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Abstract: Ionic liquids (ILs), such as imidazoles, can be used to prevent the sorption of analytes
onto the walls of the capillary. Prior works have confirmed that coating the capillary wall with
a cationic layer can increase its surface stability, thereby improving the repeatability of the separation
process. In this study, micellar electrokinetic chromatography (MEKC) is employed to evaluate
how two ILs with different anions—namely, 1-hexyl-3-methylimidazolium chloride [HMIM*CI~]
and 1-hexyl-3-methylimidazolium tetrafluoroborate [HMIM*BF, ~ ]—affect the separation efficiency
for biogenic amines (BAs) such as metanephrine (M), normetanephrine (NM), vanilmandelic acid
(VMA), and homovanillic acid (HVA) in urine samples. To this end, solid-phase extraction (SPE) is
employed using different sample pH values, with the results demonstrating that HVA and VMA
is easily extracted at a sample pH of 5.5, while a sample pH of 9.0 facilitated the extraction of M
and NM. In the applied SPE protocol, selected analytes were isolated from urine samples using
hydrophilic-lipophilic-balanced (HLB) columns and eluted with methanol (MeOH). The validation
data confirmed the method’s linearity (R? > 0.996) for all analytes within the range of 0.25-10 pg/mL.
The applicability of the optimized SPE-MEKC-UV method was confirmed by employing it to quantify
clinically relevant BAs in real urine samples from pediatric neuroblastoma (NBL) patients.

Keywords: metanephrines (MNs); vanilmandelic acid (VMA); homovanillic acid (HVA); micellar
electrokinetic chromatography (MEKC); solid-phase extraction (SPE); urine samples; neuroendocrine
tumors (NETs); neuroblastoma (NBL)

1. Introduction

Capillary electrophoresis (CE) is an important separation technique, as its high separa-
tion efficiency, short analysis times, capacity for automation, and low sample and solvent
consumption make it an appealing alternative to high-performance liquid chromatography
(HPLC) or gas chromatography (GC) [1,2]. However, the short optical light path used in
CE limits its sensitivity, which is a notable disadvantage. Fortunately, various sensitive
detection techniques, including laser-induced fluorescence (LIF), UV absorbance, mass
spectrometry (MS), and electrochemical (EC), can be coupled with the CE system to im-
prove its detection sensitivity [2]. Furthermore, on-line preconcentration methods are also
frequently applied to improve the sensitivity of the CE analysis and to decrease the limits
of detection (LODs) for the studied analytes [2,3]. The use of ionic liquids (ILs) to create
a dynamic quartz capillary wall coating is a novel and promising approach for CE analysis,
as it can enhance the analyte migration time repeatability and the method’s separation
efficiency [4]. In such applications, imidazolium-based ILs are most commonly employed
during CE separation [4,5].

ILs are organic salts that are composed of ions (cations and organic or inorganic anions)
and behave as liquids below 100 °C, with melting points near room temperature. ILs are
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some of the most promising available synthetic chemicals, as they offer numerous unique
benefits compared to conventional organic solvents, including low vapor pressure, strong
dissolving capacity, low viscosity, non-flammability, and high thermal stability [1,6-9].
One of the more attractive properties of ILs is that they can be easily synthesized for spe-
cific application by selecting the appropriate cationic or anionic components. As a result,
ILs are considered to be designable solvents [10]. Moreover, ILs are widely applied in
organic chemistry [7], where they have been used in HPLC, GC [8,11], and CE [5,7,12]
methods, as well as in other analytical areas. On the other hand, the “green” properties of
ILs—or lack thereof—have been criticized in reports, which have highlighted their toxicity
to the environment. Hence, ILs should be used in minimal but effective amounts [13].
Nevertheless, ILs play an important role in separation science, as they can be success-
fully mixed with many of the other solvents used in CE [12]. ILs are suitable for use
as background electrolyte (BGE) additives in CE, because the cation building IL can be
adsorbed onto the capillary wall, and can modify the electroosmotic flow (EOF) [7] and
block silanol hydroxyl groups from settling, thus preventing the sorption of basic ana-
lytes [5]. In addition, possible interactions (i.e., hydrophobic, ion dipole, m— interactions,
and the formation of hydrogen bonds) between ILs and the analytes can affect their effi-
ciency and the selectivity of the separation. Bessonova et al. reported a number of key
outcomes from the use of imidazole-based ILs as BGE additives. In such applications, they
observed that imidazole-based ILs can participate in a dynamic capillary modification,
function as an ion-pair agent, contribute to the formation of a pseudostationary phase
(modify the micelles and microemulsions), provide additional interactions with analytes,
and/or act as a chiral selector in the separation of enantiomers [5]. The use of ILs in
online preconcentration processes in capillary zone electrophoresis (CZE) and micellar
electrokinetic chromatography (MEKC) (e.g., such as sweeping and stacking) significantly
increased the method’s sensitivity in the determination of both hydrophobic (polyphe-
nols; steroid hormones) and hydrophilic (catecholamines; amino acids) biologically active
substances [5]. The application of ILs to modify the capillary wall was first reported by
Qin et al. during the separation of DNA fragments [14]. Subsequent results published by
Bessonova et al. revealed that the application of ILs to create a covalent coating based on
N-alkylimidazole results in the increased efficiency and peak symmetry for E, NorE, NM,
and DA [15]. Furthermore, experiments described by Kolobova et al. demonstrated that
the addition of ILs can improve separation efficiency and facilitate greater electrostatic
repulsion of metal ions and positively charged imidazolium cations from the modified
capillary wall [16]. Moreover, chiral ILs (CILs) have also been used as BGE additives in the
enantiomeric separation of selected drugs (i.e., duloxetine, ketoconazole, sulconazole, and
citalopram) [1,17]. In a previous work, we examined how 12 ILs containing cations with an
imidazole ring with different alkyl substituents in position 1 and different anions impacted
different endogenous compounds [4]. In particular, the effect of these ILs as modifiers of the
electrophoretic system was examined for the analysis of seven BAs: dihydroxyphenylglicol
(DHPG), VMA, 3-metoxy-4-hydroxyphenyl glycol (MHPG), HVA, NM, M, and dihydrox-
yphenylacetic acid (DOPAC). It was observed that the imidazole cations that form the
ILs are adsorbed onto the silica capillary wall, which precludes the sorption of positively
charged ions, such as BAs, due to electrostatic repulsion. This reaction provides good peak
symmetry and positively influences the separation efficiency for the targeted compounds.
However, this effect depends on the specific substituent at the 1-position on the imidazole
ring and the type of anions forming the IL. The results revealed that anions such as [C1 7],
[BF;~], and [MeSO,4~] dissolve very well in the BGEs, and their ability to stabilize and
dynamically modify the silica capillary wall surface increases alongside the chain length
at the 1-position of the imidazole ring. In addition, the IL containing a hexyl substituent
(i.e., 1-hexyl-3-methylimidazolium chloride [HMIM*CI™], 1-hexyl-3-methylimidazolium
tetrafluoroborate [HMIM*BF4™]) stabilizes the inner wall of the silica capillary and ensures
a highly repeatable analyte migration time. Moreover, imidazole-based ILs are recognized
as electrophoretic flow modifiers (EPF), as they dynamically modify the quartz capillary
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wall, which in turn ensures better stability for the EOF [4]. Based on the above results, the
present study examines how the addition of a dynamic double coating of [HMIM*Cl™]
and [HMIM*BF4~] to the BGE at levels below the critical micelle concentration (CMC)
influences the determination of VMA, HVA, NM, and M in real urine samples. To the best
of our knowledge, this work is the first to investigate such an approach.

