loadings (Figure 2B), the descriptors
that influence PC1 are global molecular properties that account both for steric and electronic
effects. In particular, molecular weight (MW), polar surface area (TPSA) and some charge
descriptors have high positive loading on PC1 and direct correlation with the retention
factor. Among these charge descriptors, there are the total absolute charge Qtot and the
total squared charge Q2, which are measures of molecular polarity, and the topographic
electronic descriptor TE2 [37,38], which is the sum of the absolute differences between
atomic charges over all pairs of bonded atoms. On the contrary, the descriptors that most
determine PC3 (i.e., the maximum negative charge qnmax, the hydrophilic factor Hy [36]
and the submolecular polarity parameter SPP [36]) encode electronic properties that rely
on the presence of specific atom types or groups in the molecule.

A preliminary attempt to quantitatively relate molecular descriptors and retention
factor was carried out through supervised regression analysis with the OLS method coupled
with variable selection. The variable selection was carried out by trying all the possible
combinations up to three of the 18 molecular descriptors available. The final best regression
model, with molecular weight MW, local dipole index LDI (i.e., average of the atomic charge
differences over all bonded atom pairs [40,41] and topological polar surface area TPSA [34]
as the independent variables, showed encouraging performance (Figure 2C), with R2 of
0.85 (root-mean-square error RMSE equal to 1.3) and Q2 leave-one-out cross-validation of
0.68 (RMSE in cross-validation equal to 1.9). The standardized regression coefficients of the
three descriptors (Figure 2D) are positive and indicate that they all contribute positively, to
a different extent, to the retention factor.

As expected, the limited number of tested molecules could only provide preliminary
results. However, the expanded ADs panel and the gained expertise will be used for further
investigations regarding ADs’ interaction with HILIC columns.

For what concerns the analytical method, the obtained chromatographic profile suc-
ceeds in separating satisfactorily the analytes, which is particularly important in the case
of 5-azacytidine. In fact, its chromatogram shows an interference due to the presence of
cytarabine, whose monoisotopic mass only differs by 1 Da, causing cytarabine isotopic
cluster to be mistaken for 5-azacytidine during the precursor selection in a low-resolution
mass spectrometer such as a quadrupole. Moreover, their similar molecular structure
causes the formation of similar fragment ions, further complicating the distinction.

Minor flaws, such as the mitoxantrone tailing and the lower retention of 5-fluorouracil and
dacarbazine, are accepted for the sake of keeping a unique sample treatment method, which is
crucial to be able to evaluate the entire ADs panel during the same sampling campaign.

Attempts have been made to reduce peak width and increase chromatographic resolu-
tion. The use of ammonium fluoride, which has been successfully applied to zwitterionic
HILIC separation [22], brought unsatisfactory results for this set of molecules. Improve-
ments in ionization and peak width have been observed only for few compounds and
were not promising enough to justify the inconveniences that the use of fluoride brings. In
fact, its use requires dedicated columns, which cannot be reconverted to the use of other
salts, and meticulous washing needed before and after its use when working with acid
additives, because of the formation of small amounts of damaging hydrofluoric acid inside
the chromatographic instrument.
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After the performance evaluation began a rapid degradation of mitoxantrone was ob-
served, which led to the stability evaluation reported in Section 3.6. These tests highlighted
the instability of mitoxantrone in water-based solutions at neutral pH, previously studied
by Gomez-Canela et al. [44]. It is thus impossible, under these circumstances, to create a
real quantification method for this analyte and its calibration, precision, accuracy and ME
data have not been reported. However, the obtained MRM method and chromatographic
results have been considered useful and added to the monitoring method to obtain quali-
tative results. For future studies, the same method might be converted to mitoxantrone
quantification by modifying the DS pH.

As for the other analytes the performance evaluation showed good repeatability both
for the chromatographic results and linear regressions, with a quantification error lower
than ±10% and LOQ values in the order of ng/mL or lower, and thus fit for the purpose.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/separations9020034/s1, Figure S1: Collision breakdown curves obtained from PIS analysis
reporting collision energy CE (V) versus percentage abundance. CE values for 5-Fluorouracil and
5-Chlorouracil are to be considered as negative. The listed values reported in each spectra legend
are respectively precursor and product ions. Figure S2: Overlapped UV-VIS spectra of mitoxantrone
recorded in the range 400–800 nm at 1,2,3,4 and 6 h delay from the preparation of the solution.
Table S1: Data results for matrix effect (ME). Table S2: Data results of precision and accuracy for the
three CQI levels.
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