The use of biogenic amines (BAs) as signaling molecules can play a crucial role in ner-
vous system functioning, as these compounds are effective at facilitating signal transmission
in the neuronal synapses [18]. From a clinical point of view, BAs are an important group
of endogenous compounds because they influence numerous physiological processes, in
addition to acting as neuromodulators and neurotransmitters in the regulation of biological
processes throughout the body, from neuropsychiatric to cardiovascular functions [19].
In this context, the diagnosis of NETs and the analysis of pathological and physiological
conditions in the body can be achieved via the quantitative analysis of BAs in biological
samples [20]. Moreover, elevated BA levels in urine samples can indicate the formation of
the neuroblastoma (NBL) or pheochromocytoma and paraganglioma (PPGL) [21-23], as
well as Alzheimer’s disease or Hashimoto’s thyroiditis [19,20].

NBLs account for around 15% of all pediatric oncological deaths. Although these
tumors are typically characterized by the excessive production of BAs, they tend to be
more heterogeneous with respect to histopathological appearance, location, and clinical
signs [16]. Moreover, NBL is the most common type of extracranial solid tumor in pediatric
patients, accounting for 7-10% of childhood malignancies. The biochemical investigation
of BA-secreting tumors, such as PPGL and NBL, entails measuring the above-mentioned
BAs and their metabolites—metanephrines (i.e., M, NM, and 3-MT) [23].

Urinary levels of VMA and HVA, which are the end products of NA and DA metabolisms
and are considered clinical biomarkers of NBL, can be measured using either single spot
urine samples or a 24 h urine collection to support NBL diagnosis and follow up [21]. In
comparison to healthy subjects, patients suffering from NBL produce significant amounts
of VMA and HVA (micromolar concentrations) and excrete it in their urine, which allows
for easy sample collection and measurement. The biochemical detection of HVA and VMA
in urine samples enables the diagnosis of NBL with high specificity (>99%) and sensitivity
(66-100%) when these two markers are combined [24]. In addition, the measurement of
free plasma concentrations of MNs or urinary-fractionated MNs is also a first-line test for
the diagnosis and monitoring of PPGL.

Different approaches have been reported for the isolation of BAs from biological matri-
ces. For instance, microextraction with packed sorbent (MEPS) and hydrophilic interaction
liquid chromatography-tandem mass spectrometry (HILIC-MS/MS) have been applied
to quantitate free concentrations of MNs in plasma [22]. Elsewhere, Lefeuvre et al. devel-
oped a method consisting of solid-phase extraction (SPE) and LC separation coupled with
high-resolution mass spectrometry (LC-HRMS) to measure the levels of epinephrine (E),
norepinephrine (NorE), dopamine (DA), and the total methylated metabolites (NM, M, and
3-methoxytyramine (3-MT)) in urine samples from patients with PPGL and NBL [23]. Other
options for the extraction of BAs include liquid-liquid extraction (LLE) with ethyl acetate
or dichloromethane [20], or the ultrasound-assisted ionic liquid dispersive liquid-liquid
microextraction (UA-IL-DLLME) with [BMIM*PF6™] as the extraction phase and ACN as
the disperser solvent [25]. Conversely, some authors have proposed approaches in which
the urine sample is only diluted with water or ammonium acetate buffer [21,23]. It should
be highlighted that, in the analysis of biological matrices, urine sampling is significantly
more straightforward compared to the sampling of blood or biological tissue. Furthermore,
since metabolites in the blood are excreted into the urine, urine is an appropriate matrix
for metabolite analysis. To measure free concentrations of M and NM in urine samples,
an acid hydrolysis step is generally required to convert the sulfate-conjugated metabo-
lites into their free form. This has led some authors to suggest that the incorporation of
a hydrolysis process is essential for the analysis of BAs in urine samples [23]. On the other
hand, sulfate-conjugated BAs are created by specific sulfotransferase isoenzymes found at
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higher concentrations in the gastrointestinal tract. Thus, the level of conjugated BAs will be
affected by the food in the subject’s gastrointestinal tract. For this reason, researchers have
suggested that, compared to the analysis of sulfate-conjugated BAs, the measurements of
free BAs in urine samples are more beneficial in diagnostic protocols wherein the patient is
not subject to any dietary restrictions [26].

To summarize, there are very little published data regarding the application of ILs as
BGE additives in the electrophoretic analysis of BAs in complex biological samples [19].
Therefore, the main goal of this study is to employ an MEKC-based technique to optimize
a methodology for monitoring the levels of selected BAs in urine samples. To this end,
we build on the previous results reported by Kaczmarczyk et al. [4] and apply two very
promising ILs (i.e., [HMIM*Cl~] and [HMIM*BF4™]) as separation buffer additives during
the determination of M, NM, VMA, and HVA. To isolate the analytes from the tested
samples, SPE with an HLB extraction phase will be employed. Finally, the applicability of
the developed SPE-MEKC-UV method will be confirmed by employing it to analyze real
urine samples obtained from patients diagnosed with NBL. Although only a relatively small
number of patients are examined in this study, it is worth emphasizing that the present
work is the promising, analytical, and diagnostic approach for the quantification of HVA,
VMA, M, and NM, which simultaneously utilizes [HMIM*CI~] and [HMIM*BF,; "] as BGE
additives and dynamic capillary coating agents during the electrophoretic separation.

2. Materials and Methods
2.1. Chemical Reagents

BAs, including M, NM, HVA, and VMA (all >98% purity), along with sodium dodecyl
sulfate (SDS) and acetonitrile (ACN), were purchased from Sigma-Aldrich (Darmstadt,
Germany). Similarly, SurineTM Negative Urine Control (artificial urine) and boric acid
were also acquired from Sigma-Aldrich (St. Louis, MO, USA). Sodium tetraborate decahy-
drate (borax), 1-hexyl-3-methylimidazolium tetrafluoroborate [HMIM*BF, ], 1-hexyl-3-
methylimidazolium chloride [HMIM™*Cl~], and ammonia (25%) were obtained from Merck
(Darmstadt, Germany), while methanol (MeOH), acetone, and hydrochloric acid (HCI)
were supplied by POCh (Gliwice, Poland). The Capillary Regenerator Basic Wash (0.1 M
sodium hydroxide) was purchased from Beckman Coulter (Fullerton, CA, USA), and the
HLB cartridges were purchased from Supelco/Sigma-Aldrich (St. Louis, MI, USA). All
chemicals used in this work were of analytical grade and were applied without further
purification. The deionized water employed in all experiments was obtained using Milli-Q
equipment (Millipore, Bedford, MA, USA).

2.2. Analytical Equipment

Analytical separation was carried out on a P/ ACE MDQ Capillary Electrophoresis Sys-
tem (Beckman Coulter, Fullerton, CA, USA) equipped with an automatic sample dispenser
and a UV/VIS-DAD detector working at a wavelength of 200 nm. The device was also
equipped with a capillary thermostat system, which used coolant to maintain a constant
temperature during electrophoretic separation. Data acquisition was performed using
32 Karat 8.0 software (Beckmann, Fullerton, CA, USA). Sample preparation was conducted
using an SPE system (Agilent Vac Elut SPS 24 Manifold, Santa Clara, United States), with
sample-evaporation being performed using a CentriVap vacuum concentrator (Labconco®,

Kansas City, MO, USA).

2.3. Preparation of Standard and Working Solutions of BAs

Stock solutions were prepared by weighing 1.0 mg of each analyte on an electronic
scale (Ohaus, PA, USA) and then dissolving them in 1 mL of MeOH with mixing on an MS3
Basic shaker (IKA®, Wilmington, NC, USA) for 2 min. The stock standard solutions were
placed in a sealed opaque container to protect them from light and stored at —20 °C until
use. New stock solutions were prepared every two months, while working solutions were
prepared daily just before use by appropriately diluting the stock solution with deionized
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water. The working solutions were prepared at concentrations of 1 ug/mL and 10 pg/mL
for each analyte, and were stored at 4 °C in a closed container for a maximum of 6 h.

2.4. Instrumentation and Separation Conditions

Separation was performed using a CE system. An uncoated fused silica capillary
(75 um id. x 60.2 cm length) was maintained at 25 (£0.1) °C to ensure that the ob-
tained results had good reproducibility. After a hydrodynamic injection for 20 s (at
0.5 psi = 3.45 kPa), a voltage of 22 kV was applied, generating a current of 48 pA. To
ensure the repeatability of the analyses, the new capillary was subjected to a conditioning
procedure consisting of the following steps: an initial rinse with 0.1 M NaOH for 5 min at
20 psi; a second rinse with deionized Milli-Q water for 10 min at 20 psi; and one final rinse
with a background electrolyte (BGE) for 5 min at 20 psi. Prior to analysis, the capillary was
rinsed with 0.1 M NaOH for 1 min at 20 psi, followed by additional rinsing with deionized
Milli-Q water and BGE for 5 min at 20 psi. Between each run, the capillary was rinsed with
0.1 M NaOH for 1 min at 20 psi, followed by rinsing with deionized Mili-Q water and with
BGE. At the end of each day, the capillary was washed with 0.1 M NaOH for 1 min at 20 psi
and again with deionized Milli-Q water for 4 min at 20 psi. The BGEs consisted of 5 mM
sodium tetraborate decahydrate, 50 mM SDS, 15% MeOH (v/v), 150 mM boric acid, and
1 mM of IL (either [HMIM*BF; ] or [HMIM*C1~]). The BGE's pH value was adjusted to
7.27 using 1 M NaOH. The pH values of the separation buffers and other solutions were
also measured using a pH meter (Mettler Toledo, Warsaw, Poland).

2.5. Biological Sample Collection and Pretreatment
2.5.1. Sample Storage and Source

Twenty-four hour urine samples were collected from eight patients who had been
diagnosed with NBL. All patients were hospitalized in the Department of Pediatrics,
Hematology, and Oncology, at the University Clinical Center, Gdansk, Poland. The study
was approved by the Local Ethics Committee of the Medical University of Gdarnsk (No.
NKBBN/93-626/2021). All aspects of the experiment were explained in detail to the
patients’ guardians, and their informed consent was obtained in writing (manually signed)
after they had confirmed that they fully understood the experiment. For at least three days
prior to the sample collection, patients followed a set diet that excluded certain products
correlated with increased BA levels in urine, including bananas, vanilla, chocolate, cocoa,
citrus fruits, and coffee. Urine samples were collected in tubes filled with 100 uL of 6 M
HCI (for every 10 mL of urine) and stored in the dark at —20 °C until analysis.

2.5.2. The Preparation of Human Urine Samples

Directly prior to sample preparation, the pH values of the artificial and real urine
were adjusted to 5.5 and 9.0 by adding 1 M HCl or 5% ammonia solution, respectively.
This step was performed, as modifying the sample pH enables the selective isolation of
analytes based on their pKa value. For example, adjusting the pH of urine samples to
5.5 makes it easy to extract HVA and VMA (pKa value, respectively, —4.9 and —4.1), while
increasing the sample pH to 9.0 makes it easier to extract M and NM (pKa value 9.25 and
9.06, respectively).

Artificial urine spiked with the working standard solutions of the analytes of interest
was used to optimize the separation conditions and to prepare the calibration samples. For
the separation optimization experiments, the analyzed BAs were spiked in the samples at
a concentration of 10 pug/mL, while the calibration samples were prepared by spiking the
analytes in the samples at concentrations of 0.25, 0.5, 0.75, 1, 5, and 10 ug/mL.

2.5.3. Sample Pretreatment Procedure

After achieving the appropriate pH value (5.5 or 9.0), ballast substances were removed
from the urine samples (see Section 2.5.2). To this end, 1 mL of ACN was added as
a deproteinizing reagent to 1 mL of the urine sample, which was then shaken for 10 min at
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350 rpm followed by centrifugation for an additional 10 min at 12,000 rpm. Next, 1.8 mL of
supernatant was collected and transferred to a clean glass tube, and the ACN phase was
evaporated down to a volume of 1 mL at 45 °C for 1 h. Prior to the SPE procedure, 1 mL of
water was added to the sample.

The SPE experiments were conducted using HLB cartridges that had been previously
activated with 1 mL of MeOH and 1 mL of ultrapure water. The pretreated urine samples
were loaded into the SPE column, washed with 1 mL of an MeOH:water (1:9 (v/v)) mixture,
and dried in a vacuum for 5 min. The analytes were then eluted into clean glass tubes using
1 mL of MeOH. After elution, the samples were fully evaporated at 45 °C in a CentriVap
vacuum concentrator (Labconc0®, Kansas City, MO, USA), with the resultant residues
being reconstituted in 50 pL of 2 mM sodium tetraborate and injected into the capillary for
analysis via an elaborated MEKC method.

2.6. Validation Procedure

The developed SPE-MEKC-UV method was validated in accordance with the guide-
lines set forth by the Food and Drug Administration (FDA) and the International Conference
of Harmonization of Technical Requirements for the Registration of Pharmaceuticals for
Human Use (ICH) with respect to selectivity, linearity, limits of detection (LODs), limits of
quantification (LOQs), precision, accuracy, and extraction recovery of VMA, HVA, M, and
NM in the urine samples [27,28].

3. Results
3.1. The Separation Buffer Composition

In optimizing the entire analytical procedure, factors such as buffer composition, the
concentration of the buffer components, and the chemical structure and pKa values of
the analytes were considered. The simultaneous determination of the selected analytes
required the use of the MEKC mode due to their different pKa values (data in Section 2.5.2)
and amphoteric nature. This approach enables greater separation for amphoteric and hy-
drophobic analytes due to the specific properties of the micelles. In addition, the ionization
of the analytes is dependent on selecting the optimal pH for the separation buffer. In
this study, borate-based BGE was selected because catechol compounds, such as BAs, can
become charged in a weakly alkaline electrolyte, which allows adequate electrophoretic
mobility to be obtained. To increase the separation efficiency of all analytes, the addition of
anionic surfactants (SDS) and an organic modifier (MeOH) was investigated, with the best
results being achieved using a mixture of 5 mM sodium tetraborate, 150 mM boric acid,
and 50 mM SDS and MeOH (15%, v/v) (apparent pH 7.27). Under these MEKC conditions,
VMA and HVA were present as cations and did not interact with the hydrophobic interior
of the SDS micelles, and they also possessed shorter migration times (tm) compared to NM
and M, which were present as anions. The effect of BGEs without the addition of ILs on the
separation efficiency for the analyzed BAs is described and discussed in detail in a previous
publication by our group [29].

Regardless of the optimized separation conditions, the poor sensitivity and repro-
ducibility of the analyte migration times is a common inconvenience during the elec-
trophoretic analysis. One potential solution for improving these limitations during simulta-
neous separation is to use ILs as a BGE additive. The solution evaluated in this work is
predicated on the addition of two selected ILs (i.e., [HMIM*Cl™ ] and [HMIM*BF,]) at
a concentration of 1 mM to the separation buffer in order to form a stable charge on the
inner surface of the capillary wall. This results in the capillary wall becoming dynamically
coated with a layer of cationic ions from the ILs during separation. Similar solutions for
other groups of analytes have been previously published in the literature [5].

3.2. Dynamic Double Coating Effect of Examined ILs as Additives to Separation Buffer

As mentioned in the introduction, imidazole-based ILs, which were used as BGE
additives in this work, perform numerous different functions during CE analysis, including
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participating in dynamic capillary modification, acting as ion-pair agents, contributing to
the formation of the pseudostationary phase (modifiers micelles and microemulsions), pro-
viding additional interactions with analytes, and acting as chiral selectors in the separation
of enantiomers. According to the literature, enriching the separation buffer with ILs at
concentrations lower than the CMC value (<12.15 mM) dynamic modifies the fused silica
capillary wall by creating a stable positive charge on the capillary surface, which ultimately
increases the separation efficiency, as it prevents the adsorption of basic compounds. When
the IL concentration is higher than the CMC value, another mechanism that improves the
separation efficiency is induced. Here, the method’s selectivity improves as a result of the
interactions between the analyzed compounds and the hydrophobic inner cavity in the
formed micelle, as well as the 7—m interactions with the imidazole ring [5]. Furthermore,
a comparison between ILs and the traditionally used cationic surfactants indicated that the
use of ILs can significantly increase the method’s sensitivity for various analytes [10].

The miscibility of ILs with a wide range of solvents makes them useful in CE as compo-
nents in the separation buffer and as EOF modifiers due to their good electrical conductivity
and slightly more viscous properties compared to organic solvents. In effect, low IL concen-
trations can be sufficient to significantly improve the electrophoretic separation. It should
be highlighted that both the cations and anions of ILs may change the migration behavior
of analytes, although the activity of the IL cations has a greater impact on the resolution in
CE. In modifying the ionic strength of the BGE, the IL cations are able to change the EOF,
which influences the migration times of the analytes and can improve the method'’s sepa-
ration efficiency. In addition, ILs influence the adsorption of IL cations on the capillary’s
inner surface, which can reduce, or even reverse, the EOF. Both of the above-mentioned
mechanisms improve the resolution of analytes. Thus, imidazolium-based ILs are widely
recognized as electrophoretic flow modifiers that facilitate the dynamic modification of the
capillary walls, which in turn ensures the stability of the EOF [4]. A diagram depicting the
interaction between the examined ILs, the capillary wall, and analytes is shown in Figure 1.

Silica capillary wall
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Figure 1. Schematic of separation within the capillary containing [HMIM*Cl~] and possible interac-
tion with analytes.

In their review, Ali and co-workers present data summarizing the applications of ILs
in CE for the analysis of a wide range of compounds [12]. It is worth noting that, among
the 25 examined applications published between 2003 and 2021, only one focused on BAs.
Furthermore, in CE, it is necessary to determine the separation mechanism when using ILs
as a component of the BGEs. In general, the inclusion complexes are formed between the ILs
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and the separated molecules [2]. In their work, Yang et al. [30] and Zhang et al. [31] applied
molecular modeling to establish the separation mechanism, observing multiple interactions
between stereoisomers and hydroxy acid chiral ILs or spirocyclic ILs (hydrogen bonding,
dipole—dipole interactions, -, host—guest inclusions, charge—charge, and hydrophobic
interactions) [30,31].

Presently, the study of how dynamic coatings impact the capillary wall is a trend in
CE research. As mentioned in the introduction, the addition of imidazolium-based ILs to
the BGE ensures the positive charge of the silica capillary wall coating via the formation
of a double layer. In this study, MEKC was applied to investigate how the double coating
formed by adding [HMIM*Cl~] and [HMIM*BF,; "] to the BGE at a concentration of 1 mM,
impacted the migration times and separation efficiencies for HVA, VMA, NM, and M. As
reported in our previous paper, adding ILs to the separation buffer at levels lower than the
CMC value may result in interactions with the silica capillary wall (via hydrogen bonding)
and with the analytes, thus affecting their electrophoretic mobility [4]. The results of this
study demonstrated that adding the IL with a chloride anion at a concentration of 1 mM
provided a better migration time repeatability. A comparison of the repeatability of the
migration times (tm) attained for both tested ILs is presented in Table 1. As can be observed,
the addition of [HMIM*Cl™] to the BGE resulted in better tn, repeatability compared to
the addition of [HMIM*BF,;~]. The relative standard deviations (RSD) of the migration
times achieved with [HMIM™*CI~] were 0.209% for VMA, 0.336% for HVA, 0.156% for NM,
and 0.121% for M; for [HMIM™*BF, ], these figures were 0.366% for VMA, 0.345% for HVA,
0.319% for NM, and 0.326% for M. These results may be related to [HMIM*Cl~]’s slightly
better solubility in the separation buffer. Although both anions enable good IL solubility in
the BGE, the C1™ anion has higher water miscibility than the BF; ™ anion, which affects the
BGE’s viscosity and, consequently, the electro-osmotic flow (EOF) and the electrophoretic
mobility of the analytes.

Table 1. Migration times obtained from the analysis of the targeted BAs at a concentration of
10 pg/mL using BGE with the addition of ILs (n = 3).

Migration Time [Min]

BGE with IL

VMA HVA NM M
[HMIM* CI-]
AVG 6.53 6.86 7.63 8.52
SD 0.014 0.023 0.012 0.010
RSD 0.209 0.336 0.156 0.121
[HMIM* BF, "]
AVG 6.61 6.94 7.09 7.83
SD 0.024 0.024 0.023 0.025
RSD 0.366 0.345 0.319 0.326

Therefore, [HMIM*Cl~] was used to modify the inner wall of the capillary during
the validation step and for the determination of the selected BAs in real urine samples.
The results of the validation experiments demonstrated that, compared to [HMIM*BE; "],
adding [HMIM™*CI] to the BGE had a more beneficial effect on the migration times and peak
heights of the tested compounds, thus confirming the validity of this IL and its positive
impact on the separation efficiency for the targeted analytes (Table 2).
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Table 2. Migration times and peak heights obtained during the analysis of the tested compounds
using BGE without the addition of IL and with the addition of [HMIM*CL™] (n = 3).

BGE without IL BGE with [HMIM*CL-]
Migration Time [Min] Height Migration Time [Min] Height

VMA AVG SD RSD AVG SD RSD VMA AVG SD RSD AVG SD RSD
48,917.00 702.94 1.44 50,807 411.15 0.81

28,806.00 806.72 2.80 29,006.33  540.73 1.86

5627.00 271.76 4.83 6221.00 204.54 3.29

6.66 0.11 1.71 4157.67 375.97 9.04 6.75 0.09 1.38 4956.67 283.15 5.71

2940.00 342.35 11.64 3317.67 257.28 7.75

1371.33 108.57 7.92 1516.00 75.67 4.99

HVA HVA

44,152.00 3073.96 6.96 46,098.67  2797.48 6.07

23,941.33 213491 8.92 23,340.33  2053.31 8.80

6.99 0.12 1.73 4357.33 432.77 9.93 7.09 0.11 1.50 5364.67 264.97 4.94
3184.67 401.22 12.60 3720.00 380.23 10.22

2276.67 361.60 15.88 2194.00 96.32 4.39

1047.00 142.20 13.58 1120.00 91.70 8.19

NM NM

16,061.33 653.48 4.07 18,309.00  622.21 3.40

8001.00 873.09 10.91 8225.33 511.64 6.22

8.21 0.10 1.19 1541.00 200.16 12.99 8.03 0.06 0.71 1658.67 167.13 10.08

1251.67 45.89 3.67 1247.33 12.28 0.98

764.67 52.22 6.83 914.33 35.11 3.84

360.33 34.92 9.69 473.67 36.81 7.77

M M

25,352.33 1608.50 6.34 25,782.00  1047.61 4.06

12,222.00 1597.23 13.07 13,023.67  1133.56 8.70

9.28 0.11 1.20 2206.00 363.67 16.49 9.02 0.07 0.75 2688.33 251.22 9.34

1714.33 147.75 8.62 2088.67 132.63 6.35

1072.33 109.40 10.20 1538.00 85.21 5.54

503.67 43.86 8.71 621.33 45.18 7.27

3.3. Optimization of Sample Preparation Procedure

Both the data in the literature and the results of our previous experiments indicated
that small amounts of proteins, bile dyes, and nitrogenous metabolism products may be
present in biological samples and can interfere with analyte signals [32]. Therefore, in this
study, the sample matrix was first purified of ballast substances via the addition of ACN,
followed by the application of SPE for the isolation and preconcentration of BAs. In SPE,
the pH value of the sample matrix must be close to the pKa values of the targeted analytes
to ensure their appropriate adsorption onto the selected extraction phase (SPE column).

In our study, ACN was first applied to deproteinize the urine samples, which was
followed by the extraction of BAs via SPE with HLB cartridges and desorption with MeOH
to isolate the analytes. Adjusting the sample’s pH to achieve the appropriate acidity or
alkalinity positively influenced the adsorption of the analyzed compounds onto the HLB
columns. HVA and VMA (pKa values of —4.9 and —4.1, respectively) were easily extracted
from the samples at a pH of 5.5, whereas increasing the sample pH to 9.0 favored the
extraction of M and NM (pKa values of 9.25 and 9.06, respectively). Additionally, the
sample volume was increased through the addition of water to extend the time required for
the sample to pass through the sorbent. This approach enabled longer absorption times, and
thus, more efficient extraction results for the analytes of interest. The proposed method met
the validation criteria, with the absolute recovery values for all analytes ranging between
91.7 and 120.0%, which aligns with the results of the previous studies [20,23,24].

3.4. Validation of the Developed Method

The proposed method was validated using artificial urine samples in accordance with
ICH and FDA guidelines on the bioanalytical method validation [27,28]. A total of 1 mL
of urine was used for both the calibration samples and the quality control (QC) samples.
The urine samples were enriched with analytes at concentration levels of 10.0, 5.0, 1.0, 0.75,
0.5, and 0.25 pg/mL, while the urinary QCs were spiked with HVA, VMA, M, and NM at
concentrations of 0.25, 1.0, and 10.0 pg/mL to obtain the low (LQC), middle (MQC), and
high (HQC) concentration QC samples, respectively. Next, the samples were deproteinized
and subjected to protein ballast removal, followed by SPE and quantitative analysis via the
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described MEKC method. Using the obtained data, six calibration curves were prepared,
with the results being presented in Table 2 and in Figure 2.

HVA

VMA M

(A) (B)

Figure 2. Electropherograms of artificial urine samples spiked with analytes obtained after SPE-
HLB at a sample pH 5.5 (A) and 9.0 (B). Concentration of analytes within the method’s linearity:
0.25 ug/mL (1),0.5 ug/mL (2), 0.75 pg/mL (3), 5 ug/mL (4), and 10 ug/mL (5). Separation conditions:
applied voltage—25 kV; capillary—60.2 cm and 75 pm i.d.; A = 200 nm; injection time—15 s. The BGE
consisted of 5 mM sodium tetraborate decahydrate, 50 mM SDS, 15% (v/v) MeOH, 150 mM boric
acid, and 1 mM of [HMIM*CI~].

The method’s selectivity was verified by applying it to analyze blank and spiked urine
samples for the peak co-migration. The results of these tests indicated that the urine sample
ballast did not interfere with the analyte signals.

An analytical procedure’s linearity is determined by its ability to produce results that
are directly proportional to the concentration (amount) of analyte in the sample. To evaluate
the proposed method’s linearity, six independent calibration curves were prepared within
the same day. Validation concentrations ranging from 0.25-10 ug/mL and correlation
coefficients (R?) higher than 0.996 were observed for all compounds of interest, thus
indicating that the proposed method offered good linearity in the considered concentration
range (Table 3).

Table 3. Quantitative performance of the proposed SPE-MEKC-UV method.

Parameters

VMA HVA NM M

Linearity [pug/mL]
LOQ [ug/mL]

LOD [ug/mL]

R2

Regression equation
AR [%]

0.25
0.25
0.08

-10 0.25-10 0.25-10 0.25-10

0.25 0.25 0.25
0.08 0.08 0.08

0.9963 0.9995 0.9982 0.9997
y =5113.5x + 1123.1 y =4637.5x + 80.25 y =1782.6x — 120.04 y =2664.2 + 3.03
91.7-116.39 101.30-117.97 112.61-120.00 91.83-113.76

The method’s LODs, LOQs, and precision were also evaluated based on six inde-
pendent replicate calibration curves. The LOD was defined as the lowest measurable
concentration at which the peak height could be calculated as three times the baseline noise;
the LOQ was defined as the lowest concentration that could be detected with precision,
as expressed by an RSD below 15%; and the method’s accuracy was determined as the
percent of analytes detectable at nominal concentrations ranging from 80-120% and with
a signal-to-noise ratio greater than 10. The LOD values obtained for HVA, VMA, M, and
NM were 0.08 pg/mL, while the LOQ values were 0.25 ng/mL.

The method’s precision, expressed as RSD (%), was estimated by carrying out six inde-
pendent assays of the tested urine samples during the same day (intra-day precision) and
over five different days in the laboratory (intermediate precision) (Table 4). The intra-day
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precisions were below 12.57% for VMA, 8.82% for HVA, 9.35% for M, and 8.24% for NM,
while the inter-day precision for all analytes was below 8.98%. The accuracies, expressed
as the percentage of the ratio of the found to nominated concentrations of analyzed BAs,
ranged between 94.62 and 100.89% for VMA, 93.68 and 105.91% for HVA, 98.49 and 103.64.%
for M, and 97.25 to 103.45% for NM.

Table 4. Inter- and intra-day accuracies and precisions for the studied BAs.

. . Intra-Day Assay Inter-Day Assay
Analytes Nomma]p(;;;c]fntratlon Measured Concentration CV (%) Measured Concentration CV (%)
ug/mL ’ ug/mL °
VMA 10 9.78 1.74 10.09 1.66
1 1.00 4.01 1/00 3.12
0.25 0.22 12.57 0.24 8.98
HVA 10 10.12 3.30 10.20 2.34
1 1.07 4.83 1.06 5.72
0.25 0.22 8.82 0.23 6.93
NM 10 10.35 3.20 10.34 3.29
1 1.01 8.04 1.02 7.00
0.25 0.25 8.24 0.24 5.04
M 10 10.05 7.58 10.26 5.20
1 1.01 9.35 1.04 6.76
0.25 0.24 5.10 0.25 3.22

The absolute recoveries (AR) for each analyzed BA were determined at three con-
centration levels (10, 1.00, and 0.25 pg/mL) with six replicates being performed for each
concentration. The ARs were assessed by comparing the peak highs obtained via extrac-
tions from human urine samples with those obtained from non-extracted urine samples
containing the same concentrations of the compounds of interest. The results indicated
mean absolute recoveries of greater than 91.7% for the targeted analytes (Table 3). These
findings confirm that the proposed extraction procedure enables the evaluation of BA levels
in human urine samples.

Additionally, a dilution study was performed to investigate whether the developed
MEKC method can be applied to analyze samples at concentrations exceeding the upper
limit of linearity after dilution. To this end, the calibration samples were diluted at concen-
trations of 15 and 20 ug/mL (each in six repetitions) and analyzed using the electrophoretic
conditions described in Section 2.4. The results of these tests confirmed that the proposed
MEKC method offered a precision of <5% and accuracy within the range of 95.42-104.56%.
Thus, the developed method can be applied to analyze previously diluted samples that
are present at concentrations beyond the upper limit of linearity. If the concentration of
the tested analytes in the sample was above the method’s linearity range (concentrations
between 10 and 20 ug/mL), the tested sample was diluted by 2-folds in 2 mM of sodium
tetraborate (pH 8.7 [29]) prior to the MEKC analysis.

Therefore, the obtained validation results confirmed that the proposed SPE-MECK
method satisfies the criteria for the bioanalytical method validation recommended by FDA
and ICH guidelines [27,28].

3.5. Application of the Developed Method in Real Urine Samples

The proposed IL-modified MEKC method was coupled with the DAD detection and
applied for the analysis of real urine samples from eight pediatric patients with NBL.
Figure 3A,B show the electropherograms obtained for Patient 5 and Patient 6 at two urine
pH values (5.5 and 9.0), while Table 5 presents the measured free levels of VMA, HVA,
M, and NM in the 8 urine samples. The results revealed concentrations ranging between
1.89-11.22 pg/mL for VMA, 1.48-16.27 pg/mL for HVA, 0.49-9.08 pg/mL for NM, and
0.16-12.27 ug/mL for M. Interestingly, elevated levels of both markers were detected in
Patient 5, with VMA at 11.22 pg/mL and HVA at 13.77 pug/mL. The highest concentration
of HVA (16.27 ug/mL) was determined in the urine samples from Patient 7, which also
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contained elevated values for NM (9.08 pg/mL) and M (8.47 ug/mL). Conversely, the
highest level of M (12.27 pug/mL) was determined in the urine samples from Patient 1.
Additionally, it is worth highlighting that the literature indicates that, after 12 months
of age, the patient’s age at the time of diagnosis and a low VMA /HVA ratio are both
associated with unfavorable prognoses [33].

A) (B)

Figure 3. Electropherograms of urine samples from real patients after the SPE-HLB procedure:
(A) Patient No. 5 and (B) Patient No. 6. (1) Standards of analytes in deionized water at a concentration
of 10 pg/mL without SPE, (2) urine sample prepared at pH 5.5, and (3) urine sample prepared at pH
9.0. Separation conditions: applied voltage—25 kV; capillary—60.2 cm and 75 pm i.d.; A = 200 nm;
injection time—15 s. The BGE consisted of 5 mM sodium tetraborate decahydrate, 50 mM SDS, 15%
(v/v) MeOH, 150 mM boric acid, and 1 mM of [HMIM*CI—].

Table 5. Measurements of free concentrations of VMA, HVA, M, and NM in urine samples from g8
pediatric cancer patients.

Concentration Found in Urine Sample (ug/mL)

No Diagnosis pH 5.5 PH 9.0
VMA HVA VMA/HVA NM M
Ratio

1 1.89 1.48 1.27 4.45 12.27 *
2 n.m n.m n.m. n.m n.m
3 6.81 12.41* 0.54 5.20 n.m
;1 Neuroendocrine tumors, NBL 1%;2 " 113(')'7477* 82‘;’ 21409 ?112
6 3.95 7.00 0.56 3.27 0.87
7 n.m 16.27 * n.m. 9.08 8.47
8 n.m n.m n.m. 1.40 0.66
Median 3.95 11.44 0.56 3.86 0.87
Min 1.89 1.48 0.33 0.49 0.16
Max 11.22 16.27 1.27 9.08 12.27

n.m.—not marked, concentration of the analyte in the urine sample below the method, LOD. *—Concentration
above the high range of linearity determined after 2-fold dilution of the examined urine sample (see Section 3.4).

Owing to the great variability in the concentration of markers, the VMA /HVA ratio
was also defined. This parameter has a great diagnostic importance for NBL, as it enables
more accurate estimates of the patient’s survival outlook and disease prognosis. Our data
demonstrated that the VMA /HVA ratio varied from 0.33 to 1.27 for the studied oncologic
patients, whereas the literature indicates that the average VMA /HVA ratio is equal to
3 for healthy controls [34]. Furthermore, the literature also indicates that the physiolog-
ical ranges of M and NM in pediatric patients (0-18 years) are 0.045-0.202 ug/mL and
0.07-0.393 ug/mL, respectively [25]; however, the levels of M and NM in the studied group
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of pediatric patients exceeded these physiological ranges, which suggests that these two
metanephrines could be used as potential markers of NBL.

Overall, the developed SPE-MEKC method enabled the determination of VMA, HVA,
M, and NM levels in urine samples from pediatric NBL patients. The results of this research
also demonstrate that the selected BAs can be useful biomarkers in the diagnosis of different
types of NETs, including NBL. We intend to build on these findings in a future study by
confirming the developed method’s performance using a larger group of patients.

4. Conclusions

The universality of ILs allows researchers to consider the use of different ionic com-
binations as a solution to the analytical limitations of CE-based techniques. This paper
presented a comprehensive study examining the effectiveness of two alkylimidazolium IL
structures as BGE additives for use in the determination of biogenic amines via an MECK
technique. Since the selected ILs contained different anions and cations, this work was
able to provide deep insights into how their structures influenced the dynamic coating of
the capillary walls. Specifically, the results indicated that alkylimidazolium ILs containing
anions such as [C17] or [BF4 ] positively influenced the EOF parameters. The hexyl sub-
stituent in the imidazolium ring cation (in [HMIM*Cl~] and [HMIM*BF, ~]) stabilized the
inner wall of the silica capillary and ensured a high migration time repeatability for the
BAs, especially for ILs with CI™ anions. These findings clearly demonstrate the usefulness
of [HMIM™*CI™] in the analysis of VMA, HVA, M, and NM in urine samples. In addition,
the experiments performed in this study illuminated how the sample’s pH value impacts
the determination of BAs when ILs are added to the BGE. The obtained results demon-
strated that a pH of 5.5 provided a better extraction efficiency for HVA and VMA, whereas
increasing the sample pH to 9.0 improved the extraction of M and NM. Moreover, all the
results relating to the use of ILs enabled the development of an analytical method for the
determination of BAs in urine samples. The validation parameters for all the tested analytes
fell within a range of 0.25-10 pug/mlL, thus confirming the proposed method’s adherence
to FDA and ICH criteria. Furthermore, the application of the proposed SPE-MEKC-UV
method for the analysis of eight real urine samples from pediatric NBL patients confirmed
its suitability for the routine monitoring of BAs. Finally, the concentration levels measured
for the tested analytes (significantly elevated for M and NM, and a low VMA /HVA ratio)
proved the necessity of monitoring BAs in biofluids from cancer patients and provided
new data for use in future clinical and pharmacokinetic studies.
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